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ABSTRACT 

 

 

My research is focused on the identification and characterization of new archaeal 

viruses that inhabit the thermal features of Yellowstone National Park (YNP).  I have 

undertaken the systematic survey of more than 90 different thermal features found in 

Yellowstone  through a variety of means including culturing of hosts, MDA 

amplification, qPCR for known archaeal viruses,  16S rRNA gene analysis of potential 

resident archaeal hosts,  tangential flow and end point filtration approaches to sample 

new viruses, and general water geochemical analysis.  From this work a new host has 

been isolated from YNP.  rDNA analysis has shown a 98% similarity to Thermocladium 

modestius.  Routine culturing of this host has lead to the discovery of multiple viruses.  

Some of these associated viruses have similar morphology to other known archaeal 

viruses.  The first is a 90x60 nm spindle shaped virus that was originally isolated from 

Rabbit Creek thermal feature (Temp78, pH3.5).  Our initial genomic analysis shows that 

there is no obvious similarity to other known archaeal viruses, included the SSV spindled 

shaped viruses for Sulfolobus. The second sequencing effort has come from Nymph Lake 

thermal feature (Temp 85, pH 2.5).  This virus population was gathered from a primary 

enrichment culture.  This culture had two dominate virus morphologies present.  The first 

is a 15nmx210nm rod-shaped virus with tapered ends.  The second morphology seen is a 

90nm spherical virus.  Both of these viruses are hoped to be new additions to the archaeal 

virus families providing a more in depth view of the necessities of life at high 

temperatures
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CHAPTER 1 

 

VIRUSES OF ARCHAEA: BACKGROUND AND OBJECTIVES                                

OF THIS RESEARCH  

 

 

Introduction and Overview 

 

 

 The objective of this research is the identification and characterization of viruses 

from Yellowstone National Park (YNP).  The study of high temperature environments 

and organisms that inhabit these extreme environments has been ongoing since their 

discovery in the 1970’s (Woese and Fox 1977).  These environments have a natural draw 

due to the fact that many of the thermal features have a low diversity of organisms that 

can thrive in these environments.  Initially, thermal areas such as YNP were thought to be 

too extreme of environments for any life to withstand let alone thrive in.  Due to the work 

of Brock it was soon discovered that these environments had not only life but had a 

population that actually was adapted to only live within these harsh conditions(Brock, 

Brock et al. 1972).  Upon further 16S analysis it was soon realized that the populations 

that dominated high temperature, low pH environments were some of the most deeply 

branching organisms on the planet (Ochsenreiter, Selezi et al. 2003).  These 

microorganisms the crenarcheotes have been found to dominate all the acidic thermal 

fields in the world.  However, there is still little known about how these archaea survive 

in these environments.  To date the primary means of understanding these organisms has 

been through the use of culturing (Prangishvili and Garrett 2005).   

 Being that these hosts inhabit such a harsh and isolated environment it has been 

difficult to culture these organism for a deeper understanding.  Classically another way to 
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study the host and the environment is by the isolation and characterization of viruses of 

the host (Prangishvili, Forterre et al. 2006).  Many different archaeal viruses have been 

isolated from these hosts.  To date there are two different ways of isolating viruses from 

the environment.  First has only recently come about.  This method uses metagenomic 

analysis of the environment directly (Edwards and Rohwer 2005).  Metagenomic analysis 

has been very useful in the fact that to date there have been found to be few bias with this 

approach (Angly, Felts et al. 2006).  The biggest issue with this method is that with the 

amount of data that is produced a robust bioinformatics system is needed to analyse the 

results and to produce the assembled genomes of the present population.  A second issue 

is that once the sequence information is assembled and analyzed, there are still no 

organisms being actively grown in the lab for comparisons.  So for further analysis 

repeated time points are needed from an environment or cultures have to be started and 

be representative of the population present in the environment.   

 The oldest and best understood method of studying  microorganisms from the 

environment has been through the use of culturing (Zillig, Prangishvilli et al. 1996; 

Prangishvili, Forterre et al. 2006) .  This method has many known bias due to the 

selection of the specific media and also the selection for microorganisms that are able to 

survive in pure culture.  The use of culturing has been the standard for studying 

environments by isolating one component.  Many cultures are pure isolates harboring 

only one type of microorganism.  This type of approach while having inherent bias has 

produced many tools needed for the metagenomic approach.  This approach has provided 

many breakthroughs.  The first is the isolation and characterization of the first organisms 
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that inhabit these environments (Brock, Brock et al. 1972).  Second, many genomic 

projects have been completed (She, Singh et al. 2001).  Also this technique has brought 

about the only sequenced and characterized viruses of these thermophilic archaea.     

To better understand the environments of the thermophilic acidophiles a two fold 

approach is needed.  First, new crenarchaea need to be isolated and characterized.  A 

better understanding of culturing from the environment is needed.  Culturing methods 

need to be tuned to being able to maintain a diverse population within a laboratory 

setting.  Also genomic studies need to be done on the pure isolates that are available so 

when metagenomic data is acquired there are representative genomes that can be used as 

scaffolding and assembly tools for this data.  Second, viruses of these host need to be 

characterized.  

Viruses have been a means of better understanding populations for a number of 

years.  Virus research was crucial in the discovery of DNA as the genetic material.  To 

date viruses have offered many different tools that are used to better understand the hosts 

that they infect.  Viruses have offered means to knock out or insert genetic elements into 

their hosts.  These pathogens have also provided a deeper understanding of host 

replication machinery due to the fact that viral replication depends on the viruses ablity to 

use the hosts transcriptional machinery for propagation.   

Yellowstone National Park offers a great environment for this type of work.  The 

park itself has over 10,000 thermal features with a variety of temperature and pH 

measurements.  With this type of environment so close to MSU it is a great opportunity 

to continually sample and work on the cultivation and understanding of these 
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environments.  Classically, Brock (Brock, Brock et al. 1972) was a pioneer to isolate and 

characterized the first members of the archaea.  Since then focus has been on the isolation 

of new archaea but also of the characterization of the viruses of these hosts.   

 

Crenarchaea in YNP 

 

To date there have been 73 characterized and classified archaea 

(http://www.ncbi.nlm.nih.gov/Taxonomy).  These organisms have been found and 

characterized all over the world (Itoh, Suzuki et al. 1999; Haring, Rachel et al. 2005; 

Prokofeva, Kublanov et al. 2005; Prangishvili, Forterre et al. 2006).  Thermal features 

exist on all of the continents and have been sites for study.  These environments have 

been separated for millions of years.  However even with the temporal and spatial 

separation of these hot springs many of the same archaea are found in each hot spring.  

The Sulfolobales and Thermoprotei are some of the classic examples of hosts that are 

present in not only the hotsprings originally isolated from but also can be detected and 

isolated from geographically distinct regions. Table 1.1 shows all the current classified 

crenarchaeal genuses.  Also shown on this table are the isolates that have been detected 

through research here at MSU.  Interestingly, it has been shown with 16S and culturing 

techniques that many of the crenarchaea isolated from a geographically distinct area can 

be sequence or detected in another separate environment. (Wiedenheft, Stedman et al. 

2004).   
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Table 1.1 Desulfurococcales species             

Desulfurococcales Genome 

Sequenced 
Archaeal 

Web 

Browser 

Reference 

Acidilobus sulfurireducens   (Boyd, Jackson et al. 2007) 

Acidolobus aceticus   (Prokofeva, Miroshnichenko et al. 

2000) 

Acidolobus saccharovaorans   (Prokofeva, Kublanov et al. 2005) 

Aeropyrum camini   (Nakagawa, Takai et al. 2004) 

Aeropyrum pernix X X (Sako, Nomura et al. 1996) 

Caldococcus noboribetus     X (Aoshima, Yamagishi et al. 1996) 

Desulfurococcus 
amylolyticus 

   

Desulfurococcus fermentans   (Perevalova, Svetlichny et al. 2005) 

Desulfurococcus 
kamchatkensis 

  Kublanov et al. 2007 unpublished 

Desulfurococcus mobilis      Zillig et al. 1982 

Desulfurococcus mucosus      Zillig et al. 1982 

Desulfurococcus 
saccharovorans 

  (Burggraf, Huber et al. 1997) 

Fervidococcus fontis      Perevalova et al. 2007 unpublished 

Geogemma indica  X Kashfki et al. 2006 unpublished 

Geogemma pacifica      Kashfki et al. 2006 unpublished 

Hyperthermus butylicus    X  (Zillig, Holz et al. 1990) 

Ignicoccus hospitalis      (Paper, Jahn et al. 2007) 

Ignicoccus islandicus   X X (Huber, Burggraf et al. 2000) 

Ignicoccus pacificus      (Huber, Burggraf et al. 2000) 

Ignisphaera aggregans    X  (Niederberger, Gotz et al. 2006) 

Pyrodictium abyssi    X  Pley et al. 1991 

Pyrodictium brockii      Stetter et al. 1983 

Pyrodictium occultum      Stetter et al. 1983 

Pyrolobus fumarii    X  (Blochl, Rachel et al. 1997) 

Staphylothermus hellenicus X  (Arab, Volker et al. 2000) 

Staphylothermus marinus    X  Fiala et al. 1986 

Stetteria hydrogenophila      (Jochimsen, Peinemann-Simon et al. 

1997) 

Sulfophobococcus zilligii      Hensel et al. 1997 

Thermodiscus maritimus      (Burggraf, Huber et al. 1997) 

Thermofermentum shockii      Osburn et al. unpublished 2007 

Thermosphaera aggregans    X X (Huber, Dyba et al. 1998) 
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Desulfurococcales 

 The desufurococcales are a diverse and largest group of the crenarchaeotes.  

Within this family are the Acidolobus, aeropyrum, desulfurococcus, Fervidococcus, 

ignicoccus, ingnisphearaetc Table 1.1.  These family inhabits a diversity of environments 

from marine thermal vents to terrestrial hotsprings.  (Volkl, Huber et al. 1993; 

Ochsenreiter, Selezi et al. 2003).  These genuses represent both anaerobic and aerobic 

species (Huber, Dyba et al. 1998; Nakagawa, Takai et al. 2004).   

 Acidolobus sulfurireducens is one species from the Desulfurococcales.  This 

species has only recently been isolated from YNP.  To date this is the only environment 

that this particular species has been seen to inhabit.  Acidolobus sulfurireducens is a 

obligate anaerobe growing at a pH optimum of 3 and temperature optimum of 81.  (Boyd, 

Jackson et al. 2007) 

 

Thermoproteales 

 

 The Thermoproteales were inially characterized by the host Thermoproteus tenax 

(zillig et al 1982) (table 1.2).  Since these first discoveries there have been continual 

discoveries and additions to this family.  To date there are 14 different speices and 7 

different genomes sequenced or near completion.  Some of the earliest viruses were 

discovered from these hosts.   New discoveries have recently been made and added to this 

family.  Thermocladium modesties is a microaerophilic organism growing at a pH 

optimum of 4 and temperature of 78 (Itoh, Suzuki et al. 1998).  To date this organism has 

only been characterized as one isolate isolated from a Japaneses thermal field. 
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Table 1.2 Thermoproteales 

 

 

 

 

 

 

 

 

 

Thermoproteales Genome 

Sequenced 

Archaeal 

Web 

Browser 

Reference 

Caldvirga maguilingensis X X (Itoh, Suzuki et al. 1999) 

Pyrobaculum aerophilum X X (Volkl, Huber et al. 1993) 

Pyrobaculum arsenaticum X X (Huber, Sacher et al. 2000) 

Pyrobaculum calidifontis X X (Amo, Paje et al. 2002) 

Pyrobaculum islandicum X X Huber et al. 1987 

Pyrobaculum neutrophilum X X Hensel et al. 1996 unpublished 

Pyrobaculum oguniense   (Sako, Nunoura et al. 2001) 

Pyrobaculum 
organotrophum 

  Huber et al. 1987 

Thermocladium modestius   (Itoh, Suzuki et al. 1998) 

Thermofilum pendens   Zillig et al. 1983 

Thermoproteus 
neutrophilus 

  Fisher et al. 1983 

Thermoproteus tenax   Zillig et al. 1981 

Vulcanisaeta distributa X  (Itoh, Suzuki et al. 2002) 

Vulcanisaeta souniana   (Itoh, Suzuki et al. 2002) 
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Table 1.3 Sulfolobales 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sulfolobales Genome 

Sequenced 

Archaeal 

Web 

Browser 

Reference 

Acidianus ambivalens   Fuchs et al. 1996 

Acidianus brierleyi X  Segerer et al. 1986 

Acidianus convivator   Haering et al. 2004 unpublished 

Acidianus hospitalis   (Bettstetter, Peng et al. 2003) 

Acidianus infernus   Segerer et al. 1986 

Acidianus manzaensis   (Yoshida, Nakasato et al. 2006) 

Acidianus pozzuoliensis   (Haring, Rachel et al. 2005) 

Acidianus sulfidivorans   (Plumb, Haddad et al. 2007) 

Metallophaera sedula X X Huber et al. 1989 

Metallosphaera hakonensis   (Kurosawa, Itoh et al. 2003) 

Metallosphaera prunae   Fuchs et al. 2005 

Metallosphaera sedula   Huber et al. 1989 

Stygiolobus azoricus   Segerer et al. 1991 

Sulfolobus acidocaldarius X X (Brock, Brock et al. 1972) 

Sulfolobus islandicus X  Zillig et al. 1994 

Sulfolobus metallicus   Huber et al. 1991 

Sulfolobus neozealandicus   (Arnold, Ziese et al. 2000) 

Sulfolobus shibatae   (Grogan, Palm et al. 1990) 

Sulfolobus solfataricus X X (She, Singh et al. 2001) 

Sulfolobus tokodaii X X (Suzuki, Iwasaki et al. 2002) 

Sulfurisphaera 
ohwakuensis 

  (Kurosawa, Itoh et al. 1998) 
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Sulfolobales 

 

Some of the best characterized crenarchaea have been from the Sulfolobales.  To 

date there are 21 number of members of this family and 7 genomic projects underway or 

finished (Table 1.3).    

 The classic microorganism of this family is Sulfolobus.  To date there are 8 

different species of this microorganism.  Many of the first viruses discovered belonged to 

this host.  Sulfolobus is an aerophilic acidothermophile.  The opitimum temperature is 

around 80C and pH 3.5.  Recent advances have also shown that Sulfolobus can be used 

for genetic studies due to the development of a genetic knockout system in this 

host(Worthington, Hoang et al. 2003).   

 

Crenarchaeotal Viruses 

 

 

The viruses of the crenarchaeotes to date have all been DNA genomes.  To date 

viruses have only been characterized from four different hosts’ Sulfolobus, 

Thermoproteus,  Acidianus, and Pyrobaculum.  The first viruses ever discovered of the 

crenarchaeotes were from Thermoproteus and Acidianus (Zillig, Prangishvilli et al. 1996; 

Snyder, Stedman et al. 2003; Prangishvili and Garrett 2005) .  Most of these viruses are 

not the head and tail morphology of the euryarchaeota.  Overall,the morphologies of 

these viruses seem to vary between stiff rods to spindle-shapes.  Numerous genomes of 

these viruses have been fully sequenced (Prangishvili and Garrett 2005).  Sequence 

analysis of the genomes typically shows little or no similarity with other known viruses.   
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Table 1.4 Crenarchaeal viruses  

 

 

 

 

 

Family Species Host Genome References 

Fuselloviridae SSV1 Sulfolobus 15465 (Palm, Schleper et al. 1991) 

 SSV2 Sulfolobus 14796 (Stedman, She et al. 2003) 

 SSV3 Sulfolobus 15kb  

 SSVK1 Sulfolobus 17385 (Wiedenheft, Stedman et al. 
2004) 

 SSVRH Sulfolobus 16473  (Wiedenheft, Stedman et al. 
2004) 

Rudiviridae SIRV1 Sulfolobus 32308 (Peng, Blum et al. 2001) 

 SIRV2 Sulfolobus 35450 (Peng, Blum et al. 2001) 

 ARV1 Acidanus 24655 (Vestergaard, Haring et al. 2005) 

Lipothrixvirdae 
Alpha 

TTV1 Thermoproteus 16000 (Neumann, Schwass et al. 1989) 

Lipothrixviridae 
Beta 

SIFV Sulfolobus 40852 (Arnold, Zillig et al. 2000) 

Lipothrixviridae 
Gamma 

AFV1 Acidianus 21000 (Bettstetter, Peng et al. 2003) 

Lipothrixviridae  
Delta 

AFV2 Acidianus 31787 (Haring, Vestergaard et al. 2005) 

Globuloviridae PSV Pyrobaculum 28337 (Haring, Peng et al. 2004) 

 TTSV1 Thermoproteus 20933 (Ahn, Kim et al. 2006) 

Bicaudaviridae ATV Acidianus 62730 (Haring, Vestergaard et al. 2005) 

 STSV1 Sulfolobus 75294 (Xiang, Chen et al. 2005) 

Guttaviridae SDNV Sulfolobus -- (Arnold, Ziese et al. 2000) 

Ampullaviridae ABV Acidianus -- (Haring, Rachel et al. 2005) 

Unclassified STIV Sulfolobus cc17663 (Rice, Tang et al. 2004) 
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The exception is that typically matches that are found are to other thermophilic 

crenarchaeal viruses.  Due to the lack of similarity with other known viruses this has lead 

to the formation of many new viral families, Fuselloviridae, Rudiviridae, 

Lipothrixvirdae, Globuloviridae, Bicaudaviraidae, Guttaviridae, and the Ampullaviridae  

(Snyder, Stedman et al. 2003; Prangishvili and Garrett 2005) (table 1.2).  Also, there are 

currently two viruses that are not yet classified STIV, and STSV1.  It is not doubted that 

further discoveries are going to bring even new families and additions to existing ones.   

 

Thermoproteus Viruses  

 

The Thermoproteus viruses represent another area of research within the 

crenarchaeotal viruses.  Primarily most of the research on this host and viruses have been 

done by Wolfram Zillig and Stetter  et al (Neumann, Schwass et al. 1989; Zillig, 

Prangishvilli et al. 1996; Ahn, Kim et al. 2006).  Many of the known viruses of this host 

are similar to the Lipoxoviridae, the long filamentous viruses seen with the Sulfolobales.   

 Recently however, a new virus similar to the Globulaviridae was isolated from 

Thermoproteus tenx (Haring, Peng et al. 2004) This virus, Thermoproteus tenax spherical 

virus 1 (TTSV1), is another globular virus awaiting to be assigned a family.  Genome 

analysis of this virus has shown that it has protein similarity with the newly discovered 

PSV (Haring, Peng et al. 2004).    

More interestingly, this virus is similar in size and shape to the previously 

described vesicles that were found to be associated with Thermococcus cultures (Soler, 

Marguet et al. 2008).  TTSV1 however was shown to be a virus with both genetics and 

proteomics techniques.  This virus also infects Thermoproteus tenax species (Ahn, Kim et 
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al. 2006).  The culture was obtained in Indonesia and the host of this virus was isolated 

by serial dilutions and then single colony isolation on semi-solid gelrite (Ahn, Kim et al. 

2006).   

The genome of TTSV1 is 21.6kb in length with 38 ORF’s. (figure 1.1) (Ahn, Kim 

et al. 2006) Of these, 15 had highest matches to a similar shaped virus, PSV .  The other 

open reading frames had no significant matches with anything in the database.   

 

Pyrobaculum Viruses 

  

Pyrobaculum is another high temperature thermophile.  Isolates of this host have 

been isolated from many different environments from salt water vents to terrestrial hot 

springs in a number of different geographical locations.(Haring, Peng et al. 2004) 

 The only know virus that infects this host is PSV (figure 1.2).  This virus has a 

28kb genome and is the founding member of the family Globulaviridae.  This genome is 

organized with most of the coding sequence being located on one strand of the double-

stranded genome.  The capsid of this virus was comprised of two different parts one 

being the 33 kDa protein and the other was host derived lipids.  Another interesting fact 

from studying this virus was that when used to infect cultures of Thermoproteus tenax 

particles were produced from an infection (Ahn, Kim et al. 2006). 

 

Acidianus Viruses. 

 

Acidianus is an acidiophile that can grow anaerobically through the reduction of 

sulfur or aerobically through the oxidation of sulfur to sulfuric acid(Haring, Vestergaard 

et al. 2005; Prangishvili and Garrett 2005).  Growth can take place either 
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Figure 1.1 TEM’s of TTSV1 Scale bar = 100nm.  (Ahn, Kim et al. 2006) 

.   

 

 

 

Figure 1.2  TEM of PSV particles Scale bar = 500nm. (Haring, Peng et al. 2004)  
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heterotrophically or autotrophically depending on available nutrients.   

The viruses of Acidianus have been an area of particular interest.  To date of the 

20 known crenarchaeal viruses, 5 are from the genus Acidianus.  Two of these added new 

families to known viruses.   

ATV is a spindle shaped virus but with one major difference.  This virus has two 

protrusions at the points of each spindle.  This virus when left in buffer over a period of 

time will modify its coat protein from spindle shaped to having grown protrusions at both 

ends.  This modification is the first documented case of a virus changing outside of a 

host.  This change is under investigation and the methods by which the capsid goes under 

change is still not clear(Prangishvili, Vestergaard et al. 2006).   

  

Sulfolobus Viruses.   

 

Most of the viruses to date have been isolated from the host Sulfolobus.  This in 

large part is probably due to many factors.   The first is the relative ease that this host can 

be grown with.  Standard plating and plaque assays have been long developed and to date 

3 different genomes have been sequenced.  Sulfolobus is an acidophile that grows 

heterotrophically at or around 80⁰C.  This organism has been isolated from numerous hot 

springs around the world (Rice, Stedman et al. 2001).    

 A study of Sulfolobus Spindle-shaped Virus (SSV)’s around the world and 

localized in YNP shows that all of these features although not connected by any visible 

means share the same populations over time  (Snyder, Wiedenheft et al. 2007).   This idea 

has shaped and changed the way that viral populations and even microbial life is thought 

about.  The fact that these groups or clades are found in completely different geologic 
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sites indicates that traffic of such particles is a constant factor (Snyder, Wiedenheft et al. 

2007). 

Another virus isolated recently from Sulfolobus has also had a huge impact on 

current virology.  Sulfolobus turreted icosohedral virus (STIV) has a 17663 kb genome 

(Rice, Tang et al. 2004) .This virus has a unique icosohedral symmetry of the viral 

capsid.  This type of architecture has not previously been seen.  The jelly roll motif of the 

capsid is the first known viral content that spans all three domains that viruses infect 

(Maaty, Ortmann et al. 2006). The virus has been shown to infect Sulfolobus solfataricus 

strains both from YNP and from ATCC.   

 Recent work on this virus by members of the Young lab and others on this 

interesting virus have shown much about the genetics and infection cycle of this virus 

(Ortmann, Brumfield et al. 2008).  Fulton et al.  have developed a genetic system for this 

virus (submitted).  It is hoped that through this system that systematically all ORFs can 

be singly knocked out and then looked at to assess viral production.   

 Also Brumfield et al. (submitted)  has preformed numerous different time courses 

and has studied the entry and replication of STIV in it native host (Brumfield et al. 

submitted).  This virus so far is the first archaeal virus to be shown to lyse the host that it 

infects.  It appears that mature virus particles form inside the host.  Then the s-layer 

appears to dissolve allowing the membrane to form protrusions.  Without the s-layer to 

act as a scaffolding, the membrane loses its integrity and lyses the host cell (Brumfield et 

al. submitted).   
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 With this information and the ability to monitor gene expression in the host has 

allowed for the possibility to find the host receptor and genes necessary for viral 

production. 

 

Objectives of This Research 

 

The goals of my research are as follows: 

1) Sampling and culturing of Thermophilic Archaea from these 

environments.  Primarily focusing on anaerobic populations present. 

2) Isolation of hosts 

3) Isolation and characterization of viruses associated with newly cultured 

hosts. 

It is hoped that through these primary objectives new insights into the archaeal 

branch and thus a deeper understanding of life in these environments will be achieved.  

The primary steps in this process will provide an understanding of the dynamic fields that 

are present in Yellowstone National Park.  Little is known in detail about many of these 

fields.  Many of these thermal features have been noted to be dynamic areas changing 

overnight at times.  A thorough sampling of these areas will offer the first answers to 

many questions.  The biggest being what is out there.  Second to this samples will be 

taken back to the lab and placed into culture.  The focus of this step is finding anaerobes.  

The reason for this focus is the 16s analysis preformed by many labs including the Young 

Lab have shown the while aerobic hosts are present, many of the springs seem to be 

dominated by anaerobic microorganisms.   
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The viruses of anaerobic hosts have been studied extensively in only a couple of 

hosts.  This field is still in infant steps as far as the knowledge of the general diversity 

that is there.  Anaerobic hosts that are present will then be surveyed to see which exactly 

what is there.  This step has many possible problems including relatively low yields of 

cellular numbers.  Advancements in culturing methodology needs to be achieved to 

overcome this hurdle.  

Once a survey is completed to reveal what viruses are present, only a few will be 

selected for further study.  These VLP’s will be selected based on ease of achieving a 

pure host associated with this virus.   Also, single virus types will be preferred over 

mixed populations of VLP’s.   

Overall, the new information is hoped to provide the first steps in exploring the 

diversity of the anaerobic world.  This diversity will first be explored with the hosts 

present in the hot springs.  Next the discoveries will come from the VLP’s associated 

with these new host populations.  Through this research new hosts and viruses will be 

added to the little understood branch of the archaea. 
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CHAPTER 2 

  

MATERIALS AND METHODS 

 

 

Site Selection 

 

 

 Sites were selected from 4 primary different thermal fields within YNP.  From 

these sites 184 samples were taken.  Criteria for sampling were 70˚+ C and pH of 1-6.  A 

wide range of temperature and pH was selected for.   

 

 Sample Collection 

 

 

 Samples were taken aerobically in 50ml sterile tubes.  pH, temperature, lat, long, 

and a photograph were taken and recorded with each sample.  Samples were then stored 

at air temperature and transported back to the lab.  Upon arrival at the lab these samples 

were then used to inoculate media.   

 

Sample Culturing 

 

 

Samples were collected from a number of different sites ranging in pH levels and 

temperature.  50ml tubes were collected using techniques previously described (Rice, 

Stedman et al. 2001)  Upon return to the laboratory, 1ml of an environmental samples 

was used to inoculate into 5ml anaerobic vials with enrichment medium.  The medium 

used was medium 88 (dsmz.de), which contains per liter: 1.3g (NH4 )2SO4, .28g 

KH2PO4, .25g MgSO4 x 7H2O, .07g CaCl2 x 2H2O, FeCl3 x 6H20, 1.8mg MnCl2 x 4H2O, 

4.5mg Na2B4O7 x 10H20, .22mg ZnSO4 x 7H2O, .05mg CuCl2 x 2H2O, .03mg Na2MoO4 
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x 2H2O, .03mg VOSO4 x 2H2O, .01mg CoSO4, 1g yeast extract, .01mg of resasurin, .5g 

of Na2S, medium was then alloquoted into separate vials and flushed with N2 and sealed.  

Tubes were then autoclaved and pressurized to 14psi with N2. Anaerobic tubes were 

visually inspected for the presence of oxygen indicated by color change due to the 

addition of resazurin to the media.  1ml of environmental samples was used to inoculate 

50ml of media.  The cultures were incubated for 10-14 days upon which growth was 

assessed using a light microscope and looking directly for the presence of cells.  1ml of 

positive samples was then used to inoculate 50ml of fresh media.  These cultures were 

grown for 4-7 days depending on cellular growth. 

 

Isolation of Pure Isolates 

 

 

 Pure isolates were obtained by the following serial dilution.  1ml of grown culture 

was used to inoculate 5ml of fresh anaerobic medium.  1ml from this tube was then used 

to inoculate a second and so forth to exhaustion (Itoh, Suzuki et al. 1998).  This form of 

serial dilution was preformed 3x times.  Cellular growth was determined by light 

microscopy.  The last tube of each dilution that was positive for cellular growth was then 

used to inoculate the next dilution series.  

 

DNA Extraction and 16S PCR 

 

 

 DNA was extracted from environmental samples using 

phenol:chloroform:isoamyl alcohol technique (Sambrook 1989).   DNA yield was 

estimated using the Nanodrop ND-1000 (http://www.nanodrop.com). 



20 

 Universal primer sets were used for the amplification of the 16S ribosomal rDNA.  

533 F and 1392R (table 2.1) where used on both environmental and pure isolate 16S 

analysis.  The PCR conditions were as follows 94˚ denaturing for 3min, annealing 55˚ for 

1min and extension of 72˚ for 1:30min.  This was repeated 40x times.  The primers used 

are outlined on table 2.1.  The positive control was lab strain of P2 Sulfolobus.  Negative 

control was ddH20. 

 

Cloning and Sequencing 

 

 PCR products were cloned using the TOPO TA Cloning Kit (Invitrogen, 

Carlsbad, CA).  Conversely, a viral library was also created using the TOPO TA cloning 

kit.  To clone randomly sheared products into the TOPO vector the segments were end 

repaired using dNTP’s and TAQ polymerase.  The reaction was ran at 72 for 15min.  

These products were then cloned according to TOPO instructions.   A deep 96 well plate 

was then inoculated with E.coli transformed with the cloned PCR products.  Plasmids 

were purified from the 96-well plate using the Millipore 96-well plasmid prep kit 

(Millipore, Billerica, MA).  Cloned inserts were sequenced using primer sites available 

on the vector (T7 and M13R) and BigDye Terminator Mix (Applied Biosystems, Foster 

City, CA) on an ABI 9700 automated sequencer (Applied Biosystems).   

 

 

 

 

 

 

 



21 

 

 

 

 
 

Table 2.1Primers used during this research 

 

Primer Use Sequence 

533 Forward Host identification GTGCCAGCMGCCGCGGTA 

1392 Reverse Host identification ACGGGCGGTGTGTAC 

2 F q-PCR TCTACCCTGTCAAAGGCTATACCT 

543 R q-PCR GAACTGCCTTAGAGGTGTACCCTTT 

9420 F q-PCR GTGGACATTGAACAGAACAGGGTG 

9813 R q-PCR GCTATGTTTACTGCCTGGCTGTAGC 

17KB 3091 F Viral genome TTTACCATAACACCVGACAAAGACC  

17kb 5090 R Viral genome GGAGTACAAGTAGGCTGGTGATTGC  

17kb 6050 F Viral genome CAAGGAGGGCTACAGCTNGGNGGTT  

17kb 8382 R Viral genome TATGCGGTCAGCACCCAAGGCA  

17kb 8361 F Viral genome GCTACGCATAGGGCCCTTGT  

17kb 10594 R Viral genome CATTCACTACCTTACCCAGCCCTA  

17kb 10641 F Viral genome CCTGCCAAATGACGGGTATACC  

17kb 12885 R Viral genome GTTGTACGTTAAGGGCATTAAGGC  

17kb 12912 F Viral genome TGGCTTTTTGCCTGGAGGGTAG  

17kb 15351 R Viral genome AAGGGCTTAGGCAAGGGACTG  

17kb 15400 F Viral genome AGTGNNCGTNGGTGTNNCGCT  

17kb 16214 R Viral genome GCAAGATAGGGCTAGGTAGGTAAGG  

15kb 31 F Viral genome TGAGTGACAAGGAAGACTGCTAAGC  

15kb 2342 R Viral genome CTGGTTCCTCCACAGWGTCMCTT  

15kb 2213 F Viral genome  CCCTTGAAATTGGTGACTACCTGG  

15kb 4521 R Viral genome  GCTCTAAGAGCACCTTCCCAGTG  

15kb 6117 F Viral genome  GCACTGGGAAGGTGCTCTTAGAGCA  

15kb 6787 R Viral genome  CAAACAGGTGCTGTGGTCACTGA  

15kb 6698 F Viral genome  GGCTAATGGGGCTTGTGTAAAAG  

15kb 8956 R Viral genome  CCCCAGCTTCTACAGCCAGAA  

15kb 8909 F Viral genome  AAGTGTGTTGATACATTGCTCAGGC  

15kb 11196 R Viral genome  TTAGCGTAGACTGTGCCGTTCAC 

15kb 11172 F Viral genome  AGGTGCTGACACCCTTAGCGT  

15kb 13434 R Viral genome  CCCCTTAGGTAAACCTATAAGCCCA  

15kb 13471 F Viral genome AGAGCGTACTAGGAAGCTGATAGGG 

15kb 14758 R Viral genome  GCCAGCTGTGTAGTTCTTCACCTGT  
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Sequence Analysis 

 

 Sequence was edited and the analyzed using Sequencher 4.7 (Gene Codes 

Corporation, Ann Arbor, MI).  Sequences then were submitted to blastn search 

(http://www.ncbi.nlm.nih.gov/BLAST).  

 

Cellular Growth 

 

 

 Cellular growth was monitored by cell counts during the initial culturing.  

Cellular growth was monitored by filtering cells onto a .02um filter (Whatman, Whatman 

International Ltd, Maidstone, England ) at a 10^3 cells per ml concentration.  Cells were 

then stained with Sybr gold for 30 min by placing the filters onto 100ul of water plus 

10ul of 10x syber gold stain and allow to diffuse.  Using a light microscopy cells were 

then counted and cells per ml calculated.   This was done by counting cells in a 1mm by 

1mm square in five different areas on each grid.  These were then averaged for each 

sample.  This was done in triplicate for each experiment.   

 

FACS Analysis 

 

 

 FACS was used to help monitor multiple samples of cultures in triplicate and 

obtain growth characteristics.  .9ml of cultures were removed for each time point then 

fixed  with .5% gluteraldehyde.  Samples were then stained with Syber Gold stain (final 

concentration of 1X).  PE-A and FITC filters were then used to obtained FACS analysis.  

The weight of each tube was weighed previous to FACS analysis.  The samples were 

counted to 50,000 events (flouresence).  The samples were then weighed again.  From the 

http://www.ncbi.nlm.nih.gov/BLAST
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volume used it was calculated number of cells per ml.   Data was collected using a BD 

LSRII (BD, bdbiosciences.com).   Data was then processed using FlowJo (Flowjo, 

www.flowjo.com) software.   

 

Geochemistry 

 

 

 Water samples from the hotsprings were taken for geochemical analysis.  A suite 

of chemical analysis were performed by Energy labs (Billings Mt).  Instructions included 

were used on each sample.  Samples were sent 24-48 hours after collection to Billings for 

analysis. 

 

Viral Isolation and Purification 

 

 

 Cell cultures were spun 5000rpm for 10 min in Eppendorph 5804 to remove the 

cells from the culture.  To ensure that cellular contamination was removed the 

supernatant was also filtered through a .2um syringe filter.  After filtration the 

supernatant was then subject to ultracentrifugation to pelled viral particles (25,000rpm for 

2hr Beckman T30 type rotor).  Supernatant was the poured off as to not disturb the viral 

pellet.  The pellet was then resuspended in 100ul of ddH20. 

 The viral concentrate was also purified through the following means.  .45g/ml of 

CsCl was added to viral concentrate.  This solution was then centrifuged in a Beckman 

type MS-50 rotor for 40hr.  After which the samples were then fractionated into 200ul 

aliquots.  10ul of these aliquots were then dialyzed against ddH2O for 30min.  These 
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fractions were then subjected to qPCR (described below) for the detection of the viral 

fraction.    

 

TEM Analysis 

 

 

 TEM analysis was used to determine the presence of VLP’s in cultures.  5ul of 

virus sample (described above) was placed onto a carbon coated copper grid.  Sample 

was allowed to sit for 5 min. then was wicked off.  5 ul of 2% uranyl acetate was then 

added allowed to sit for 1 min then wicked off.  All TEMs were obtained using a Leo 912 

Transmission Electron Microscope  

 

Viral Contig Confirmation 

 

 

 Assembled contig were confirmed through the use of PCR.  The conditions that 

were used are as follows: denaturing 94˚ for 3min, annealing 55˚ for 1min, extension 72˚ 

for 3 min.  This was repeated 40X.  Primers used for this amplification are listed on table 

2.2.  A 17 and 15kb contig were assembled from the Nymph Lake library all primers are 

listed for the amplification of these two contigs.   

 

Viral Genome Amplification 

 

 

 Virus particles were DNased (Promega, www.promega.com) for 1hr.  DNase was 

then heat killed 65C for 30min.  Proteinase K (Ambion, ambion.com) was then added to 

the sample and allowed to incubate for 1hr to cleave viral capsid and expose viral DNA 

for amplification.  Viral genomes were then amplified using Genomiphi (GE healthcare, 
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GEhealthcare.com) according to manufacturer protocols.  MDA generated DNA were 

then sheared  by Nebulizer (Invitrogen, Carlsbad, CA).  Sheared fragements were then 

end repaired by the addition klenow fragment for 1 hr.  This reaction was then cleaned up 

using QIAamp DNA Mini Kit (QIAGEN Sciences, Maryland 20874, USA). 

 

Cloning, Sequencing and Assembly of Viral Libraries 

 

 

 The cloning and sequencing of the generated viral library were carried out as 

described earlier.   Once sequencing information was obtained it was first trimmed of 

vector using Sequencher 4.0 (genecodes.com) .  The sequences were then processed 

individually and all ambiguities were then corrected manually.  Sequences were then 

aligned using 60bp overlap and 100% similarity.  Then assembled viral contigs were 

manually corrected.  Second assembly was preformed at 60bp overlap and 98% 

similarity.  Once again the library was then manually edited.  The assembly was repeated 

13x times each reducing the percent similarity by 2%.   

 

qPCR 

 

 

 qPCR was preformed on a Rotorgene 2000 (Corbett Life Sciences, www. 

Corbetlifesciences.com). Primers were designed for a product ~300 bp in length (table 

2.1).  25ul reactions were used adding in 12.5 ul Syber Green Master mix (Quanitect Sybr 

Green PCR kit, QIAGEN Sciences, Maryland 20874, USA), 2.5ul (2.5 pmol/ul) F primer, 

2,5ul (2.5 pmol/ul) R primer and 7.5 ddH20.  A known standard was run with all of 
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samples for comparison created from the PCR product cloned into the TOPO TA vector.  

Once this control was made a dilution series was used for quantification.   

 

Protein Analysis 

 

 

 Viral proteins were denatured for 90sec in loading buffer the ran on a 12% SDS 

gel.  The gel was then stained with Coomassie Blue staining techniques.  Upon 

electrophoresis a single band was detected.  

 Viral sample was then trypsin digested at 37˚ overnight and the ran on the Q-tof 

Premier massspec (Micromass, Inc., MS technologies).  Peptides were then blasted 

against Swisspro for any hits to the known database.  Also peptides were blasted against a 

6 frame translation of the 17kb and 15kb contigs for possible matches.   

. 
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CHAPTER 3 

 

CULTURING OF ANAEROBIC ARCHAEA FROM                             

YELLOWSTONE NATIONAL PARK 

  

 

Introduction 

 

For a more in-depth understanding of the ecosystems present in the hot springs of 

Yellowstone National Park (YNP), culturing of both anaerobic and aerobic microbes is 

essential.  Classically, culturing of hyperthermophilic archaea has been focused on the 

heterotrophic archaeon Sulfolobus due to the relative ease of culturing this host and it 

being ubiquitous with thermal features around the globe (Prangishvili, Stedman et al. 

2001; Rice, Stedman et al. 2001).  Similar Sulfolobales have been cultured readily using 

similar medias and conditions.  The autotrophic archaeon Acidianus has also been a  

focus area for research harboring new viral families and producing these viruses with 

relative ease due to chronic infections of the host  (Bettstetter, Peng et al. 2003; Haring, 

Rachel et al. 2005; Vestergaard, Haring et al. 2005).  In contrast there has been limited 

work on archaeal strict anaerobes was performed by Wolfram Zillig focusing primarily 

on Thermoproteus  (Zillig, Prangishvilli et al. 1996).    

It has generally  been accepted that cultured microorganisms represent a small 

fraction of the microbial diversity present in any given environment including YNP 

hotsprings.  New culture-independent methods using rDNA have been developed that can 

estimate the diversity of an environment and gather a picture as to the structure of that 

given ecosystem (Angly, Felts et al. 2006; Snyder, Wiedenheft et al. 2007).   In order to 
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determine the microbial population present in the thermal acidic hot springs within YNP, 

our lab has conducted  16S rDNA surveys using universal PCR primer sets (material and 

methods chapter).  As a result of  these surveys it was determined the lab strain of 

Sulfolobus that was being used was not dominant microorganism in the acidic hot springs 

of YNP.  Given this new information it was the goal of my research to seek out and 

culture anaerobic hosts from Yellowstone National Park.   

Yellowstone National Park has been studied for a number of years by different 

research groups.  However, there are only limited databases on YNP thermal features.  

With this in mind Ric Roche and I have created a database for YNP high temperature 

acidic thermal areas.  This database is hoped to be a template for a master data base with 

all researchers accessing it to upload their information and also have access to other types 

of data to further the understanding of the environments present in Yellowstone National 

Park (YNP). 

 

Results 

 

 

 The YNP database was developed as a means for the Young and other labs to 

track and monitor multiple thermal fields in YNP.  It is hoped that this database would be 

a way to catalogue and measure over a spatial time scale the dynamic nature of YNP 

thermal features.  With over 10,000 hotsprings present in the YNP area it has become 

increasingly difficult to link samples with sites and vice versa.  The problem becomes 

even larger trying to integrate temporal samples for culturing, viral samples, and 

metagenomics when this information needs to be catalogue.   
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Environmental samples were collected from 184 different hot springs for this 

study.  Thermal features were selected from different geological regions for sampling.  

Depending on the site, pH and temperature was recorded, water chemistry analysis 

conducted, and dataloggers were placed in the hot spring water to monitor temperature. 

This information was documented and stored in a database for future use by Yellowstone 

researchers.  

Four primary thermal basins were sampled most frequently: Crater Hills, Rabbit 

Creek, Nymph Lake, and Ragged Hills (figure 2.1).  A number of different thermal 

features were sampled within each of these areas.  The numbers of pools sampled at each 

site depended on the pH and temperature present in each of the thermal fields.  The 

Ragged Hills region of Norris Geyser Basin offered the most diverse sites with low pH 

and high temperature.  In the Midway Geyser Basin, Rabbit Creek contained the fewest 

pools with these characteristics.   

The goal of my project was to develop a method of sampling and culturing the 

anaerobic hosts that had been detected by 16S rDNA analyses (data not published).  Hot 

springs were selected that had temperatures ranging between 60-95⁰C and pH ranging 

from 1-8.  In the beginning of this research, samples were collected for both anaerobic 

and aerobic organisms to increase the chances of culturing multiple hosts.  However, 

similar hosts were cultivated from both aerobic samples and anaerobic environmental 

samples (data not shown).  Due to this result, the remainder of samples were collected 

aerobically and inoculated into anaerobic media upon return to the lab 
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Figure 3.1 Overview of Yellowstone National Park with pictures of four different thermal areas of 

primary research 
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During the initial culturing process it was observed that rod-shaped cells were the 

dominant microbe in many anaerobic vials.  Meanwhile, other vials contained cocci cells 

that were similar in size and shape to Sulfolobus.  Another distinguishing feature of 

growing cultures was the production of H2S gas through the reduction of elemental sulfur 

used in the growth medium.  All cultures exhibiting growth maintained pH and produced 

H2S vapor (determined by smell).   Pure isolates were obtained through a serial dilution 

method previously described (Itoh, Suzuki et al. 1998).   There were numerous attempts 

made at other ways of obtaining pure isolates these included: plating with and without 

sulfur soft layers both anaerobically and aerobically, use of optical tweezers, and 

catapulting technique.  Unfortunately none of these techniques worked and serial 

dilutions were determined to be the most feasible.  Once a pure isolate was obtained, 16S 

universal primers were used to amplify the 16S ribosomal DNA.  These sequences were 

cloned and sequenced.  The anaerobic hosts were determined to be a Thermocladium sp. 

and Acidolobus sp. 

 

Database Development  

  

 One of the goals of my research was the monitoring of acidic hot springs within 

Yellowstone National Park.  To date, most of the thermophilic work being done in these 

areas has had a large temporal element between samplings.  It has long been understood 

that YNP is a dynamic environment.  Hosting over 10,000 thermal fields and a wide 

range of different ecosystems allows for large diversity in both the wildlife present but 

also the microbial environments.  While all this diversity and change in the natural 
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environment was understood, it has also not been studied on the time scale that is being 

proposed.   

To store all the information that was be generated it was necessary to build a 

database in which logging of samples and conditions could be stored and readily 

accessed.  Ric Roche and I developed a web based interface was created for both data 

entry and removal.  The concept of the YNP database was a template for all researchers 

to have input of data thus allowing for the pooling of information and data on YNP 

environments.   

 The database designed for the continuous updating and massive storage of 

information from the physical location where a sample has been taken to the further 

stocks that will be created from this one sample.  For each original park sample a new id 

is created.  Under the creation of this Location ID, latitude, longitude, pH, temperature, 

sequence information about host and viruses and any other measurements can be stored 

including a picture of the actual site.   An interface was created to allow for the upload of 

this data to be accessed along with the other location data.   

Within the database there are menus for the creation of both viral and host stocks 

that may be created from a given environmental sample.  Also, under the host or viral 

fields are options to store and retrieve genetic information or manuscripts that pertain to 

the particular host or virus of interest.  Another feature built of this database, is that all 

stocks can be categorized and notes taken on both storage, and growth conditions (figure 

2.2). 



33 

  

 

 



34 

 To date, there are 184 environmental sites being tracked in this database.  Up to 

this point the only input to the database has been the Young lab.  Of these 184 sites, many 

of these pools have only have one or two measurements of pH or temperature.  Many of 

these pools are sampled during “fishing” expeditions.  During this process up to 72 

samples were taken and screened for the presence of cells and viruses through 

epifluorescence microscopy.  The sites with the most cellular biomass are obvious 

selections for wide range of experiments including culturing, and metagenomic studies.    

 Using the database  four sites have been compared.  Initially only the data from 

these specific pools were used.  However, for future sampling trips all information was 

lumped together for each thermal field.  The temperature profiles of Rabbit Creek (RC), 

Nymph Lake (NL), Ragged Hills (RH), and Crater Hills (CH) were 74⁰C, 82⁰C, 82⁰C 

and 80⁰C, respectively.  The pH averages of these same sites were 3.8, 3.3, 3.2, and 2.3 

(figure 2.3).  By this type of pooling a more directed approach can be taken when 

designing experiments.  For instance, just solely based on pH and temperature parameters 

one can decide where to sample based from the average of measurements (figure 2.3).   

Being armed with this type of information allows for more specific and more 

focused questions to be asked. Another interesting result was the comparison between the 

geochemistry of the hot springs.  Craters Hills sticks out due to the fact that through this 

analysis it was found to have the highest levels of sulfates in these thermal features.  The 

level of sulfate was an order of magnitude higher than other sites that had this analysis 

preformed.  Ragged Hills was unique in its possession of the highest levels of 

molybdenum, silica, and chloride.  Overall a picture of each thermal area can be obtained 
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through this research.  As more and more research is done on these thermal areas more 

and more information will be added.  Right now the picture that we have is for a few hot 

springs in a given area.  It is hoped that through continuing research that 

not only will more information be known for a given area but that with time individual 

pools within these fields will be studied enough to obtain a clear picture of the dynamics 

between the environment and the microbiology present in these hot springs (figure 2.3).   

 

Isolation of Anaerobic Hosts 

 

Anaerobic and aerobic samples were taken from Yellowstone National Park.  185 

different samples were taken aerobically and then used to inoculate aerobic and anaerobic 

media in the lab.  All media used aerobically and anaerobically was Medium 88 

(dsmz.de).  This specific media was used for two different reasons.  The first was that 

many Sulfolobus mediums in the lab were based from this media.  Second, anaerobic 

populations detected through the work of Jamie Snyder (not published) have been shown 

to grow in this media (dsmz.de).  The only difference between these samples was the 

addition of resazurin (oxygen indicator) and Na2S to the anaerobic vials.  Resazurin was 

added to ensure that vials were oxygen free.  Na2S was added to help remove the residual 

amounts of O2 still present in the vials.  Upon arrival in the lab, 1ml of each sample was  

used to inoculate 5ml of medium and then placed at 78⁰Cand allowed to grow up to two 

weeks.  Growth was detected through light microscopy due to the fact that the cultures 

seldom were turbid as with some cultures of the archaea.  It was noticed that rod- shaped 

and cocci cells were present in these cultures.  Some cultures exhibited a mixed 

population of both cellular types while others appeared to have a dominate morphology 
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Figure 3.3 Graphs of average pH and Temperature of three different thermal fields  
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present.  Rod-shaped cells were the primary focus of initial work because they were the 

first cultures of this type grown in the lab. 

 

 

Isolation of Thermocladium sp.  The rod-shaped cells (figure 2.7) were initially 

thought to be Vulcanisaeta due to initial 16S rDNA work of Jamie Snyder in these hot 

springs (not published results).  The rod cells had similar morphologies as described by 

Itoh et al. 1998.   Using Snyder’s initial work mediums were selected to specifically grow 

certain hosts.  Vulcanisaeta was selected for its detection with 16S primers.  However, 

the cultures were incubated at 78⁰C instead of the desired temperature due to limits of 

incubators.  Each culture was allowed to grow for up to 14 days.  Cultures were checked 

routinely for the presence of cells.  This was done through light microscopy because of 

the low cellular content of these cultures.     

  The sampling conducted in the park was diverse in both temperature and pH.  

These values ranged from 65 to 95⁰Cand pH from 1.5-8.  (figure 2.5) Cultures positive 

for the rod-shaped cell type were found to be in numerous environments outside its 

optimum pH of 4.  These results suggest in combination with previous 16S rDNA work 

done on these areas that medias are extremely selective and that precautions should be 

take when trying to culture representative genera based off of 16s rDNA surveys. 

Upon detection of growth of rod-shaped cells a pure isolate was obtained.  Pure 

isolates were established through serial dilution, plating and the use of optical tweezers.  

Initially anaerobic plating was used with colloidal sulfur similar to isolation techniques of 

Acidianus sp previously conducted (Vestergaard, Haring et al. 2005).  However, after 

several attempts at plating no growth was observed on the plates.  It was hoped that new 
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Figure 3.5  Graph showing Temperature and pH range that anaerobic cultures were 

isolated from. 
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technology would help with the isolation of isolates from Yellowstone so optical 

tweezers were also tried to see if a pure isolate could be isolated.  Cells were suspended 

in agar and smeared on glass slides.  Using the optical tweezers, a piece of agar was cut 

around each cell.  Then the “plug” was catapulted using the laser into a .5ml tube cap.  Of 

10 E.coli cells catapulted, 5 cultures were obtained.  Upon using this technique with the 

anaerobic rods or with the archaean Sulfolobus no growth was observed.  It was then 

decided that a method of serial dilutions was to be used to obtain the isolate (Itoh, Suzuki 

et al. 1998).  The dilution was carried out 3 times to ensure that a pure isolate was 

obtained.  The serial dilutions were performed using .1ml of a enrichment culture to 

inoculate 5mls of media.  From this mixture .1ml was taken and used to inoculate a fresh 

5mls of media.  This dilution was preformed to extinction.  Once an isolate was acquired 

16S rDNA was used to sequence the ribosomal DNA from the culture.   During the 

course of this work there were two different pure isolates obtained, one from Nymph lake 

thermal area and the other from the Rabbit creek thermal area.   

 Once the serial dilutions were performed and the cell morphologies were 

consistent 16S rDNA ribosomal PCR was used to obtain the 16S sequence.  The primers 

that were used were universal archaeal primers previously used on environmental 

samples in the park.  348F and 1392R primers gave a consistent product of the correct 

size.  Only one band was present.   This band was then cut out and cloned into TA 

cloning vector (Invitrogen USA).  Ten different colonies were isolated and sequences 

were submitted to BLASTn searches in the NCBI database.  All results came back with 

the same results.  The rod-shaped cells were a archaeaon Thermocladium sp.  This 
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Figure 3.7 Electron micrograph of Thermocladium sp. isolated from YNP.  Scale bars= 

500nm 
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archaeon has only previously been isolate by Itoh et al. in Japan.  The pure isolates 

obtained were 98% identical to the Japanese isolate (figure 2.6). 

 

Growth of Thermocladium Isolate Growth curves and cellular morphology during 

growth were identical to the isolate from Japan (figure 2.9).  Thermocladium modestius is 

a rod-shaped cell .5um x up to 15um in size.  The cells undergo morphological 

transformations during growth.  Three different types of morphologies are primarily 

seen:rods, rods ending in cocci heads (figure 2.7), and highly branched rod structures 

(figure 2.8).  These cellular morphologies have been seen and documented in other 

Thermoproteales (Itoh, Suzuki et al. 1998).  In figure 2.7 shows the documented 

morphology changes that the Japanese isolate and the YNP isolate described here go 

through during growth.   It is thought that the branched structure is the means of 

reproduction of rod-shaped thermophilic archaea.  It has been documented (Itoh, Suzuki 

et al. 2002)) that in the Thermoproteales that the branches of this structure have been seen 

to vibrate and then separate giving rise to new cells.  

  The varying morphologies previously documented were observed however, it was 

not noticed the means of reproduction of these cells in these cultures. These structures 

were seen in all cultures that were 16S positive for Thermocladium.  The same cellular 

structures could also be detected using FACS analysis.  These structures showed up as 

three distinct different groups using side scatter vs. forward scatter type plots.  However, 

when fluorescence was used all populations fluoresced at the same spot.  This indicates 

that these different populations  took up the Syber Gold similarly.  It was hoped that by 

developing and using this technique cellular growth of these hosts could be determined 
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without the need to count cells via the light microscope.  The differences noted between 

using the light microscope and FACS is considerable.  This could be due the fact that the 

fluorescence for the FACS run was not as efficient as the previous times.  Another 

possible source of error was that due to mechanical problems, the BD LSR was not able 

to sort samples during their initial staining and samples were run 24 hours after staining 

which could explain the discrepancies between the two different data sets.  The technique 

with some development looks to be  promising for the detection, counting, and possible 

sorting of hosts from Yellowstone National Park.(Figure 2.9, Figure 2.10).  The 

calculated 18 hour growth doubling time of Itoh et al (Itoh, Suzuki et al. 1998) has been 

also confirmed for the isolates from Yellowstone National park.  However it has been  

noticed that the growth of Thermocladium sp is enhanced by added supplemental nutrient 

sources to growing cultures (Figure 2.11).  It was noted that when Wolfram Zillig was  

working in the Young lab that he added grown cultures of Sulfolobus to anaerobic vials to 

help growth.  Later it has been documented that many of the Thermoproteales lack the 

ability to make certain lipids necessary for the growth of these strains.    With this in 

mind, Sulfolobus cells were grown in Medium 88 to stationary phase.  At this point the 

cells were removed by centrifugation and then by a .2um filter.  1ml of Sulfolobus culture 

was added to the 5ml Thermocladium culture.  The addition of this Sulfolobus extract 

enhanced the growth of the Thermocladium sp in cellular number and also by the rate at 

which the culture grew.  Since it was not within the scope of this research to discover the 

mechanism by which it helps the primary means of benefit was not discovered.   The  
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Figure 3.8 Light Pictures taken at various growth stages of Thermocladium isolates from 

YNP A,B,C top.  Bottom a, b, c, morphologies seen  in Japenese culture of 

Thermocladium modestius (Itoh, Suzuki et al. 1998)s.  Scale bars= 5um 
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Figure 3.9 Growth analysis of Thermocladium isolates vs. Japanese isolate Thermocladium 

modestius 
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Figure 3.10  FACS analysis on Thermocladium isolates growing in cultures.   
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results though were an order magnitude difference in growth from those previously 

documented.   These results help solidify the idea that microorganisms in nature are 

likely growing as symbionts and rely on each other to produce certain nutrients necessary 

for their growth.  This helps prove the idea that many microorganisms in the environment 

cannot be cultured without the others making it notoriously hard to isolate single cell 

types.   

 

Isolation of Acidiococcus  Another cell morphology was noticed while culturing 

from samples of Yellowstone National Park.  This cocci morphology is the most 

dominantly seen in these high temperature low pH environments.  To date all of the 

Sulfolobales are 1um cocci cells.  The cells seen in the growing anaerobic cultures were 

around 1um in size and due to the addition of the Sulfolobus extract were thought to be a 

lab strain of Sulfolobus or Acidianus.  These cells never grew to a high density compared 

to the rods previously described so were classified to be a contamination issue.  Upon 

analysis of a mixed enrichment culture from a sample take from the Nymph Lake thermal 

field it was found that there were in fact Thermocladium and to my surprise Acidiolobus.   

Acidiolobus is a Yellowstone isolate that was initially characterized by Boyd et al (Boyd, 

Jackson et al. 2007)here at Montana State University.  This isolate has a large amount of 

its genomic data sequenced and analyzed as well as the growth characteristics studied. 

One of the primary focuses of Boyd et al was the analysis of sulfur metabolism used for 

growth. 
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Figure 3.11  Growth curves of Thermocladium type cultures with and with out the addition of 

Sulfolobus media 
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To achieve a pure isolate of the Acidiolobus species, the same techniques were 

used as with the previously described Thermocladium sp.  Serial dilutions were 

preformed 3 times to ensure that a pure isolate was isolated.  Growth of this host was 

done with Medium 88 at pH 4 under a N2 atmosphere.  Cells were grown in a 50ml 

anaerobic vial.  10mls of sample were added to each vial and 10ml of Sulfolobus extract 

was the added.  

 

Growth of Acidiococcus sp.Growth was analyzed in two different ways.  The first 

was using Syber Gold to stain the cells and then filtering them onto a .02um filter.  Direct 

cell counts were then performed.  Second, similar to the previously described 

Thermocladium sp.  FACS analysis was also performed using Syber Gold.  The scatter 

plot for these cultures varied significantly from the FACS plot generated from the 

Thermocladium samples (figure 3.12).  Only one population was seen to come up during 

growth to suggest that the cellular morphology of this isolate remains constant throughout 

the growth cycle.  Another detail is the fact that the growth curves generated by direct 

cell count on the light microscope seem to yield a different number than the growth 

curves acquired by FACS analysis (figure 3.14).  The light scope growth curves give a 

doubling time similar to the Thermocladium sp. previously discussed.  Interestingly the 

observed growth of this particular isolate is different than the documented Acidiococcus 

sp.  Boyd et al.  reports a growth maximum at 10^6 cells per ml, whereas it has been 

noticed through this research that this anaerobic host can grow up to a log above the 

previously described growth maximum. This could be due to the fact that the previous 

experiments with this particular strain were grown without the addition of the Sulfolobus 
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Figure 3.12 FACS analysis of Acidiolobus cultures 
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   Figure 3.14  Growth curves of YNP isolate of Acidococcus 
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exist in the park will help research in this field.  Already this database of information is 

extract.  With this being said the 16S analysis of this host showed a strong match to the 

known Acidolobus sulfurireducens (figure 3.13).  It was shown previously in this chapter 

that the addition of this particular nutrient to the anaerobic medium greatly enhanced the 

growth of the Thermocladium-like species.  It would also be expected that the addition of 

this nutrient source could benefit the growth of other anaerobes in the hot springs of 

Yellowstone.  Another factor that may have aided in the growth of Acidiolobus sp. is that 

fact that the atmosphere in this experiment was N2 versus the atmosphere of H2 and N2 

used in the work of Boyd et al (Boyd, Jackson et al. 2007). 

 

Conclusions 

 

My research is continuing in the footsteps of previous researchers.  The previous 

work of the Young Lab helped pave the way for new and more detailed information to be 

gathered.  First, the development and use of a database to track events and conditions that  

being used to better taylor sampling trips for visiting and MSU researchers.  It is hoped 

that by the addition of information to this database that scientists will be able to specify 

conditions that are to be studied and using the database to find one if not more springs 

that have the exact conditions that are needed.  With over 10,000 thermal features in the 

park there should be enough features to have about every single combination that could 

be researched..  Already a detailed picture of the Crater Hills, Rabbit Creek, Ragged 

Hills, and Nymph Lake areas are being formed with temperature, pH, and geochemistry 

data.  These geological fingerprints will and already have been used to direct research in 
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these pools.  Further information provided by the metagenomic and viral communities 

will only further our understanding of these extreme environments.   

This database has also helped the development of my research in this area.  For 

instance the ability to track the sampling in an area and tie it back to samples that have 

grown in the lab has had emmense implications.  Using the database samples and sites 

have been tied back to cultures that have produced viruses.  These sites can then be 

revisited for the continual characterization of viruses that have been seen to be isolated 

from these fields.  More of of this information will be laid out in subsequent chapters.    

 The isolation of two new hosts from the Yellowstone hot springs helps achieve a 

better understanding of the “players” in these hot springs.  Previously, work in the Young 

lab has only been focused on aerobic archaea.  The addition of two new isolates allows 

for the further study of viruses and the interactions with such in the hot springs.  Also by 

developing a more diverse host pool in the lab infection assays can be performed on a 

variety of different hosts and conditions.   

 The isolation of a Thermocladium sp. from Yellowstone is of importance in 

showing the ubiquitous nature of these organisms.  Already Sulfolobus has been shown to 

be isolated in many thermal environments around the world, and associated viruses also 

seem to be extremely similar.  This begs the question how can environments and hosts 

that have been isolated for so long still be so similar.  There are many different ideas and 

theories about how this is accomplished but in reality, only with more data and a deeper 

understanding of local environments will any insight be gained.   
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 The detection and culturing of Acidiolobus cultures have added yet another 

anaerobic host to the panel of hosts already cultured in the Young Lab.  Using the 

techniques from culturing of Thermocladium type species a boost in growth was also 

noticed in the Acidiolobus cultures.  This was a surprise finding in the fact that this was 

not a target host.  However, culturing new anaerobic cultures was an objective.  Through 

this research two different anaerobes were cultivated on a routine basis and were found to 

be in a large amount of sites within the park 
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CHAPTER 4 

 

VIRUS-LIKE PARTICLES ASSOCIATED WITH ANAEROBIC                 

CULTURES FROM YELLOWSTONE NATIONAL PARK 

 

 

Introduction 

 

 

 YNP has been a area of great interest.  Being home to many different types of 

thermal features it offers a wide range of conditions from which to sample.  Little is 

understood about how life can exist in such harsh environments.   

 As laid out in previous chapters work has been done on crenarchaea throughout 

the world.  New hosts are being discovered and reported with many new additions being 

cultivated here in the last ten years.  The work of Boyd et al and Itoh et al. have added 

two such additions that have furthered this research. 

 Even with these new discoveries still little is known about these hosts.  

Researchers have since focused on the discovery of viruses to help better understand the 

requirements for life in these temperatures.  Since the start of the crenarchaeal virology 

there have been the addition of 7 new families of viruses and new proposed ones in the 

future.  It is through the study of these viruses it is hoped that new insights into host 

function will be achieved.   

 Virology in YNP has been done primarily by the Young lab.  Studies here have 

isolated the first virus that shares a common morphology with all three branches of life,  

monitors viral migration, and isolated a virus previously seen in four different thermal 

areas spread across the world (Rice, Tang et al. 2004; Wiedenheft, Stedman et al. 2004; 

Snyder, Wiedenheft et al. 2007; Ortmann, Brumfield et al. 2008). 
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 All of these projects have focused on one host Sulfolobus.  It is hoped that by 

culturing new hosts, primarily focusing on anaerobic hosts, that new viruses will be 

isolated and screened.  Described here is the initial screening of anaerobic cultures from 

YNP.   

 

Results 

 

 

 16S rDNA analysis of the pure isolates revealed that they are a mixture of 

Thermocladium sp. and Acidiolobus sp.  It should be noted that the diversity of each 

sample depended on the hosts present in the inoculums from the hot springs.  With this 

being said some enrichment cultures held primarily Thermocladium sp. while other 

dominated by Acidiolobus sp.  This was primarily determined by light microscopy and by 

the fact that viruses were able to be maintained in pure isolates of Acidolobus 

sulfurireducens and Thermocladium modestius.  Others were a mixture of the two hosts.  

For these experiments the focus was not on the host populations but more tailored to the 

diversity of VLPs that were infected or carried by these hosts.   

 As expected, the enrichments cultures yielded VLPs.  The techniques used for the 

VLP concentration were established by Zillig et al, Rice et al (Zillig, Prangishvilli et al. 

1996; Rice, Tang et al. 2004).  The reason for the high speed centrifugation (25000 for 

2hr) of VLPs has to do with the low abundance of viruses in these types of environments.  

High speed pelleting seems to catch a large percentage of VLPs for analysis.  This differs 

from marine and other lower temperature, neutral pH environments many of which VLPs 

can be isolated using a centrifugation gradient to isolate and purify virus particles.   
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 Other problems that are inherent with this type of research were the 

concentrations of nucleic acid needed for analysis.  With this in mind, multiple 

techniques were used for the random amplification of nucleic acid from these viral 

fractions.  The first being tagged PCR amplification.  Using random hexamers “tagged” 

with a known sequence the first reaction relies on the random hexamers to promote 

amplification.  The second step is conventional PCR using tag specific primers.  This 

technique after many attempts with these samples yielded a small band but sequencing 

proved difficult.   

 Second, a technique using phi29 polymerase was used to amplify genomes.  This 

enzyme possesses a strand displacement ability making it ideal for amplifications of 

small amounts of DNA.  Using this enzyme, GE healthcare boasted that amplification of 

as small amount as 4-10 ng was possible.  With the non-specific amplification of DNA at 

such low amounts made this enzyme ideal for working with high temperature low pH 

viral populations.  The average density of viruses in YNP environments is 10^6 

compared to ocean environments where viruses reach 10^9 (Wen, Ortmann et al. 2004).  

 

EM detection of Viral VLPs 

 

 VLPs were detected in cultures by the concentration of supernatant of growing 

cultures.  These cultures were analyzed using a Leo 912 TEM.  The samples were 

negatively stained by 2% uranyl acetate and then wicked dry.   

The viral morphologies observed in the primary enrichment cultures were surprisingly 

similar to Sulfolobus-type viruses.  Also many viruses were also similar to Acidianus type  
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Figure 4.1 VLPs seen associated with anaerobic culturing in YNP.  A,B,C,D,F scale bars all equal 

100nm, C equals 200nm 
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viruses.  Another VLP was observed that was similar to the Pyrobaculum Spherical Virus 

(PSV) of Pyrobaculum (figure 4.1 E).  Other types that were similar were a rod-shaped 

virus similar to the Rudiviridae containing members from both Acidianus and Sulfolobus 

(figure 4.1 B).   The Fuselloviridae also had a representative member that  was detected 

during this survey (figure 4.1 A).  A long and filamentous VLP seems similar to 

morphology to the Lipothrixiviridae (SIFVs) (figure 4.1 C).   

 A new morphology was seen as a cigar-shaped type virus (figure 4.1 D).  This 

virus was measured to be 25nm x 210nm.  The ends tapered on these particles to form 

points on both ends.  This VLP was seen around filaments of the host.  This may be a 

possible mechanism of entry.   

 

Rudiviridae-Like 

 

 This VLPs were isolated from 3 different thermal pools all within the same 

thermal basin.  The Ragged Hills geyser basin has long been studied in the Young lab.  

First, the surveying of different pools within this particular area was conducted by Rice et 

al and in the earlier work of Snyder et al.  In the case of Rice et al, numerous different 

pools were sampled and viruses of Sulfolobus were looked for.  Many VLPs  
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Figure 4.2  Picture of a thermal pool in Ragged Hills thermal area.  Graph displaying the samples 

taken from 2002 giving both the pH and Temperature 
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Figure 4.3 VLP seen associated with anaerobic cultures from Ragged Hills Geyser basin. Scale 

bar=100nm 
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Figure 4.4 VLP’s seen after reinfection of SIRV-like particles into clean host Thermocladium 

modestius. Scale bar= 100nm 
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were found that were very similar to those of previously described viruses by Kessler et 

al. (Kessler, Brinkman et al. 2004).   

 The work of Snyder et al. was to monitor the viral community of these hot springs 

using two different indicators.  The indicators were the coat proteins of both SSVs and 

SIRVs in the park (Snyder, Wiedenheft et al. 2007).  It is common that the virus coat 

proteins are conserved within viruses of the same family thus allowing the ability to 

sequence and monitor change in these two different viruses over time.   

My study focused on isolation of new viruses and to culture new hosts from 

Yellowstone National Park.  A wide diversity of different samples was collected from the 

Ragged Hills thermal area (figure 4.2).  Of these samples, many showed signs of growth 

under anaerobic conditions 100 samples out of the original 184 taken.  The cells that were 

present were similar to the Thermocladium sp.  and the Acidiolobus sp. that have been 

described previously (refer to chapter 3).  Samples from Ragged Hills ranged in 

temperature and pH (figure 4.2).  Of these samples, two different pools seemed to carry 

the rod-like virus shown in Figure 4.3.  These virus particles measured 35nm across and 

up to 500nm in length.  The ends of these VLPs were never seen by TEM.  Similar 

viruses that share this morphology tend to have caps or a terminal end on either side of 

the viral particle.  It was assumed that during the virus concentration that the ends of 

these VLPs were damaged.   

 The VLPs were isolated from enrichment cultures containing primarily the rod-

shaped cells as previously mentioned.  Due to these observations, a culture collection  

strain of Thermocladium modestius was purchased and used for as a possible host.  The 
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lab strain of Thermocladium was screened in similar ways to the field isolates and was 

found to virus free.  T. modestius were inoculated into fresh medium and allowed to grow 

for 48 hours before adding in the VLPs.  Cultures were then allowed to grow until late 

stationary phase (7 days) and then the cells were removed and the supernatant was 

concentrated.  It was observed using TEM analysis that the virus was able to replicate 

within this clean host Figure 4.3.  The viruses produced from the first infection were 

subsequently used for a secondary infection in much of the same manner.  This infection 

also was successful and more VLPs were observed by TEM (figure 4.4).  Many of the 

particles seemed to be associated with the host cells that were present in the viral 

concentrate.   

 Also, a viral library was created to achieve the viral genome.  Due to the 

relatively low abundance of VLPs the process of MDA amplification was used to boost 

the amount of genetic material.  Virus particles were digested using Proteinase K 

(releasing genetic material), then genetic material was amplified (through MDA), 

sheared, cloned, and sequenced.  96 different sequences were acquired, all of which had 

no significant matches to the data base.  Also, these sequences did not to align to 

themselves.  Since the library of this virus has only 96 sequences many of which are only 

around 400bp it is likely that there has not been enough sequencing to start the formation 

of contigs and thus giving a better picture of what the genome is. 

 

Lipothrixiviridae-Like 

 

Another virus morphology that seems to dominate high temperature environments 

are the Lipothrixivirdae (figure 4.5).  These viruses are probably the most 
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Figure 4.5 VLPs seen associated with anaerobic culturing.  Scale bar=500nm 
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ubiquitous with different high temperature life.  The general morphology of the 

Lipothrixiviradae are typically 500nm to 2um in length and 35nm in width.  The ends of 

the viral particles tend to taper and have a number of different proteins used for 

attachment.  This morphology also is characterized by the flexibility of the particle by 

TEM analysis.  Members of this viral family infect the widest range of hosts.  They have 

been documented in Thermoproteus, Acidianus, and Sulfolobus strains.  Not only this but 

these particles have been seen and documented around the globe.  To date there are 3 

different Thermoproteus groups and 4 different Acidianus members.  These viruses are 

notoriously difficult to sequence due to the inverted terminal repeats and the association 

of proteins at the end of the viral genome.   

 Once again it was not surprising that with the isolation and cultivation of new 

hosts that some of the first VLPs seen where similar to ones found so readily in other 

hosts.  During the sampling of Yellowstone and cultivation, only one sample was seen to 

harbor this VLP.  It was designated RH 7.  This thermal feature appeared within a couple 

of weeks between sampling trips and became a blood red from this fully developed pool 

was this sample taken (figure 4.2).  This particular pool was extremely dynamic in its 

fluctuations from this brick red color to a pale orange which happened within a month 

time frame.  This pool was sampled many times.  Unfortunately none of these samples 

had geochemistry analysis.  The enrichment culture seems to harbor only one type of 

cellular morphology.  This particular virus was used to infect a clean Thermocladium 

isolate but no viral particles were seen in the supernatant after concentration.  The viral 

fraction was stored in medium 88 at pH 4 at 4⁰C.   
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 Similar to the Rudiviridae, a small library was made using the phi29 polymerase 

and a random amplification.  Similar to the previous library none of the sequences 

matched anything known in the database.  This library only contained approximately 20 

sequences.  To have a better understanding if in fact this is a novel member of the 

Lipothrixiviridae, it will be necessary to achieve a deeper sequencing depth.   

 Unlike the SIRV-like VLP re-infection of a clean isolate was not achieved.  This 

could be due to many different factors.  The infection was only tried with a single clean 

host of Thermocladium modestius.  It is possible that the original enrichment culture 

harbored different cellular types.  For a host 16S analysis needs to be performed and then 

the identified host used for replication of this virus. 

 

Globulaviridae-Like 

 

 During the survey, numerous samples were collected from the thermal field of 

Nymph Lake.  This thermal area has been documented for years now except for a new 

thermal area just the north of the older field.  This area opened up as a crack in the side of 

the mountain.  This allowed for the discovery of the hot springs in that during the winter 

it was noticeable with the steam and later on the dead trees.  Due to the fact that thermal 

area was so new it was sampled repeatedly and has become the focus for different 

projects in the Young Lab.  Figure 4.6 shows the range of temperature and pH for all the 

samples collected from this field.  This particular thermal area was seen to produce a  
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Figure 4.6 Picture of Thermal pool in Nymph Lake thermal area.  Graph given all samples 

collected at this site from 2002 giving both pH and temperature values. 
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Figure 4.7 VLPs seen associated with anaerobic cultures from Nymph Lake.  Scale bar= 100nm 
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virus that has only recently been documented.  The VLPs were circular and seemed to be 

surrounded by a membranous outside.  It was also noted that these VLPs seemed to have 

protein protrusions.  These VLPs measured around 90nm in diameter and proteins 

associated were close to 10nm.   

 This virus morphology was seen previously in a Pyrobaculum sample (Haring, 

Peng et al. 2004).  This particular viral type was seen in a couple of different enrichment 

cultures all from the same thermal area in Nymph Lake.  The similarities in morphology 

to PSV were obvious.  The biggest difference was that no cells similar to Pyrobaclum 

were detected in the environmental 16S rDNA analysis.   

 The PSV morphology has recently been documented in other thermophilic 

microorganisms Soler et al. 2008 (Soler, Marguet et al. 2008) recently did a survey of 70 

different cultures of Thermococcales.  All of these samples were screened for the 

presence of VLPs. Initial results seem to yield virus like particles similar to PSV in 

morphology.  However, further experimentation showed that these vesicle-like particles 

seem to be associated with genomic DNA of the host.  These vesicles were shown to be 

thermoprotective of the host DNA.   This is different than the viruses of Pyrobaculum 

and Thermoproteus.  Both of these particles have been shown to have viral DNA and able 

to replicate within a host.   

 The particles observed have been shown to be able to re-infect a host of 

Acidolobus.  This has been shown a number of times and will be discussed in the next 

chapter in more detail along with the genome of this particle.   
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Fuselloviridae-Like VLPs 

 

 The Fuselloviridae are by definition a spindle-shaped viral group.  This shape has 

only been seen in the archaeal domain giving rise to this novel family of viruses.  

Originally isolated in Italy (Wiedenheft, Stedman et al. 2004) the SSVs quickly became 

one of the most described viral morphologies with the birth of this field.  To date there 

have been 6 new SSVs discovered and belong to a range of different hosts.  The 

Sulfolobus viral groups seem to be the best described and examples of these viruses can 

be found and isolated from numerous different hot springs around the world.   

 Many samples have been collected from the Rabbit Creek thermal area in the 

Midway Geyser Basin.  Of these numerous isolates, Thermocladium-like cultures have 

been established and pure isolates of this host have been obtained.  From the Rabbit 

Creek monitor site one such sample was grown and found to have a high density of SSV-

like viruses present.  The only cellular host was found to be Thermocladium sp. from 

Yellowstone (refer to chapter 3).  The viral particles were 60 x 90nm and seemed to share 

the common characteristic of the SSVs by having slightly different morphologies.  This 

has been seen previously with Sulfolobus type SSVs.   

This particular virus has been used to re-infect a clean isolate of Thermocladium 

sp. purchased from the RIKEN institute of Japan.  This has been shown in duplicate and 

using qPCR to track the infection.  As with the Globuloviridae, these results will also be 

discussed in detail in the following chapters.  It is also of interest to note that PCR 

primers designed as a universal primer set for SSVs has not worked on this particular 

virus. 
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Figure 4.8 Picture of Rabbit Creek thermal pool.  Graph showing the samples collected from the 

Nymph Lake thermal area. 
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Figure 4.9 SSV type particles seen associated with Thermocladium type cells. Scale bar=100nm 
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Figure 4.10 SSV-like particles seen after a reinfection of a clean host of Thermocladium 

modesties. Scale bar=100nm 
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New Virus Morphologies 

 

 Of all the enrichment cultures that were successful, it was noted that only one 

VLP seemed to be found at all the thermal areas in Yellowstone (figure 4.11, 4.12).  This 

particular VLP was seen primarily in Nymph Lake and Ragged Hills, but was also seen in 

cultures from Crater Hills and Rabbit Creek .  It was surprising but this was the only VLP 

seen in the Crater Hills thermal area using this specific anaerobic culturing technique.  

Previously in the lab, this particular thermal field has been used for the isolation of 

viruses of Sulfolobus.  This particular virus measured 25nm by 210nm and was tapered at 

the ends (figure 4.12).    As with the other VLPs the cellular morphology of enrichment 

cultures were similar to the documented Thermocladium sp. previously described.  

 This particular virus type has been seen in cultures in Prangishvilli et al 

(Prangishvili and Garrett 2005).  To date, the host of this particular virus has remained 

elusive.  With this being said, this virus has been seen at least in two different virus preps 

from two different samples.  Both NL2 samples and NL5 samples have harbored such a 

virus.  In both cases, the cellular population has been a mix of Acidiolobus and 

Thermocladium type cells.  Efforts so far haven’t been able to assign this particular virus 

with a host.  It is known that when starting fresh stocks of the environmental sample that 

this VLP has been seen.  However, many of the stocks that contain this particular virus 

also harbor other VLPs making it difficult to focus on this one particular VLP.   
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Figure 4.11 VLPs not previously seen in an archaeal host.  Scale bar=100nm 
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Figure 4.12 VLPs seen in cultures started from stocks in the lab.  Scale bar=100nm 
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Figure 4.13 Picture of a Crater Hills thermal pool.  Graph showing environmental samples taken 

from this particular thermal field 
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Conclusions 

 

 

 To date there are 33 different viruses of archaea that have been described.  This is 

considerably lower than the viruses that are known of the bacteria or the eukaryotes 

which number in the thousands.  Work has been done in YNP that also suggest that the 

while in the ocean viral titer may reach as high as 10^9 virus particles per ml, that the 

environments of YNP are around 10^6 per ml.  Furthermore, the environments being 

sampled in this study are low diversity in terms of host populations.  This fact makes it 

appealing to numerous different types of studies.  First, with low diversity environments 

it is easy to be extremely selective about culturing and detection of specific viruses.  

These populations could potentially be used as environmental sensors to detect changes 

in environment.  To date, many of the populations isolated from YNP have been cultures 

that have been able to replicate on their own without a cooperative growing effect.  

However, as with more neutral environments, it is predicted that only 1% of any given 

population is able to survive in pure culture.  This has yet to be worked out for these 

thermal areas.  Given that they are a lower diversity environment it could be possible that 

many of the hosts present may be able to be grown in pure cultures.   

 This work was focused on anaerobic populations that grew in pH4 and 78⁰C.  It 

was noticed that many of the VLPs associated with these cultures were similar 

morphology as what has been previously detected in Sulfolobus, Acidianus, and 

Thermoproteus cultures.  This was not surprising given that many of the VLPs seen in 

this type of environment have shown similar morphologies to the founding members of 

the new families.   
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CHAPTER 5 

 

VIRUSES OF NYMPH LAKE 

 

 

Introduction 

 

 

There has been increasing interest in the viruses found in thermal features.  This 

field has seen many new viral families added to the known virosphere.  New 

morphologies have been added with these families.  A classic example was the discovery 

of the SSV of Sulfolobus.  Discovery of this virus and its morphology had not previously 

been seen before.  To date there have been 6 different SSVs discovered and the 

morphology has been seen to be present in the euryarchaeota.  As with all archaeal 

viruses the genomes of these viruses have not matched anything in the current database.  

However, there seems to be a certain amount of conserved ORFs between members of 

this family.   

Another new family is the Globuloviridae, the members of this family are PSV 

and TTSV1.  Both of these viruses share a common architecture of the viral capsid.  

These viruses seem to be surrounded by a outer shell with 15nm protein protrusions.  The 

viruses of both the hosts are both 90nm in diameter.  The genomes of these viruses are 

also similar.  While the each virus has its own distinct genome there are many matches 

between both viral types.   

Interestingly,  a recent survey of viruses of the thermococcales (Soler, Marguet et 

al. 2008).  It was hoped that by specifically looking for viruses that infect these hosts that 

new viruses would be classified.  The initial results were promising, with many different 
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possible VLPs being identified.  Many of the VLPs seemed to share a similar 

morphology with the PSV and TTSV1 isolates of the family Globuloviridae.  The VLPs 

seen had the same size and shape as the documented viruses.  However, when trying to 

sequence the genome there was a surprising find.  It was noticed that these VLPs actually 

bound host DNA.  Different experiments were ran with these particles and found that 

they may serve as a DNA protection mechanism for the thermal stable environment 

(Soler, Marguet et al. 2008).   

The results were surprising in the fact that many techniques to date use 

fluorescent staining of nucleic acids to quantify the number of viral particles in a given 

sample.  With the finding that these vesicles bind DNA it would be impossible to separate 

fluorescence of viral particles vs. these vesicles.   

We report here though a new addition to the family Globuloviridae.  This virus 

has been associated with a host Acidolobus and has been shown to replicate in this 

particular host.  The genome to date is incomplete but a 15kb and 17kb fragment have 

been sequenced and confirmed.  The genome has little similarities with any other proteins 

in the known database with the exception of a few known archaeal viruses.  

 

Results 

 

 

 A total 184 samples were collected from Yellowstone National Park from date to 

date.  These samples were then used to inoculate both anaerobic and aerobic mediums to 

culture microorganisms present.  1ml of each park sample was used to inoculate 5mls of 

anaerobic medium.  Cultures were then screened for growth visually and by the presence  
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Figure 5.1 Virus like particles observed in concentrate from NL5 site enrichment culture.  Arrows 

mark the two different morphologies seen.   

  

 

 

of H2S gas.  After this initial analysis, cultures that were positive for growth were then  
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of H2S gas.  After this initial analysis, cultures that were positive for growth were then  

used to enrich 50ml of fresh media.  Grown cultures were then screened for the presence 

of virus-like particles (VLPs).  For this cells were removed from a combination of 

centrifugation and filtration.  After this process VLPs were then concentrated through 

ultracentrifugation and resuspended in ddH2O.   

The NL5 sample was collected at the Nymph Lake Sampling site.  Enrichment 

cultures started from the Nymph Lake site were screened for growth and the presence of 

VLPs.  Figure 5.1 shows an electronmicrograph of the VLPs seen associated with this 

culture.  There were a couple of different viruses that were detected in this culture.   The 

first was a spherical virus measuring 95nm across.  This virus has a shared morphology 

with PSV of  Pyrobaculum.  The second virus was a rod-shaped virus measuring 210nm 

by 25nm (figure 5.1).   

 

Host 

 

 Of all the enrichment cultures screened, only NL5 produced virus-like particles.  

This culture was initially screened as a 5ml enrichment culture.  Upon the discovery of 

growth, 1ml of this culture was used to inoculate a 50ml culture.  The culture itself 

appeared to be a mixed culture of both rod and cocci shaped cells.  16S rDNA analysis of 

these cultures showed that the dominant members were Thermocladium sp. and 

Acidolobus sp.  Both these hosts were then isolated using serial dilution methods to 

obtain a pure isolate of each cell type.  These pure isolates were then used to inoculate 

new media and 16S rDNA analysis was performed on the pure isolate.  Ten different  

  



86 

 

 

 
 

 



87 

 

clones were used for sequencing all of the clones from each host and they all matched a 

single 16S rDNA gene.  (figure 5.2)   

 Growth curves were obtained by filtering cells onto a .2um filter, staining with 

SYBR gold and then manually counting cells.  Pure isolates were then compared with 

enrichment growth curves.  From these growth curves it was discovered that no 

significant difference was detected between pure isolate and the enrichment cultures.   

 

Infection Assay 

 

 Viral fractions from the enrichment culture were used to run infection assays on 

clean hosts.  Acidolobus isolate was obtained from Eric Boyd.  Boyd et al.  

Thermocladium modestius was purchased from RIKEN culturing agency of Japan.  5 ul 

of a virus prep was used to infect the clean host during early log phase.  Since the host 

population was varied it was necessary to determine the host.  Using 16S rDNA analysis, 

pure isolates of both Acidolobus and Thermocladium were used for virus infections.  

Also, the original enrichment culture NL5 was allowed to grow and used to generate a 

growth curve.  Host growth was tracked through SYBR gold staining and cellular counts 

through the use of FACS analysis.  All infections were performed in triplicate.  No 

significant growth difference was seen between infected cultures and uninfected.  

However, it was noticed that the host growth of these isolates was considerably lower 

than previous growth analysis of the pure isolates.  This effect seemed to be widespread 

affecting even the pure control hosts.   However, no measureable growth hindrance was 

noticed in the virus infected cultures vs. clean pure isolates. Figure 5.3 
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Figure 5.3 Growth analysis of pure isolates infected with NL5 virus prep.  Also compared to NL5 

enrichment culture’s growth.  Analysis was performed using FACS analysis.   
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Figure 5.4 qPCR of a viral contig during time course.   
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Figure 5.5 EM of virus morphologies seen in Acidolobus infected cultures 
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To measure whether cultures were producing virus qPCR primers were designed off of 

sequence information  (chapter 1).  Two independent primers were designed to the two 

largest contigs that were assembled from the viral library.   Using these primers, each 

time point had both a cell count and a qPCR reaction performed.  Screening the two 

different pure hosts it was discovered that only one host seemed to carry the virus.  

Figure 5.5.  It was discovered that Acidolobus is the host.  Using these cultures, a virus 

fraction was gathered using filtration and then concentration by ultracentrifugation.  

Using the Zeiss TEM a single morphology was seen.  .  Figure 5.5 Upon discovery of the 

viral infection.  More information was needed to understand the replication cycle of this 

virus.   Using clean Acidolobus cultures another infection assay was used to determine if 

there was any effect on the host growth during viral production.  Similar to previous 

assays cellular counts were performed using FACS analysis.  Viral production was 

measured using the qPCR primers previously described.   

 The host was infected at 48 hours after growth.  Virus was used from the previous 

experiment of which it was diluted 1:100 in medium 88 and injected into growing 

cultures.  As with the previous experiment all infections both control and infected were 

done in triplicate.  It was seen that no hindrance of host growth was present during the 

viral infection.  More interestingly it was seen that host growth peaked at day 5 as 

previously seen but viral production continued to day 16.  Figure 5.6.   

 It was suggested that there may also be a contamination with the viral stocks.  

This contamination could be the actual host that reaches a growth optimum later and 

coincides with the viral production.  So an assay was ran using straight virus sample to  
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Figure 5.6 Infection assay preformed using clean Acidolobus cultures 
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see if a possible contamination was causing the delayed viral production.  A virus prep 

was diluted 1:100 in medium 88 and then injected into an anaerobic vial of medium 88.  

No growth was detected and qPCR results showed no viral production over time.   

 Also CsCl purified virus was used and produced an infection similar to others 

previously seen.  As with all infections of Acidolobus only a single morphology was seen.   

  

Viral Purification  

 

A purification scheme was developed similar to others used previously to isolate 

PSV.  .45g/ml of CsCl was added to viral concentrate and spun at 45000 rpm for 40 

hours.  It was noted that if whole cultures were used, two different bands were present.  

These CsCl gradients were then hand fractionated in 200ul aliquots.  These fractions were 

then dialyzed using 10ul of fractions and allowed to diffuse on a membrane .002uM for 

1hr on ddH20.  After this samples were screened with qPCR primers previously 

described.  It was noticed that the viral DNA was seen in all samples but a increase in 

concentration was seen in fractions 8-10.  Upon concentration of these fractions, viral 

particles were seen using TEM analysis for these particular samples.  Other fractions 

taken randomly throughout the gradient had no viral particles seen.  (Data not shown) 

 

Virus Particles    

 

The viral particles seen associated with the NL5 culture had two different 

morphologies.  (Figure 5.1).  The first was a rod-shaped virus measuring 210nm x 25nm.  

The second was a sphereical virus measuring 90nm across.  Both of these morphologies 

were seen in the enrichment culture.  However, upon infection of clean host only one of 
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these morphologies was present.  This PSV-like morphology was seen to be present in 

Acidolobus infection assays.  This particle seemed to have a small membrane that 

surrounded the cell and the 10-15nm protein protrusions that have been seen to be 

associated with other members of the family Globulovirdae.   The rod-shaped virus 

morphology was not seen in any of the pure culture infections.   

 

Viral Genome  

 

The genome of this virus is still currently under construction.  Viral libraries were 

constructed using phi29 amplified DNA, randomly shearing and then cloning.   

From this library 127,964bp of original sequence was sequenced from 1179 reads.  

(Figure 5.7).   

It was noted that due to the nature of the virus population that it this sample 

should be treated as a mixed population.  In doing so a contig spectrum was created 

similar to those of Rohwer et al. (Angly, Felts et al. 2006).  Figure 5.8.  After this contig 

spectrum was created it was then submitted to PHACCS analysis.  This software is 

primarily used to analyse the contig spectrums of 454 viral metagenomic data.  Using this 

software it was determined that there could be 3 different genomes present in the viral 

DNA library.  With a eveness score of .94 it is also important  that the viral genomes 

should be evenly represented with in the viral library.   

 The alignment of the viral library was preformed using Sequencher 5.8 with 60bp 

overlap and 98% identity.  From this alignment two large contigs were identified.  The 1
st
 

viral contig was 17kb in length.  The 2
nd

 was 15kb.  Figure 5.9.  These two contigs had 

primers designed at random throughout the contig.  The primers had a target 
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Figure 5.7 Viral library showing contig length and how many sequences make up each contig 
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Figure 5.8 PHACCS analysis and results.   Contig spectrum submitted to the PHACCS website 

for analysis 
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length of 2000-3000bp .  These primers were then used on a viral concentrate to amplify 

and confirm the presence of these contigs.  With the 1
st
 viral contig the assembly was 

confirmed from 1200bp to 16000bp.  The second contig had only parts confirmed mainly 

1000-4000bp and 7000-15000bp.  It is possible that new primers need to be designed for 

areas that did not amplify or that the assembly itself is flawed.  Also, qPCR primers were 

designed from these products to amplify a 300bp region.   

Once viral contigs were assigned, ORFs were assigned using CLC bioworkbench 

ORF analysis.  Using this program, multiple different ORFs were assigned.  Once ORFs 

were designated they were then submitted to BLASTX analysis.  Of all of the ORF 

submitted only one had any significant matches to known sequence.  This particular ORF 

had a strong match to ATV’s transposase.  The fact that this virus has transposase might 

give way to a possible replication.  This ORF will be further investigated (figure 5.10).   

Of all the other ORFs assigned the only other significant matches were to HPV 

coat protein L1 and to a Sulfolobus protein.  All of these ORFs lie within areas that were 

PCR confirmed.  Along with this most of the coverage in these areas is 10x.   

 

Viral Proteins    

Viral and whole cells were ran on a 12.5 SDS polyacrylamide gel.  Both samples 

were ran on using a SDS loading buffer with BME.  Viral proteins were found at 33 kDa  

and also seen in the host sample.  This protein band has the same size as 3 different 

ORF’s as predicted from the genome.  Current work is being done using mass 

spectroscopy to link this protein to a contig.     
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Figure 5.10 BLASTX results of viral relevant match  
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Figure 5.11 EM showing viral attachment to host cell.  Scale Bar = 100nm 
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Conclusion 

 

 

I report here the discovery of a novel thermophilic virus isolated from the Nymph 

Lake thermal feature of YNP.  Multiple different samples were taken from this  

area, only a handful of which harbored VLPs.  It was noticed in screening multiple 

different enrichment cultures that many from NL harbored a viral type similar to PSV and 

TTSV1 in size and shape.  Also, seen in this particular sampling area was another viral 

type.  A rod-shape virus was seen in many of the viral concentrates from primary 

enrichment culture.  Treating this sample as a mixed population of both cells and viruses 

a mixed viral library was constructed and then used to assemble viral contigs.  Much of 

these viral contigs were then confirmed by PCR amplification. Once the sequence was 

confirmed, PCR primers were designed to track these viral contigs production in hosts.   

 16S rDNA analysis of the original enrichment culture showed that two different 

microorganisms dominated the enrichment culture.  Both pure isolates of Thermocladium 

and Acidolobus were screened and then infected with a viral fraction.  Of these two hosts 

only one had any viral production.  Upon the discovery that Acidolobus was the host it 

was then used to study the effects of the virus on the host.  There seemed to be no 

difference between virally infected host vs noninfected, although there was a large 

increase in viral copies.   

 Once a host and an understanding of viral replication cycle was acquired a 

purification scheme was developed.  Using ultra centrifugation and CsCl a viral band was 

found using qPCR primers.  This fraction was then concentrated and imaged on EM to 
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confirm the presence of the virus particles.  These purified particles have been used to 

reinfect a clean isolate and produce virus particles.   

 Analysis of the genome shows little similarity to other sequences in the public 

databases.  This is not unexpected due to the common observation that many of these 

thermophilic viruses do not show any significant matches to the database.   

 PSV and TTSV have similar morphologies as shown in previous chapters.  

However, none of the matches seen in the analysis of the novel genome matched any of 

these viruses.  These leads one to believe that while the morphology of this particular 

virus has been seen and documented that this viral genome is in fact novel.   

 Future research will be focused on the closing of this genome and identification of 

viral proteins needed for the replication of this virus.    
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CHAPTER 6 

 

SSV-LIKE VIRUS OF RABBIT CREEK 

 

 

Introduction 

 

 

There has been increasing interest in the viruses found in thermal features.  This 

field has seen many new viral families added to the known virosphere.  New 

morphologies have been added with these families.  One addition has been the 

Fuselloviridae, or the spindle-shaped viruses.  Much work has been done on these viruses 

and they have been found to be ubiquitous with almost every host that has been isolated 

from a high temperature environment.   

Initial work was focused on Sulfolobus and the first members of this family were 

discovered from this host.  Since then four different isolates have been found spanning 

the globe including Russia, U.S., Iceland, and Italy (Wiedenheft, Stedman et al. 2004).  

From genetic analysis of these different viral types it has been found that certain proteins 

were conserved.  Surprisingly, much of the viral genome was arranged different from the 

other isolates.  However, similar regions do exist one of which was the coat protein of 

this virus.  Using this information it was then possible for subsequent experiments to 

track the migration and evolution of multiple viral types in the environment.   

Secondly, this morphology has been seen associated with the host Acidianus.  

This virus has been classified with the Fuselloviridae primarily due the morphology of 

the viral particles.  The 28kb dsDNA genome is similar to the other members of the 

Fuselloviridae in the fact that it is a circular genome.  A surprising fact of this virus is the 
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morphology changes that the particles go through outside of the host cell.  This virus has 

been seen to grow protrusions off of the tips of the spindles independent of host 

interactions.  This has been the first time a virus has been shown to change its 

morphology in this manner (Haring, Vestergaard et al. 2005). 

This spindle-shaped morphology has recently been seen in the Euryarchaeal 

branch of the archaea.  These viruses once again are similar to the Fuselloviridae in 

morphology but differ in the size of the genome (Bath and Dyall-Smith 1998).  These 

genomes have little or no similarity with the other members of the Fuselloviridae.   

My research has focused on other anaerobic hosts in Yellowstone National Park.  

Samples were collected from the Midway Geyser Basin.  Primarily low pH, high 

temperature sites were chosen for samples.  Of these, a dominant cellular type was 

identified as Thermocladium sp and associated with this host was a spindle-shaped virus.  

It has been shown that this virus can infect clean isolates of Thermocladium sp. through 

EM detection post infection and by qPCR.   

 The genome of this isolate however remains uncompleted.  With over 1442 

amount of reads completed and 431778 bp of original sequence a genome was still not 

able to be assembled.  With this being said, it was possible to design qPCR primers and 

to reproduce infections in Thermocladium modestius  from RIKEN.  Analysis of the 

sequence that has been completed has yielded little similarity to other viruses with similar 

morphologies.  It is hoped that with more productive infections of this host that a better 

understanding of this virus will be acquired. 
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Results 

 

 

Host  

 

Samples were collected from 15 sites in the Rabbit Creek thermal field south of 

the Midway Geyser basin.  50 ml samples were collected in sterile vials stored at air 

temperature and transported back to the lab.  Upon arrival at the lab 1ml of the park 

samples was then added to 5ml of anaerobic medium 88 (dsmz.de).  Samples were then 

allowed to grow for 7-14 days and monitored for growth by light microscopy.  Upon 

detection of growth (visible cells) 1ml of the culture was then passaged into 50ml of 

anaerobic medium 88.  Cultures were then allowed to incubate for 7-14 days.  Then the 

cells from the supernatant were  removed and the supernatant was concentrated to 100ul 

and then inspected by transmission electron microscopy.   

Cells in this culture were visibly similar to the morphologies discussed in earlier 

chapters.  The cellular type was primarily a Thermocladium type and no other cellular 

morphologies were noticed.  A pure isolate was derived from the use of serial dilution.  

This host was then identified and then confirmed by 16S rDNA that it was in fact a 

Thermocladium type host.  The sequence identity to the published Thermocladium isolate 

was 99%.  No other host was seen or detected by using 16S rDNA primers.  It was also 

noticed that the pure isolate no longer harbored the previously described SSV-like virus.  

A number of different hosts were used from both YNP isolates and culture collection 

from the RIKEN institute.  Of these only one produced virus particles seen previously 

from the YNP enrichment culture.    
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Figure 6.1 Electromicrograph of Rabbit Creek viral concentrate. Scale bar = 100nm 
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Virus Morphology   

 

The observed virus morphology in these cultures was a 60-90nm spindle shape 

(figure 6.1) as measured by TEM analysis.  This morphology was similar to previously 

described Sulfolobus SSVs.  Assuming that this could be a contamination issue, the 

samples were amplified with SSV specific primers 3F and 4R.  While able to detect 

Sulfolobus SSVs, these primers were unable to amplify a product from the Rabbit Creek 

(RC) sample.     

 

Viral Genome  

 

Due to the low cell density and viral production of the anaerobic culture, not 

enough virus density was obtained to visualize using gel electrophoresis.  Due to this the 

genomic material was amplified using phi29 polymerase from GE healthcare.  From this 

5ug of DNA was obtained.  DNA was then randomly sheared and cloned into the TOPO 

TA vector (invitrogen).  The average size of the inserts was 1-4kb.  Sequencing was done 

using the M13R and T7 promoter primers on the plasmid.   

Using this system, a library of 431,778 bp of original sequence was created from 

1442 different reads (figure 6.2).  Using this library, the largest contig was a 3200bp read 

with 32 different single sequences making it up.  Within this given read 22 ORFs were 

found.  PCR amplification was attempted by using primers designed off of the 5’ and 3’ 

end of this particular contig.  However, none of the primers designed were able to give a 

product that was then able to be cloned and sequenced.  Furthermore, multiple different  

.   
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Figure 6.2 Rabbit creek library showing contig length and number of sequences in a contig.   
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Figure 6.3 PHACCS analysis of the Rabbit Creek DNA library created.  
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libraries were created including restriction digest libraries and a separate library from 

Lucigen.  New libraries were created from newly produced infections of clean hosts.  All 

of these libraries added new sequence to the RC library and added sequence information  

to existing contigs.  However, even with this new sequence being added a larger contig 

was not achieved.   

Perhaps these results indicate  the presence of multiple different viral types in the 

culture.  As mentioned above, the addition of new sequence didn’t add to the length of 

existing contigs.  Therefore, it was hypothesized that this culture could in fact represent 

more of a diverse population of virus types than previously thought.  When looking at the 

RC library as a library generated off of metagenomics, new analysis tools were used.  

The PHACCS website offered a way to predict a number of new genomes given a 

contig spectrum type approach.  Using the library information a contig spectrum was 

constructed and submitted to the PHACCS website for analysis.   

Figure 6.3 shows the contig spectrum submitted of the RC library information and 

the resulting analysis.  Using this analysis, it was predicted that the library constructed 

could contain about 28 genotypes.  This large number of diversity could explain why the 

approach used was not able to construct a complete genome.  Furthermore the evenness 

score of .92 shows that all the genotypes are represented similarly within this library.  It 

was a concern that the phi29 reaction randomly amplified primers and resulted in a false 

library being constructed.  To ensure against this a positive control library was made 

using STIV from Sulfolobus.  There were 20 clones prepared and sequenced using the 

same techniques that were used on the environmental sample.  Of these clones, 87.5% of  
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Figure 6.4  Growth curves of clean Thermocladium (Therm) and infected (Rabbit) cultures 
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them were matches to STIV and were spread out evenly across the known genome.  From 

these results it was decided that the technique was sound and that the variability seen 

within the Rabbit Creek viral sample was real. 

 

Viral Replication 

 

  Even without a full length genome, virus production was sustained.  The virus 

was shown to be able to infect clean hosts and produce new particles SSVs have been 

shown not to lyse their host cells (Schleper, Kubo et al. 1992).  As reported earlier, the 

primers designed to conserved regions in SSVs (3F and 4R) did not amplify viral DNA 

from the RC library; therefore, it was investigated to see if this particular new virus 

caused host stress.  In Figure 6.4 are growth curves of both clean hosts of Thermocladium 

and Thermocladium infected with the SSV-like particles.  The growth curves of the viral 

infected and non-infected cultures showed little difference suggesting that viral 

replication had little effect on the host’s growth.  It was also noted that at day 6 cultures 

all had a characteristic drop in cellular numbers.  It was initially thought that this 

reduction in host growth was due to the virus lysing its host, but since this reduction in 

growth was noticed in all cultures it was assumed that growing cultures depleted a vital 

nutrient.   

 During this time course experiment, two different approaches were taken to 

measure virus production.  Initially, electron microscopy was used to track virus 

production.  It was seen that after 7 days viral particles were in fact produced and could 

be recovered by ultra centrifugation.  During the time course, samples were collected 

every 24 hours.  These samples were then used in qPCR to detect copies of viral genome.   
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Figure 6.5 Graph showing qPCR results for the time course infection of Thermocladium modestius 
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Figure 6.6 SSV-like particles from second round of infections 
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Using these qPCR primers it was seen that viral infection peaked at 96 hours post viral 

challenge.   

The virus that was recovered from this infection was then used to re-infect a clean 

host.   This secondary infection produced similar virus particles as seen in the first 

infection (figure 6.6).  Also qPCR confirmed the presence of the viral genome.   

 

Genomic Analysis 

 

 Genomic analysis of the genome was difficult due to the small size of the contigs 

from the library.  Of all of the contigs that were assembled only one of  them was over 

3000bp.  This contig was used for the majority of the analysis.  The largest contig was 

analyzed and open reading frames were assigned (figure 6.7) using CLC bioworkbench.  

The predicted ORFs were then submitted to NCBI for blastx analysis.  Only one of the 

ORFs on this contig matched to a possible viral protein.  This protein was a match to a 

glycosyl tranferase from the Acidanus Rod-shaped Virus (ARV).  In figure 6.8 a 

phylogenetic tree is shown with the query sequence and the closest matches.  This match 

was X% to the ARV virus.  While this is a strong match on protein level the DNA blastn 

analysis yielded no match to anything in the database.  Furthermore the sequence of 

many known archaeal viruses were used as reference sequences during alignment to act 

as scaffolding for assembly.  ARV was one sequence used.  This technique was unable to 

produce any larger contigs for analysis.   
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Figure 6.7 ORF analysis of the 3200bp contig from the Rabbit Creek library.   
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Conclusions 

 

  

 From the Rabbit Creek thermal area numerous different samples were collected 

from various hot springs.  Of all of the samples, only one produced VLPs in high 

concentration.  The virus shared similar morphologies with SSVs that infect Sulfolobus 

and is very well characterized.   

 Due to the low abundance of viruses in anaerobic cultures, new techniques were 

developed to randomly amplify the genomes of this viral fraction.  Phi29 polymerase was 

used to produce enough genetic material for the cloning and sequencing of this virus.  

Using this technique, a genomic library was constructed.  However, with close to 1,500 

single sequences and over 400,000 bp of information, a genome has yet to be assembled.   

 Of the 400,000 bp of sequence, a single contig of 3,200 bp has been assembled.  

The surprising part is that this contig has within it a match to another archaeal virus, 

ARV.  The hit to the glycosyl transferase is similar on a protein level but not seen when 

comparing at the nucleotide level.  Furthermore, due to the similar viral morphologies, 

primers for the SSVs were used and confirmed that the particles seen were not SSV. 

 Even though a genome was not assembled, it was still possible to track and 

maintain an infection.  Using the original virus stock or virus produced from subsequent 

infections, new virus has been produced within a clean host of Thermocladium modestius.  

These infections were trackable with qPCR. 

 So far, this VLP is promising as a new addition to the Fusseloviridae.  The fact 

that new virus can be produced from a clean host leads to promise that future  effort will 

lead to the finishing of the viral genome and better understanding of the ORFs present.  
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With the predicted 28 genotypes from the PHACCS analysis, it is possible that closing 

thisviral  genome will only result from a more substantial sequencing effort.  It is hoped 

that with the full genome more insight will be gained into the replication and production 

of this particular virus.  
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CHAPTER 7  

 

CONCLUSIONS 

 

 

Review of Goals 

 

 

 There has been an increased interest in the viral component of the environment.  

With the intial work of Sutter et al.  discovering the high titer levels of viruses in the 

environment interest has been turned to novel environments to classify the diversity 

present.  High temperature and low pH terrestrial hotsprings have been documented to 

harbor numerous different morphologies.  Presently there have been 7 new families of 

viruses discovered in these environments, the spindle-shaped Fuselloviridae, rod-shaped 

Rudiviridae, filatmentous Lipothrixviridae, spherical Globuloviridae, droplet-shaped 

Guttaviridae, the extracellular morphology changing Bicaudaviridae and the bottle-

shaped Ampullaviridae.  Many of these viruses have been isolated from the thermal fields 

of Europe.  Also most of the representative members of these viruses are from 4 different 

hosts Thermoproteus, Acidianus, Sulfolobus, and Pyrobaculum.  This is the first look at 

viruses that infect the hosts of Acidolobus and Thermocladium sp..  One of the novel 

viruses Acidolobus sulfurireducens Spherical Virus is described also. 

The goals of my research were as follows:  

1) Sampling and culturing of Thermophilic Archaea from these 

environments.  Primarily focusing on anaerobic populations present. 
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2) Isolation of hosts 

3) Isolation and characterization of viruses associated with newly cultured 

hosts. 

 

Database and Samples 

 

 

 To gather a better view of the dynamic environments present in YNP a database 

was developed.  This database has the capabilities to record many different 

measurements.  For this study the primary data collected were: pH, temperature, GPS 

coordinates, water chemistry, and photographs.  Upon the development of this database 

there have been over 10,000 measurements that have been recorded and saved.  While 

this is a great start more information is needed to better understand the environments 

present in YNP 

 The database itself was developed to be a dynamic system with internet access.  

As new measurements are used in YNP the database has been designed to have new field 

developed for this new information.  One feature that has been put into the database is the 

ability to act as a lab registry for samples, hosts, and viruses that have been found, 

collected, and stocked in the lab.  Having this capability allows for the easy access to 

sequence, EM pictographs, and the history of that sample from the internet.  Also by 

logging all samples, cultures, and viruses that the lab uses, the database will also provide 

a means for the tracking of stocks in the lab for ready access. 
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New Hosts 

 

 

 During the sampling from YNP samples were taken both anaerobically and 

aerobically.  These samples were compared through culturing and found that anaerobic 

populations were represented evenly between the anaerobic and aerobic samples.  184 

different samples were taken of these 70% showed signs of growth due to direct cell 

counts.  All cultures were grown anaerobically (monitored by the addition of resazurin).   

 Two different cellular morphologies were seen.  Depending on the culture some 

contained just one morphology and others were a mix.  First, a rod-shaped morphology 

was detected.  This is the first type of rod morphology cells that have been cultured in our 

lab from YNP samples.  This cell type was seen to transition between three different type 

morphologies (refer to Chapter 3).  Three different pure isolates were obtained from 

environmental samples.  Of these (rabbit creek isolate) was characterized.  Upon 

characterization it was seen that the 16S gene matched with a previously described host 

from Japan, Thermocladium modestius.  Looking at the growth analysis between the YNP 

isolate and the Japanesse isolate there was no discernable difference.   

 The second morphology seen was a cocci cell with a similar morphology to 

Sulfolobus.  Once again a pure isolate was obtained through serial dilution and 

characterized.  During this characterization is was seen that the 16S rDNA matched a 

YNP isolate that had previously been described Acidolobus sulfurireducens.  Upon 

analysis of growth it was seen that the growth characteristics of the YNP isolate matched 

the documented Acidolobus sp. 
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VLPs 

 

 

Numerous different viral-like morphologies were observed with screening for the 

presence of VLPs in the enrichment cultures.  The following VLPs were seen in TEM 

analysis of cultures.  A spindle shaped VLP measuring 60x80nm similar to those of the 

family Fuselloviridae.  A VLP 35x500nm similar to existing members of the family 

Rudiviridae, a filamentous morphology of 1um x 30nm similar to the family 

Lipothrixviridae.  A novel morphology similar to the existing Rudiviridae measuring 

210nm by 30nm.  A spherical morphology measuring 90nm on average similar to the 

Family Globuloviridae.   

Of these different morphologies it was seen that the Rudiviridae morphology and 

the Fuselloviridae morphology were seen to reproduce in the Japanese isolate 

Thermocladium modestius.  The Globuloviridae morphology was seen to be associated 

with the Acidolobus sp..   

The new morphology measuring 210nm x 30nm and the Lipothrixviridae were 

seen, but a host has not yet been described.  The could be due to the rapid decay of VLPs 

in storage, a high MOI, or the fact that the real host was in low numbers and not detected.   

Genetic information was obtained for the Lipothrixviridae, Globuloviridae, 

Fuselloviridae, Rudiviridae, and the new morphology.  Only initial analysis has been 

done of the Rudiviridae, and the Lipothrixviridae.  This was mainly due in part to the fact 

that the other libraries presented more consistant hits to archaeal viruses in the databases.   
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Globuloviridae-Like Morphology 

 

 

Of these a novel virus was further characterized ASSV (chapter 5).  This 

particular virus is proposed to be a new addition to the Globuloviridae.  Upon comparison 

with the other members of the Globuloviridae no nucleotide or peptide sequences were 

seen to match.  If this is an addition of the family Globuloviridae it offers a complete 

novel genome. 

 Viral production analysis shows that despite host growth declining after day 7 that 

viral production continues until day 15 at which the peak is seen.  This suggests that viral 

particles produced are stable at the pH and temperature at which the host grows.  It also 

noted that there was not a significant decline in host growth during viral production.  

 The host for this virus was seen to infect a previously described host Acidolobus 

sulfurireducens.  A pure isolate was also obtained from the environment from which the 

virus was first seen, this isolate was not able to reproduce the virus.  Viral production was 

measured from qPCR primers designed from sequence data.  Using these same primers a 

viral band was detected from CsCl purification.  Upon concentration of the aliquots that 

were positive using these qPCR primers a single morphology was seen.   

 Given the following facts I have found and characterized in part a new virus of 

the crenarchaea.  First, genetic information has been sequenced that only known hits are 

to other crenarchaeal viruses.  Second, using primers from the assembled genomic pieces 

only hosts that have been infected have positive PCR products.  Third, CsCl purified 

particles have been shown to reinfect and produce the same morphology previously seen.  
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Lastly, all controls that were not infected with the virus did not produce the morphology 

by TEM and also no viral genomes were seen by use of qPCR.   

 

Fuselloviridae-Like Morphology 

 

 

 Another VLP was further classified also.  There was only one virus seen 

associated with this concentrate by TEM.  Similar to the previously described 

Globuloviridae-like morphology a library was made of MDA amplified material.  The 

interesting fact with this library was the fact that little sequence came together to form 

contigs.  432,000 base pairs of original sequence was obtained with 1600 individual 

reads.   

 Despite the fact that large segments of the genome were not assemble it was still 

possible to design and use qPCR primers to track infection.  The host for this virus was 

determined to be Thermocladium modestius which was a characterized isolate from 

Japan.  Once again a environmental pure isolate was obtained and the seen if it would 

carry an infection of the Fuselloviridae morphology.  As described no infection was seen.  

Infection of the described Japanese isolate produced a single morphology.   

 It is possible that the pleomorphic Fuselloviridae-like morphology seen could 

explain the genetic library that was seen.  Being that viral coat proteins are designed to 

package DNA it is not unheard of to get non-specific binding of extrachromosomal DNA.  

Given that plasmid or partially complete viral genomes were also packaged would 

explain the diversity seen in this morphology and also the low assembly from the 

sequence library.  Therefore the best future direction would to be to boost virus numbers 
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and purify selecting for full genomes.  Using these the described method might push the 

MDA reaction to bias towards full viral genomes for sequencing. 

 

Concluding Remarks 

 

 

 Describe here in this thesis the following points were made.  First, a system for 

the tracking of samples, and environmental data from YNP.  Second, the culturing of new 

anaerobic hosts from YNP and for our lab, from which three new pure isolates were 

obtained.  Third, the screening and detection of new viruses from YNP.  Some of the 

morphologies seen were already documented.  One new morphology was seen.  Fourth, 

characterization of a new virus that due to morphology seems to be a likely member of 

the family Globuloviridae.  The proposed name for this virus would be ASSV or 

Acidolobus sulfurireducens Spherical Virus.  Fifth, the partial characterization of another 

virus possibly belonging to the  Fuselloviridae.   

 Overall, all major objectives of this project were obtained.  A benefit of this 

project is the development of a pipeline where new viruses and hosts can be isolated and 

characterized on a short time scale.   
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