
 

 

 

 

 

 

VIRUS HOST INTERACTIONS AT THE SINGLE CELL LEVEL IN 

 

HOT SPRINGS OF YELLOWSTONE NATIONAL PARK 

 

 

 

by 

 

Jacob Hampton Munson-McGee 

 

 

 

 

 

 

 

A dissertation submitted in partial fulfillment 

of the requirements for the degree 

 

 

of 

 

Doctor of Philosophy  

 

In 

 

Microbiology  

 

 

 

MONTANA STATE UNIVERSITY  

Bozeman, Montana 

 

 

April 2019 

  



 

 

 

 

 

 

 

 

 

 

©COPYRIGHT 

 

by 

 

Jacob Hampton Munson-McGee 

 

2019 

 

All Rights Reserved



 

 

ii 

DEDICATION 

 

 

This work is lovingly dedicated to my wife Janelle for her constant support and 

encouragement. I could not have done it without her. 

  



 

 

iii 

ACKNOWLEDGEMENTS 

 

 

I thank all the members of my committee: Mark Young, Blake Wiedenheft, 

Matthew Taylor, Seth Walk, and Tomas Gedeon. I especially thank my advisor Mark who 

frequently frustrated me but also supported and encouraged both professionally and 

personally me throughout this process.  

Thank you to all the members of the Young lab past and present who have 

helped to guide me through this process and made me a better scientist and person: 

Ben Bolduc, Becky Hochstein, Jennifer Wirth, Jamie Snyder, Pilar Manrique, Paul Van 

Erp, Lizzie Richardson, Mary Bateson, Nikki Dellas, Michael Dills Ross Hartman, Colleen 

Rooney, and Sue Brumfield. I owe Jennifer Wirth a special thank you for being a good 

friend and for all of our discussions about science and other ideas over the past years.  

I thank the numerous friends that I have made in Bozeman, too many to list that 

have supported me through this process. I especially thank Peter Sands, Andrew 

Dombrowski, and Brett Sather for their companionship, and friendship and reminders to 

enjoy life outside of work. 

I thank my family who has always been there for me and encouraged me to 

follow my passions. My parents, Melody and Stuart who instilled in me a love for 

learning and nurtured my curiosity from a young age. To my sister Quincy who has 

always encouraged me. And finally, I thank my wife Janelle who has tolerated me 

through graduate school and helped me to see the lighter side of things through all of 

this when I struggled to, I could not have done this without you.  



 

 

iv 

TABLE OF CONTENTS 

 

1. INTRODUCTION AND RESEARCH OBJECTIVES ................................................................. 1 

The Third Domain of Life: Archaea .............................................................................. 1 

Archaeal Dominated Hot Springs in Yellowstone National Park ................................. 4 

Viruses of Archaea ....................................................................................................... 8 

Symbiosis of Archaea ................................................................................................. 14 

Symbiosis at the Single-Cell Level .............................................................................. 19 

Research Objectives .................................................................................................. 21 

Specific Objectives ............................................................................................. 22 

Objective One .............................................................................................. 23 

Objective Two ............................................................................................. 23 

Objective Three ........................................................................................... 23 

Objective Four ............................................................................................. 23 

Objective Five .............................................................................................. 23 

2. INTRODUCTION TO ARCHAEAL VIRUSES ...................................................................... 27 

Contribution of Authors and Co-Authors .................................................................. 27 

Manuscript Information ............................................................................................ 28 

Introduction ............................................................................................................... 29 

Challenges Associated with Archaeal Virology .......................................................... 33 

Comparison of Gene Content of Bacteriophage, Archaeal, and Eukaryotic Viruses . 37 

Archaeal Virus Life Style and Gene Functions ........................................................... 41 

Future Prospects ....................................................................................................... 48 

Acknowledgements: .................................................................................................. 49 

Author Contributions: ............................................................................................... 50 

Conflict of Interests: .................................................................................................. 50 

3. VFISH FOR THE QUANTIFICATION OF VIRAL INFECTION IN  

NATURAL ENVIRONMENTS .......................................................................................... 51 

Contribution of Authors and Co-Authors .................................................................. 51 

Manuscript Information ............................................................................................ 52 

Abstract ..................................................................................................................... 54 

Introduction ............................................................................................................... 54 

Materials and Methods ............................................................................................. 57 

Control Viral Infections ...................................................................................... 58 

qPCR Assay for Detection of Viral Sequences .................................................... 59 

in Hot Spring Samples ........................................................................................ 59 

vFISH Probe Design and Synthesis ..................................................................... 59 



 

 

v 

TABLE OF CONTENTS CONTINUED 

 

 

Glass slide based vFISH ...................................................................................... 60 

Solution based vFISH ......................................................................................... 61 

Flow Cytometry Analysis .................................................................................... 62 

Results ....................................................................................................................... 62 

Discussion .................................................................................................................. 72 

4. THE IDENTIFICATION AND CHARACTERIZATION OF A NANOARCHAEOTA, ITS  

CELLULAR HOST AND A NANOARCHAEAL VIRUS ACROSS YELLOWSTONE  

NATIONAL PARK HOT SPRINGS .................................................................................... 75 

Contribution of Authors and Co-Authors .................................................................. 75 

Manuscript Information ............................................................................................ 76 

Abstract ..................................................................................................................... 79 

Key Words ................................................................................................................. 79 

Introduction ............................................................................................................... 80 

Materials and Methods ............................................................................................. 82 

Sample collection ............................................................................................... 82 

Single Cell Genomics .......................................................................................... 82 

Hot spring 16S rRNA phylogenetic analysis ....................................................... 83 

Catalyzed reporter deposition-fluorescence in situ hybridization (CARD-FISH) 

probe design ....................................................................................................... 84 

CARD-FISH .......................................................................................................... 84 

Geographic distribution of Nanobsidianus within Yellowstone National Park .. 86 

Nanobsidianus virus identification .................................................................... 86 

Results ....................................................................................................................... 87 

Acidicryptum host genome analysis .................................................................. 99 

Nanobsidianus virus detection ........................................................................ 100 

Discussion ................................................................................................................ 102 

Acknowledgements ................................................................................................. 105 

Conflict of Interest ................................................................................................... 105 

Supplemental Information ...................................................................................... 106 

Subsequent Work .................................................................................................... 106 

5. AN UNCULTIVATED VIRUS INFECTING A NANOARCHAEAL PARASITE IN THE HOT 

SPRINGS OF YELLOWSTONE NATIONAL PARK ............................................................ 109 

Contribution of Authors and Co-Authors ................................................................ 109 

Manuscript Information .......................................................................................... 110 

Abstract ................................................................................................................... 111 



 

 

vi 

TABLE OF CONTENTS CONTINUED 

 

 

Introduction ............................................................................................................. 111 

Materials and Methods ........................................................................................... 113 

Viral Sampling, Detection, and Enrichment ..................................................... 113 

Genome Assembly ........................................................................................... 114 

Gene Prediction ............................................................................................... 114 

Identification of Virion ..................................................................................... 115 

Host Prediction ................................................................................................ 115 

Viral Distribution .............................................................................................. 116 

Results ..................................................................................................................... 116 

Viral Genome ................................................................................................... 116 

Virion Proteins ................................................................................................. 118 

Virus Host Prediction ....................................................................................... 121 

Distribution Across Yellowstone Hot Springs ................................................... 124 

Discussion ................................................................................................................ 125 

Acknowledgements ................................................................................................. 127 

Conflicts of Interest ................................................................................................. 128 

6. A VIRUS OR MORE IN (NEARLY) EVERY CELL: THE COMBINATION OF VIRAL 

METAGENOMICS AND SINGLE CELL GENOMICS REVEALS WIDE SPREAD INFECTION IN 

EXTREME ENVIRONMENTS ........................................................................................ 129 

Contribution of Authors and Co-Authors ................................................................ 129 

Manuscript Information .......................................................................................... 130 

Abstract ................................................................................................................... 132 

Introduction ............................................................................................................. 133 

Materials and Methods ........................................................................................... 134 

Sample site ...................................................................................................... 134 

Single Cell Genome Sequencing....................................................................... 135 

Cellular Classification ....................................................................................... 135 

Hexamer Frequency Analysis ........................................................................... 136 

Viral Sequence Identification ........................................................................... 137 

CRISPR Spacer Sequence Identification ........................................................... 138 

Statistical Test for Contamination ................................................................... 139 

Results and Discussion ............................................................................................ 140 

Conflict of Interest ................................................................................................... 152 

Acknowledgements ................................................................................................. 153 

Author Contributions ............................................................................................... 153 

 

 



 

 

vii 

TABLE OF CONTENTS CONTINUED 

 

7. DIFFERENCES BETWEEN FREE, CELL ASSOCIATED, AND REPLICATING  

VIRUSES AND DETECTION OF SUPERINFECTED CELLS IN HOT SPRINGS  

OF YELLOWSTONE NATIONAL PARK ........................................................................... 154 

Introduction ............................................................................................................. 154 

Methods .................................................................................................................. 156 

Sample collection ............................................................................................. 156 

Nucleic Acid Sequencing .................................................................................. 158 

Cellular Assembly and Processing .................................................................... 158 

Viral Assembly and Processing ........................................................................ 159 

Read Recruitment ............................................................................................ 161 

Viral Gene Prediction ....................................................................................... 162 

Single Cell Viral Read Recruitment .................................................................. 162 

Results ..................................................................................................................... 162 

Cellular Bins ..................................................................................................... 162 

Viral Networks ................................................................................................. 163 

Temporal Analysis ............................................................................................ 167 

Meta-network .................................................................................................. 171 

Detection of Viruses in Cellular DNA ............................................................... 174 

Detection of Replicating Viruses ...................................................................... 175 

Differences Between Free, Host-Associated, and Replicating Viruses. ........... 175 

Transcribed Genes ........................................................................................... 178 

Viral Replication in Single Cells ........................................................................ 181 

Discussion ................................................................................................................ 186 

8. CONCLUSION AND FUTURE DIRECTIONS .................................................................... 188 

Development of a High Throughput Method for the Quantification  

of Viral Infection in Hot Spring Samples .................................................................. 189 

Identification of a Nanoarchaeota Host and Virus .................................................. 191 

Widespread Viral Infection and Superinfection in Geothermal 

Environments .......................................................................................................... 193 

Differences Between Active, Cell-Associated, and Replicating  

Viruses in Geothermal Environments ...................................................................... 195 

Future Directions ..................................................................................................... 197 

REFERENCES ................................................................................................................... 198 

APPENDICIES ................................................................................................................... 223 



 

 

viii 

TABLE OF CONTENTS CONTINUED 

 

 

APPENDIX A: SUPPLEMENTAL TABLES AND FIGURES FROM CHAPTER 3 ................ 224 

APPENDIX B: SUPPLEMENTAL TABLES AND FIGURES FROM CHAPTER 4 ................ 233 

APPENDIX C: SUPPLEMENTAL TABLES AND FIGURES FROM CHAPTER 5 ................ 251 

APPENDIX D: SUPPLEMENTAL TABLES AND FIGURES FROM CHAPTER 6 ................ 256 

 

  



 

 

ix 

LIST OF TABLES 

 

 

Table  Page 

 

2.1. Number of isolated viruses infecting Archaea. .......................................... 32 

2.2.  Table of all viruses mentioned in this chapter ........................................... 35 

5.1.  Predicted function for viral genes ............................................................ 120 

5.2.  Mandatory MIUViG metadata .................................................................. 126 

S3.1:  Hot Spring Sampling date and geochemistry ........................................... 225 

S3.2:   PCR primers .............................................................................................. 226 

S3.3:  Fluorescent Probe yield and labeling efficienccy ..................................... 228 

S 4.1. Sampling sites locations and dates along with the  

pH and temperature at the time of sampling. ......................................... 234 

S4.2.  16S rDNA CARD-FISH Probes and PCR Primer sequences ........................ 235 

S4.3.  7 genes for Nanoarchaeal phylogenetic reconstruction .......................... 236 

S4.4.  Thirteen single cell PCR amplicons. .......................................................... 237 

S4.5.  Single cell sequencing assembly statistics ................................................ 238 

S4.6.  Metagenomes used for Nanoarchaea distribution .................................. 239 

S4.7.  Nanoarchaeal 16S rDNA sequences in metagenomes ............................. 239 

S4.8.  Comparison of 12 split genes ................................................................... 241 

S4.9   Presence of tRNA genes in four Nanoarchaeal genomes ......................... 242 

S4.10. Cell counts of Acidocryptum and N. stetteri associations  

determined by CARD FISH ........................................................................ 244 

S5.1  Hot spring meta data ................................................................................ 252 

S5.3  Additional MIUViG metadata ................................................................... 253 



 

 

x 

LIST OF TABLES CONTINUED 

 

 

Table   Page 

 

S6.1:  Reference genomes .................................................................................. 257 

S6.7.  Recruitment of reads from publicly available SAGs onto the  

NL01 viral dataset ..................................................................................... 258 

 

  



 

 

xi 

LIST OF FIGURES 

 

 

Figure Page 

 

1.1.  Phylogenetic reconstruction .......................................................................... 3 

1.2.   Map of Yellowstone National Park with the approximate  

locations of two of the hot springs studied in this work ............................... 6 

1.3.  Maximum likelihood phylogenetic tree of partial 16S  

rRNA sequences ............................................................................................. 7 

1.4.  Network analysis of 110 different viral groups in the  

NL01 hot spring ............................................................................................ 13 

2.1.  Number of characterized bacterial and archaeal viruses ............................ 33 

2.2.  Analysis of genes from double stranded DNA viruses ................................. 37 

3.1.  Fluorescent microscopy images of vFISH hybridization. .............................. 65 

3.2.  Flow analysis charts of controls and direct-vFISH  

experiments for VP004. ............................................................................... 67 

3.3.  Infection rates of VP2 and VP4 by FLOW cytometry  

in hot springs NL01 and CHAS ...................................................................... 70 

3.4.  Infection rates of VP2 and VP4 by vFISH flow cytometry  

in two hot springs from the Gibbon Geyser basin. ...................................... 71 

4.1   Distribution of Nanoarchaea in 22 hot springs in  

Yellowstone National Park. .......................................................................... 90 

4.2.  Mauve alignment of O03 to other Nanoarchaeal genomes ........................ 93 

4.3.  CARD-FISH analysis of N. stetteri-host interaction from  

environmental samples. .............................................................................. 98 

4.4.  PCR analysis of virus purified from NL01 environmental sample .............. 101 

5.1.  Genome map of virus proposed to infect a Nanoarchaeal species. .......... 118 

5.2.   TEM image of a possible viral morphology ................................................ 120 



 

 

xii 

LIST OF FIGURES CONTINUED 

 

 

Figure  Page 

 

5.3.  Nanoarchaea and virus abundance in hot springs  

across Yellowstone .................................................................................... 125 

6.1.  Classification of SAGs. ................................................................................ 143 

6.2.  Detection of viral types in 160 SAGs .......................................................... 147 

6.3.  Ubiquitous interaction of multiple viruses with cells. ............................... 151 

7.1.  Map of Yellowstone National Park with approximate locations  

of the hot springs sampled in this study indicated by stars ....................... 157 

7.2.  Visual representation of the viral networks in  

each hot spring .......................................................................................... 166 

7.3.  Visual representation of the network analysis of the viral  

communities in the NL01 and CHAS hot springs across  

sampling timepoints. ................................................................................. 168 

7.4.  Heatmap of contig abundance in viral partitions of  

viral contigs from NL01 hot spring timepoints. ......................................... 169 

7.5  Heatmap of contig abundance in viral partitions of  

viral contigs from CHAS hot spring timepoints .......................................... 170 

7.6.  Network analysis of viral DNA from seven hot  

springs in YNP ............................................................................................ 172 

7.7.  Heat map representation viral abundance in seven hot springs. .............. 173 

7.8.  Heat map representing the abundance of each viral partition 

 in viralDNA, cellular DNA and cellular RNA datasets  

by hot spring .............................................................................................. 177 

7.9.  NMDS analysis of the abundance of viral partitions in viral 

DNA, cellular DNA, and cellular RNA datasets ........................................... 178 

7.10. Heat map of the 5105 genes with at least 5x mean  

coverage from one of the four RNA datasets ............................................ 180 



 

 

xiii 

LIST OF FIGURES CONTINUED 

 

 

Figure  Page 

 

7.11. Heat map of transcribed genes that are also  

present in the DNA of the single cells from NL01 hot spring ..................... 183 

7.12  Mean coverage of 71 transcribed genes in 138  

single cell genomes .................................................................................... 185 

S3.1: Pictures of hot springs sampled in this study ............................................ 229 

S3.2. qPCR detection of eight uncharacterized viruses  

in the NL01 hot spring ............................................................................... 230 

S3.3 Consensus sequence of uncharacterized viruses  

for which vFISH was performed ................................................................. 231 

S3.4. Graph of % of fluorescent events in GG21 cells  

mixed together with unlabeled GG21 cells ................................................ 232 

S4.1. Pictures of the two hot springs selected for this study ............................. 245 

S4.2. Maximum likelihood phylogenetic tree based on partial 16S  

rRNA sequences from single cell and metagenomic datasets ................... 246 

S4.3. Distribution of Nanoarchaeal 16S rRNA sequences in 

YNP hot springs .......................................................................................... 247 

S4.4. A. Comparison of nanoarchaeal ORF’s ...................................................... 248 

S4.5. A. A comparison of host ORF’s ................................................................... 249 

S4.6. A viral contig to the suspected virusreplicating within N. stetteri. ............ 250 

S5.1 Pictures of hot springs from this study ...................................................... 254 

S6.1. Picture of the Yellowstone National Park NL01 hot  

spring from which cells were collected. .................................................... 259 

S6.2. Heatmap of the percent of the SAG genome used  

to calculate ANI .......................................................................................... 260 



 

 

xiv 

LIST OF FIGURES CONTINUED 

 

 

Figure  Page 

 

S6.3. Schematic overview of the logic pipeline used to  

classify single amplified genomes (SAG) .................................................... 261 

S6.4. Graphical representation showing the ratio of viral reads  

to assembled cellular contigs ..................................................................... 262 

S6.5. Receiver operating characteristic curves ................................................... 263 

 

  



 

 

xv 

ABSTRACT 

 

 

Viruses are the most abundant biological entities on the planet and virus-host 

interactions are some of the most important factors in shaping microbial community 

structure and function and global chemical cycling. The high temperature low pH hot 

spring of Yellowstone National Park contain simplified microbial communities of 8-10 

Archaeal species, and comparatively simple viral communities. These idealized 

communities that contain only viruses and their Archaeal hosts represent a model 

natural environment for the study of viruses and their hosts. This work presented here 

builds on previous population level studies of the viral and microbial communities to 

examine virus-host interactions at the single cell level.  

The identification of viral infection has long been a scourge of environmental 

virologist. In order to identify viral infection in natural environments we have adapted 

Fluorescent in situ hybridization (FISH) techniques to directly identify viral sequences. 

We further advance this technique to be compatible with flow cytometry analysis for 

the rapid quantification of viral infection of uncharacterized viruses in natural 

environments. This technique is used to quantify viral infection of two different viruses, 

previously only characterized by metagenomic sequencing analysis, in four 

geographically separate low pH high temperature hot springs of Yellowstone National 

Park. 

Finally, we combine viral and cellular metagenomics with cellular transcriptomics 

and single cell genomics to identify virus host interactions at the single cell level and 

identify viruses that are replicating in the hot springs. This work suggests that a majority 

of cells in the hot springs are interacting with viruses and that a majority of the cells are 

interacting with multiple viruses at any given time. We also identify RNA sequences 

from a majority of the viral types present in the hot springs suggesting that viral 

replication is occurring and is an important force in determining the structure and 

function of the microbial communities in these hot springs. Together these works 

represent a significant advancement of our understanding of virus host interactions in 

natural environments as well as new techniques to be used in future studies. 
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CHAPTER ONE 

 

 

INTRODUCTION AND RESEARCH OBJECTIVES 

 

 

The Third Domain of Life: Archaea 

 

 

In 1977 Carl Woese and George Fox presented the first evidence of a split in the 

bacterial kingdom (1), this split was codified thirteen years later with the official 

formation of the third domain of life: the Archaea (2). Prior to the development of 16S 

rDNA analysis, all single celled organisms that lacked a nucleus were grouped together 

in a single kingdom. Due to the unicellular nature of both Bacteria and Archaea and their 

ability to perform many of the same metabolic tasks they were initially grouped 

together. The development of molecular techniques, especially the ability to sequence 

an organism’s genome, revealed the evolutionary split between Bacteria and Archaea 

necessitating the creation of the three-domain tree of life (2).  

The Archaea are an interesting blend of metabolic capabilities and cellular 

morphology typically found in bacteria but with information processing techniques 

more similar to Eukaryotes and several features, such as cellular membranes containing 

ether linked lipids, that are exclusive to Archaeal cells. Phylogenetically, Archaea group 

closer to the Eukaryotes than they do to the Bacteria and it has recently been shown 

that the Eukarya are actually rooted in the archaeal superphylum Asgardarchaeota (3, 

4). The Archaea are currently divided into four phyla with cultured representatives and 

an additional seventeen proposed Candidatus phyla that lack cultured members (5). 
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The classification of Archaea is currently a rapidly moving and sometimes 

contentious field.  Currently there are four official phyla that have been described, in 

addition to the official phyla there are seventeen Candidatus phyla that lack cultured 

representatives and have only been detected through genomic sequences. The official 

and proposed phyla of the Archaea are grouped into several groups or superphyla 

(Figure 1.1) (6, 7), including the TACK and DPANN superphyla. The Euryarchaeota are a 

widespread and diverse phyla that includes extremophiles, methanogens, and 

halophiles (8–10) and are among the most abundant microbes in marine surface waters 

(8, 11, 12). The Asgardarchaeota are the most recently described superphylum and it is 

made up of several candidatus phyla of uncultured archaea (3, 4). The DPANN 

superphylum consists of seven candidatus phyla and the phylum Nanoarchaeota. These 

phyla represent diverse species from a wide range of environmental distribution and 

metabolic capabilities. These include the obligate symbiotic thermophilic 

Nanoarchaeota (13, 14), acidophilic Parvarchaeota (15), halophilic Nanohaloarchaeota 

(16, 17), and the uncharacterized Aenigmarchaeota (6).  

The last of these superphyla is the TACK group which contains six candidatus 

phyla as well as the Thaumarchaeota and Crenarchaeota. The Thaumarchaeota are a 

recently described phyla containing ammonia oxidizers (18) and are commonly found in 

the ocean surface (19). The Crenarcaheota are best known as thermophiles or 

hyperthermophiles and are frequently found in low-pH high-temperature hot springs 

(20–22). Despite their reputation as thermophiles, crenarchaeal rRNA genes have been 
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found in temperate (23, 24) and polar seawater (25). Despite this no marine 

Crenarchaeota have been cultured to date. Due to their relative ease of culture, many 

thermophilic Crenarchaeota are some of the best studied archaeal species that have 

been described to date.  

 
Figure 1.1. Phylogenetic reconstruction based on sixteen ribosomal proteins. The tree 

represents 92 named bacterial and 26 archaeal phyla as well as five Eukaryotic 
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supergroups. Archaeal linegaes with cultured viruses are indicated with purple stars 

while lineages with predicted metagenomic viruses are indicated with blue stars. 

Lineages lacking isolated representatives are indicated with red dots figure adapted 

from Hug et al (5).  

 

While the initially described Archaea were almost exclusively extremophiles that 

were identified in either high-temperature hot springs or high-salt lakes, it is now known 

that Archaea are a widespread and diverse domain that is found in nearly every 

environment on earth, including as part of the human microbiome (26, 27). In certain 

marine samples Archaeal cells made up to 35% of the microbial biomass (28, 29). 

However, the thermophilic and hyperthermophilic Archaea found in hot springs across 

the world remain active areas of research due to the dominance of Archaea in these 

systems (20, 22, 30) and the relative ease of culture of many of the Crenarchaea that are 

found there. The thermal tolerance of many Archaea and their enzymes makes them 

attractive targets for use in industry and research techniques such as PCR (31).  

 

Archaeal Dominated Hot Springs in Yellowstone National Park 

 

 

The low-pH (<3.5) high-temperature (>75˚C) acid chloride hot springs of 

Yellowstone National Park (YNP) are dominated by archaeal cells to the extent that in 

some hot springs no eukaryotic cells are present and bacterial cells only make up 2% of 

the total number of cells (20, 22, 30, 32). It is likely that the dominance of archaea in 

these environments is due to their ability to outcompete bacteria in chronic energy 

limited environments and not bacteria’s inability to tolerate the heat of the hot springs  
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(33). This dominance of Archaea makes their study much more feasible than it is in 

environments where they are a minority of the cells present.  

Crenarchaeal dominated low-pH high-temperature hot springs in Yellowstone 

National Park (YNP) are frequently dominated by just a small number of cellular species, 

frequently  less than 10 (20, 30). Additionally, these communities are frequently 

relatively stable (20) in the hot springs allowing for the community to be studied over a 

period of time. The Nymph Lake 01 (NL01) hot spring is an acid chloride hot springs that 

is dominated by Archaea. This hot spring is located in the Nymph Lake thermal area of 

Yellowstone National Park just north of the Norris Geyser Basin (Figure 1.2). This hot 

spring has been studied for over a decade and shows yearly increases in pH during the 

spring snow melt followed by a return to its standard low-pH conditions. For most of the 

year this hot spring is between 80-90˚C and has a pH between 1.5 and 2.5. This hot 

spring has also been subject to numerous cellular metagenomic and single cell genomic 

studies which concur that this hot spring is dominated by members of the Sulfolobales 

and few to no bacterial species are present in this hot spring (Figure 1.3) (20, 22, 30, 34).  
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Figure 1.2. Map of Yellowstone National Park with the approximate locations of two of 

the hot springs studied in this work indicated with stars (red, Nymph Lake 01; yellow, 

Crater Hills Alice Spring) 
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Figure 1.3. Maximum likelihood phylogenetic tree based on partial 16S rRNA sequences 

from single cell and metagenomic datasets spanning a seven-year time period from the 

NL01 hot spring. The color indicates the dataset source, 3 NL01 metagenomes (red), 

single cell amplicon NL01 2011-10-11 (blue), single cell amplicon NL01 2012-09-20 

(green), sequenced reference genomes are included (black). Thick bars denote nodes 

with posterior probabilities >0.95, while thin bars denote nodes with posterior 

probabilities <0.95. The scale bar is in substitutions per site, and Acidthiobacillus caldus 

ATCC 51756 served as the outgroup. An asterisk after the label denotes single cell 

 

Bacteria
Archaea

N
anoarchaeota

Crenarchaeota
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amplicons that were selected for single cell genome sequencing Figure is reproduced 

from Munson-McGee, et al., 2015 (20). 

 

 

Viruses of Archaea 

 

 

Despite the first virus infecting Archaea being described in 1977 (35), which 

happened before the domain of Archaea was recognized as the third domain of life, the 

viruses of Archaea remain chronically understudied. To date there are 91 sequenced 

and characterized Archaeal viruses that have been deposited in the NCBI viral genome 

database (https://www.ncbi.nlm.nih.gov/genome/viruses/). In comparison, there are 

over 2,000 viruses infecting Bacteria and over 5,000 viruses that infect Eukarya that 

have been deposited (36). Despite this discrepancy in characterized viruses, the on-

going study of archaeal viruses has frequently led to major insights into archaeal 

biology. Some examples of major discoveries that have been found from research into 

archaeal virology include, a completely new type of virus release mechanism was 

identified by studying Sulfolobus islandicus Rod-Shaped Virus (SIRV) (37) and Sulfolobus 

Turreted Icosahedral Virus 1 (STIV 1) (38, 39). The first virus that packages its DNA in A-

form is the archaeal virus Sulfolobus islandicus Rod Shaped Virus 2 (SIRV2) (40). The 

study of archaeal viruses has also led to the discovery of many functions that are similar 

to eukaryotic viruses like release of viral particles by budding (Sulfolobus Spindle Shaped 

Virus 1 SSV1) (41), and interactions with the endosomal sorting complex required for 

transport (ESCRT) STIV 1 (42, 43). Finally, archaeal viruses have been discovered with 

major capsid proteins that are homologous to the major capsid proteins of viruses 
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infecting bacteria and Eukarya suggesting an origin predating the Last Universal 

Common Ancestor (LUCA) for these viral lineages (44–46). 

Despite the relative lack of study and characterization, the viruses of Archaea are 

the most morphologically diverse viruses discovered to date (47) and are also 

remarkable genetically diverse. The viruses of bacteria have remarkable morphological 

similarity with head-tail phages dominating the morphologies of most bacteriophage, 

and the 2,000+ described bacteriophages are grouped into only eight viral families. In 

comparison, viruses of Archaea display much greater particle morphologies; especially 

among the viruses infecting thermophilic and hyperthermophilic Crenarchaeota species. 

Archaeal viruses have spindle-, tailed-, turreted-, and bottle-shaped morphologies and 

are part of seventeen confirmed and proposed viral families (47–49). 

Some of the difficulty of studying archaeal viruses is due to low abundance of 

archaeal cells in most environments. However, this difficulty is somewhat alleviated in 

some of the hot springs of YNP where archaeal cells dominate. Despite the advantages 

presented in the hot springs of YNP, there are still significant challenges associated with 

studying these viruses. One of these challenges is the small ratio of viral particles to cells 

in high-temperature low-pH hot springs. Unlike the oceans where viral particles 

frequently outnumber microbial cells by an order of magnitude (50), cells outnumber 

viral particles in the hot springs. This ratio inversion coupled with the low cellular 

density ~105-106 cells/ml are just some of the challenges associated with archaeal 

virology.  
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Our inability to culture most archaeal cellular species increases the difficulty in 

studying the viruses of Archaea. While significant advances have been made in 

understanding the lifecycle of some archaeal viruses with a culturable host species, for 

example STIV (42, 51–54), SIRV, (55–58) and Sulfolobus Spindle shaped Virus (SSV) (41, 

59, 60), our understanding of the role of archaeal viral communities in natural 

environments remains murky due in part to the lack of model systems. Even when a 

culture-based system is available, we are still limited in our ability to investigate virus-

host interactions. This is in part due to the lack of genetic systems for the creation of 

gene mutants that are available for archaea and their viruses (52, 61). While some 

Crenarchaea are amenable to culture they frequently are not amenable to the 

development of a genetic systems and even if they are the development of a genetic 

system is time consuming and expensive. This lack of a genetic system for many viruses 

and their hosts has made the investigation of virus-host interactions less productive 

than it would be with more genetic systems available.  

While culture-based systems remain the gold standard and are one of the most 

powerful tools for studying virus host interactions due to the difficulty in developing 

many culture-based systems, culture-independent systems are attracting interest as 

alternative methods to study uncultured viruses and their cellular hosts. Culture-

independent methods have greatly helped researchers studying viruses and virus-host 

interactions. These techniques range from metaproteomics using Mass Spectrometry 

for the identification of viral capsid proteins (62), to FISH techniques for the 
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identification of virus host pairs (63–65) and the quantification of viral infection, to x-ray 

crystallography to solve the structure of viral proteins (66, 67). One of the most reliable 

and informative techniques in widespread use today is viral metagenomics which 

sequences the genomes of all viral particles in an environmental sample (68, 69). 

Over the last decade, the rapid decrease in the cost of sequencing and the ability 

to sequence viral populations in natural environments has greatly increased our 

knowledge of archaeal viral genomes. Viral metagenomics have been applied to 

numerous environments (68, 70–73) and is drastically increasing our knowledge of the 

virosphere. While it is frequently difficult to assemble complete or near complete viral 

genomes from metagenomics, this technique does shed tremendous light on the genetic 

diversity of archaeal viruses. While informative, these studies have been hindered by 

the lack of homology to other viruses or organisms. In a recent study of 73 dsDNA 

Archaeal viruses, 43% of genes had no significant similarity to any other sequenced virus 

and 90% of genes had an unknown function (36, 74). This lack of homology to other 

viruses or cellular organisms makes the identification of viral gene function difficult and 

emphasizes the need for more investigations into virus-host genetic systems to 

elucidate the role that viral genes play during infection.  

In parallel with viral metagenomics cellular metagenomics have provided 

complete or near complete genomes for many uncultured lineages revealing vast 

lineages of the tree of life that are have only been studied from the genome level. This 

technique has been applied to many of the hot springs in YNP as well. The ability to 
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investigate a microbes genome and potential metabolic capabilities without having to 

isolate and culture the organism has proved to be of tremendous use for numerous 

studies (75–78). Metatranscriptomics has the ability to differentiate which genes are 

actively being transcribed in a system. Despite the power of this technique very few 

studies have done metatranscriptomics on the hot springs of YNP (79) or used them to 

characterize the viruses that are replicating in an environment (80).  

The Nymph Lake 01 (NL01) hot spring in YNP is an ideal location to study 

archaeal viruses and their interactions with their host cells This particular hot spring has 

one of the best characterized viral communities in the world to date. This viral 

community has been the subject of eight sequencing efforts spanning several years 

2008-2010 (68) (Figure 1.4). These eight viral metagenomes were subjected to network 

analysis which found 110 viral groups that were present in the hot spring at all eight 

timepoints. While the abundance of the viral groups fluctuated there was at least one 

contig that was present at every timepoint.  
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Figure 1.4. Network analysis of 110 different viral groups in the NL01 hot spring YNP, 

differentiated by color. Each dot indicates a metagenomic contig and the lines indicate 

similarity between contigs. Viral partitions with characterized reference genomes are 

indicated with ovals and a number. (68) 

 

The combination of well characterized and simple viral (110 viral groups) (68) 

and cellular communities (20) (<10 species) that are stable over time provides a 

tractable network of both viruses and hosts that are not present in other environments, 

and makes these hot springs an ideal location for these studies. Low-pH high-

temperature hot springs have the added benefit of viruses being the only predator of 

microbial cells so there the effect of viruses can be directly studied without a minimum 

of outside complicating factors.  
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Symbiosis of Archaea 

 

 

Viral infection of single-celled organisms is one of the most common forms of 

symbiosis in the world, with an estimated 1023 viral infections every second in the 

oceans (81). While exact estimates of viral mediated microbial mortality have remained 

elusive, diverse approaches have consistently implied that viruses are a significant cause 

of microbial mortality (50). As a result of this, viruses are incredibly important in the 

cycling of carbon, nitrogen, and many other elements on the planet (82). Viruses cause 

the release of organic matter through a process called the viral shunt, the release of 

biomolecules from cells that are lysed by viruses. Some of this released material is taken 

up by other microorganisms while the rest of the released biomolecules settle to the 

ocean floor. Material that is not released into the ocean is incorporated into new viral 

particles. In order to increase the number of viral particles produced, some viruses 

encode metabolic genes not found in the host cell, called auxiliary metabolic genes 

(AMG) (83–86). Auxiliary metabolic genes encoding for photosynthetic (87), carbon 

metabolism (88), and nucleic acid synthesis (89) have all been identified. These genes 

modify the host metabolism to create more of the molecules required to support viral 

replication, and thus increase the number of viral particles that are produced by the 

infected cell. 

While viral parasitism is the most common form of symbiosis and how viruses 

are generally thought about, it is not the only form of viral symbiosis known. While 

viruses are generally thought of as obligate parasites, there are some viruses that have a 
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communalistic interaction with their host cell. Many viruses have the ability to enter a 

dormant stage, called lysogeny, where they are replicated every time the host cell 

divides and passed on to the progeny cells with. There are also viruses that can provide 

immunity against other pathogens or enable the host organism to survive in 

environments that would otherwise be inhospitable, opening up new ecological niches 

for the host organism. One example of this is the Curvularia thermal tolerance virus 

(CThTV) which confers the ability to grow in thermal soils upon its fungal host and the 

plant host of the fungus (90).  

Although the different forms of viral symbiosis are the most common form of 

symbiosis they are not the only examples of symbiosis that have been described.  There 

are also many types of symbiosis between cellular organisms. Some of the most well 

understood symbiotic pairings are between a pathogen and a multi-cellular organism 

such as a viral or bacterial infection. Other forms of symbiosis include the mutualistic 

interaction between nitrogen fixing bacteria and certain legumes (91), or the cellulose 

degrading bacteria that live in a cow’s rumen that help cows and other ruminants to 

digest plants (92).  

 Symbiosis between two single-celled organisms is generally less well understood 

but run the gamut from parasitism to mutualism. These interactions include the 

mutualistic interactions between methanogenic archaea and sulfate reducing bacteria 

(93) as well as the parasitic interaction between Nanoarchaeum equitans and its host 

cell Ignicoccus hospitalis (94).  
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One of the more recent symbionts that has been described is that of the ultra-

small Archaea and their hosts including Nanoarchaeota. Nanoarchaeota are archaeal 

cells with a highly reduced genome (400-600kbp) (13, 20, 94, 95) and cell size (200-

500nm) (13, 94) that are entirely reliant on their host cells to replicate. There are 

currently only two cultured isolates of the Nanoarchaea, one marine (94) and one 

terrestrial (13), both of which came from high-temperature environments, a 

hydrothermal vent in the ocean and a hot spring in YNP. Both of these organisms are 

obligate parasites that rely on a host cell to survive. The nanoarchaea cells attach to the 

outside of the host cell (Figure 1.5) and siphon nutrients away from the host cell to 

reproduce. Despite the lack of cultured representatives, recent studies examining 

Nanoarchaea in terrestrial environments as well as 16S surveys have detected these 

organisms in numerous locations (96, 97) which suggests that different species of 

Nanoarchaea likely have different host species. The interaction between a Nanoarchaea 

and its host is further examined in Chapter 3.  
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Figure 1.5. EM and fluorescent microscopy images of Nanoarchaea attached to their 

host cells. Image from Huber et al 2002 (94). 

 

While even less is known about how a Nanoarchaea finds a host cell and if and 

for how long they are able to persist without a host cell than is known about viruses 
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there are some emerging explanations. A single-cell genomics study recently examined 

differences between co-sorted nanoarchaea and their host cells. This study found 

several different clades of Nanoarchaea associated with numerous hosts and several 

clades associated with the same host species (Jarrett, et al., submitted). This suggests 

that different Nanoarchaea species are capable of utilizing the same host species. The 

same study proposed a theory that, much like a viruses ability to prevent superinfection 

of its host cell, Nanoarchaea have a mechanism to deter attachment of a second cell 

once a Nanoarchaea has attached to a host cell. This theory proposes that the 

Nanoarchaea lower the electrical and chemical potential of the membrane of its host 

cell to drive its energy synthesis and that other cells can detect this reduction and are 

unlikely to attach. Once attached, the Nanoarchaea replicate into progeny cells which 

stay attached to the original host cell. This mechanism would also offer a potential 

signal for progeny Nanoarchaeal cells to leave the host cell in search for another host. 

After a certain number of Nanoarchaea progeny cells are present on the original host 

they reduce the membrane potential to the point where the host cell is no longer a 

viable host for all the Nanoarchaea. At this point the attached Nanoarchaea sense the 

reduction in membrane potential and leave the host cell in search of a new host. While 

this theory still needs to be experimentally tested it does provide a foundation for new 

microbe-microbe interactions likely to exist among uncultivated lineages of Bacteria and 

Archaea.  
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Symbiosis at the Single-Cell Level 

 

 

Due to technical limitations, nearly all studies investigating symbionts and their 

hosts have been done at the population level. These studies have looked at the total 

community of the symbiont and its host. However, population level studies have the 

disadvantage of being unable to examine any differences between individual cells within 

the population. Symbiosis represents a challenge to population level studies due to the 

increased complexity of the system. Even in an optimal situation with synchronized 

clonal populations, some of the cells present are not going to be interacting with the 

symbiont or responding to the symbiont in the same way. And natural environments are 

far from the ideal clonal populations that can be generated in a laboratory setting. One 

method to get around these challenges and examine cell-to-cell differences is with 

techniques that are able to differentiate between individual cells.  

One method that has been used to differentiate cells is Fluorescent in Situ 

Hybridization (FISH). Originally targeting 16S rRNA molecules, this technique was used 

to differentiate between species in mixed populations. It has been used to investigate 

the symbiotic relationship between nanoarchaea and their host as well as methanogenic 

archaea and sulfur reducing bacteria. Advancements in these techniques have provided 

the ability to identify the presence of certain genes at the single cell level in natural 

environments (98, 99). The phageFISH technique uses fluorescent signal amplification to 

increase the number of fluorescent molecules to increase the fluorescent signal and 

indicate the presence of a virus in a cell of interest (63). Simultaneous 16S FISH and 
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identification of co-localized signals allows for the detection of novel virus-host pairs 

(64, 65).  

For a long time, single-cell sequencing studies were impossible due to the 

challenging technical nature of the experiments. The ability to amplify and sequence 

from a single piece of DNA without contamination was an extremely difficulty technical 

challenge to overcome. Even once the technical difficulties were solved, the cost was 

and still remains prohibitive for many researchers. As the cost of single-cell genome 

sequencing has dropped, this technology has been applied to many different problems 

and questions. Current approaches using low coverage sequencing of single-cell 

organisms has allowed this technique to be applied to many more questions and 

systems at a much lower cost. Single-cell genome sequencing is achieved through the 

isolation of individual cells (usually via FACS, laser capture microdissection, or 

microfluidics techniques) followed by the lysis of the cell and whole genome 

amplification followed by high throughput sequencing.  

Single-cell genomics has previously been used to characterize differences 

between individual cells of a single species as well as investigate the presence of 

replicating viruses in marine populations (100, 101). However, these studies have 

generally been limited to viruses infecting a single species or a small number of the 

cellular species present. Additionally, these studies have relied on either 1. the 

identification of a contig as viral based on hallmark genes or 2. similarity to previously 

identified viruses. As a result of these limitations, these studies have been used only 
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with a small number of cell types and a subset of the viruses infecting them which 

makes these studies less informative when it comes to the identification of novel viruses 

in cells.  

Research Objectives 

 

 

It is generally accepted that viruses play a crucial role in biogeochemical cycling 

and have significant on microbial populations. In marine systems it is estimated that 

viruses are responsible for the mortality of nearly 20% of microbial cells every single 

day. However, the role of viruses on individual cells is much less studied and studied. 

This work contributes to this field by directly examining the prevalence and nature of 

viral infections at the single cell level in a natural environment. 

The ability to detect virus-infected cells or cells with an associated symbiont like 

a Nanoarchaea directly in environmental samples has long been challenging, especially 

in high-temperature, low-pH hot springs that are dominated by archaeal cells. Detection 

in these environments is complicated by the low cellular biomass and our lack of 

knowledge of archaeal viruses in general. Culture-independent techniques, such as viral 

metagenomics, have been crucial for advancing our understanding of the viruses 

present in these systems as most of the archaeal hosts remain recalcitrant to culturing. 

The work discussed in this dissertation demonstrates the ability to identify novel virus-

host pairs and quantify the number of cells infected with a specific virus; both topics are 

further discussed in chapters 3-5. Previous work identifying virus host interactions at the 

single cell level has been limited in scope to only targeting one or two viruses at a time, 
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thus limiting its application in a natural environment where there are many possible 

virus-host pairs and numerous different viral types. In order to identify more virus host 

interactions, we utilized a combination of single-cell genomics and viral metagenomics 

to identify these interactions and increase our understanding of prevalence and 

diversity of symbiont-host interactions. Finally, this work investigates which viruses are 

active in the cellular fraction of a hot spring and how these viruses differ from the free 

viruses of that same hot spring and if these viruses are replicating on a population and 

single cell level (Chapter 6).  

 
Specific Objectives 

 

This research takes advantage of the well characterized, simple microbial and 

viral communities present in the NL01 hot spring of YNP to investigate the role of 

viruses at the individual cellular level in the environment and host-parasite interactions 

of cells and viruses in a natural community. Acidic geothermal hot springs are model 

communities that avoid many of the traditional challenges associated with 

environmental virology such as the complexity of most ecosystems. The specific hot 

spring that is the focus of this study has one of the best characterized viral and microbial 

communities in the world. Previous research in this hot spring has demonstrated that 

the microbial and viral communities are relatively stable and consist of ~110 viral types 

and <10 cellular species. This research leverages these simplifying factors to address the 

question of what is the role of viruses in the structure and function of microbial 

communities in natural environments?  
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Due to the large scope of the question being addressed each chapter of this 

dissertation focuses on either developing techniques to answer these questions or a 

specific aim focused on answering a more narrowly defined question that contributes to 

the larger question.  

 

Objective One: addressed in chapter three, aims to develop techniques to rapidly 

and quantitively determine rates of viral infection of uncharacterized viruses and link 

viruses with their hosts in natural environments.  

 

Objective Two: addressed in the fourth chapter, is to identify the host of a novel 

archaeal parasite and its distribution in YNP utilizing the techniques that will be utilized 

later as proof that they work in the hot springs.  

 

Objective Three: addressed in the fifth chapter is to identify and characterize the 

first virus that infects a Nanoarcaheal species and is the founding member of a novel 

viral family. 

 

Objective Four: addressed in the sixth chapter, addresses the question how 

many single cells are infected with viruses and are any of the infected cells are 

interacting with multiple viruses?  

 

Objective Five: addressed in the seventh chapter, addresses the question of are 

the viruses previously detected interacting with individual cells replicating or not at the 

population and single cell level? 
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The findings of these chapters are summarized in the final chapter which also 

provides a prospective on future research.  

Specifically, this work attempts to answer the central question through a 

combination experimental and computational methodologies including: single-cell 

genomics, viral and cellular metagenomics, cellular metatranscriptomics and 

Fluorescent in situ Hybridization (FISH) techniques. These works reveal expansive 

networks of parasite-host interactions. They also demonstrate that host-parasite 

interactions are widespread, common, and diverse interactions in the hot springs of 

Yellowstone National Park. 

This work begins by modifying Fluorescent in situ Hybridization (FISH) techniques 

to make them applicable to viruses while at the same time yielding higher throughput 

and making the technique more quantitative by performing the experiments in solution 

and utilizing FLOW cytometry to analyze the results, Chapter three in the dissertation. 

This technique is applied to two novel uncharacterized viruses infecting cells in four high 

temperature low pH hot springs of YNP. The combination of FISH and flow cytometry 

allows for the rapid and inexpensive quantification of virus-host interactions on 

environmental samples. It also opens new avenues for research investigating dual 

infection of selected viruses. Further advancements will allow for the isolation of 

infected cells for additional study. 

After demonstrating the effectiveness of FISH techniques in archaeal dominated 

hot springs, this technique is applied to a novel and widespread parasite-host 
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interaction between the obligate cellular parasite Nanoarchaea and their Sulfolobales 

host. This is accomplished through a combination of FISH techniques and single cell 

genomics. This chapter, Chapter four in the dissertation, identifies the host of these 

novel organisms and investigates the distribution of these organisms in hot springs of 

differing geochemical parameters from across Yellowstone. Finally, this work provides 

the first evidence of a virus infecting a nanoarchaea cell which is itself an obligate 

parasite, providing a foundation for future work investigating the interactions between 

the virus infecting the Nanoarchaea and the Nanoarchaea and its host cell. 

After investigating viral infection of a few specific viruses, Chapter five in the 

dissertation addresses the question of how many cells are infected and which viruses 

are infecting them in a Yellowstone National Park hot spring. This work combines a viral 

metagenomic network that was previously generated from the Nymph Lake 01 hot 

spring and single cell genome sequencing of over 300 single cells from the NL01 hot 

spring. This is the first time that these techniques have been combined resulting in a 

more sensitive assay for viruses than previous single cell studies have been able to 

achieve and shows the widespread occurrence of viral infection and multiple viral 

infections in this environment. 

The next chapter, Chapter six of the dissertation builds upon the previous work 

showing that virus-host interactions are a common and pervasive element of hot springs 

in YNP. This chapter investigates which viruses are actively replicating in the hot springs 

and if these viruses are different from the free viruses in the hot springs. It does this by 
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pairing viral and cellular metagenomes with cellular metatranscriptomes collected at 

the same time from multiple hot springs including the same hot spring that was the 

focus of the single cell genomics study. This pairing and comparison of metagenomic, 

and metatranscriptomic datasets allows the differences between the free viral 

population, the viral population associated with the host cells, and the viruses that are 

actively transcribing their genes to make proteins to be comprehensively investigated. 

This work in combination with the single cell study described in the previous chapter 

identifies actively replicating viruses in the single cells.  
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CHAPTER TWO 

 

 

INTRODUCTION TO ARCHAEAL VIRUSES 
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Abstract: Archaeal viruses are some of the most enigmatic viruses known, due to the 

small number that have been characterized to date. The number of known archaeal 

viruses lags behind known bacteriophages by over an order of magnitude. Despite this, 

the high levels of genetic and morphological diversity that archaeal viruses display has 

attracted researchers for over 45 years. Extreme natural environments, such as acidic 

hot springs, are almost exclusively populated by Archaea and their viruses, making these 

attractive environments for the discovery and characterization of new viruses. The 

archaeal viruses from these environments have provided insights into archaeal biology, 

gene function, and viral evolution. This review focuses on advances from over four 

decades of archaeal virology, with a particular focus on archaeal viruses from high 

temperature environments, the existing challenges in understanding archaeal virus gene 

function, and approaches being taken to overcome these limitations.  

Keywords: archaeal virology; extremophiles; environmental virology; archaeal viral 

genetics; archaeal viral genes 
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Archaea are well known as extremophiles that can thrive in some of the most 

extreme and inhospitable environments (32). Members of the Archaea appear to be an 

interesting blend of features typically found in bacteria (e.g., metabolic characteristics 

and overall cellular morphology) or in eukaryotic organisms (e.g., eukaryotic-like 

information processing systems) along with features that distinguish Archaea from both 

Bacteria and Eukarya (e.g., cellular membranes with ether linked lipids). The Archaea is 

comprised of several recognized phyla, including the better-studied Euryarchaeota and 

Crenarchaeota, and several candidate phyla, including the recently discovered 

superphylum Asgardarchaeota (Table 2.1) [2,3] . It is now appreciated that members of 

the Archaea can be found across diverse natural environments (102–105), however, their 

dominance in certain extreme environments makes these sites ideal settings for the 

discovery of archaeal viruses and for examining archaeal–virus interactions. Nearly all of 

the archaeal viruses that have been described to date have been isolated from either 

high-salt environments or high-temperature (>70 °C) hot springs, making them ideal tools 

with which to study the genes and genomics of biological entities from extreme 

environments. This review will focus on what we have learned from nearly 45 years of 

examining archaeal viral genes, and the significant challenges that remain in 

understanding the function of archaeal viral genes and their interactions with their hosts. 

This review will focus principally on studies of archaeal viruses from high temperature 

environments, but will also touch on archaeal viruses from other environments. 
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High-temperature low-pH hot springs around the world are dominated by Archaea to 

the point where no eukaryotic organisms are present, and Bacteria only make up a small 

portion, typically <1% of the cellular biomass in many hot springs (20, 22, 32, 106). One 

possible explanation for the dominance of Archaea in these environments is not that 

Bacteria are unable to tolerate and live in such extreme conditions, but rather, that 

Archaea are better at surviving in these conditions, due to their ability to outcompete 

Bacteria in environments where nutrients are chronically limited (107). In addition to 

lacking bacterial species, these environments frequently have a low diversity of archaeal 

species present (typically <10) (20, 21), replicating in a low cell density environment. 

These low-complexity cellular communities, combined with near complete knowledge of 

the viral community structure (68, 108, 109), make high-temperature low-pH hot springs 

ideal natural environments for the study of archaeal virus–host interactions in a natural 

setting. 

The number of viruses described from extreme environments has been increasing, 

but compared to mesophilic environments, the number of viruses described still lags 

significantly behind. The hot springs of Yellowstone National Park (YNP) and around the 

world have been especially rewarding for the study of thermophilic viruses infecting 

species of Crenarchaea. These viruses exhibit remarkable morphological diversity not 

shared by any other viruses that have been characterized to date, and are extensively 

reviewed by Dellas et al. (110), Rachel et al. (47), and Prangishvili et al. (48). However, to 

date, only ~100 archaeal viruses, all of which have DNA genomes, as compared to over 
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2000 bacteriophages, with both DNA and RNA genomes, have been classified in the most 

recent release of the International Committee on Taxonomy of Viruses (ICTV) (111). Of 

the archaeal viruses deposited in National Center for Biotechnology Information (NCBI) 

(Figure 2.1), most infect halophilic species within the Euryarchaeota phylum (32 viruses) 

and thermophilic species of Crenarchaeota (55 viruses). However, even when viruses that 

have only been identified through metagenomic approaches are included, there are still 

only roughly 150 archaeal viruses that have been described, to date. In addition, the 

viruses infecting members of most archaeal phyla are unknown at this time (Table 2.1).  

Table 2.1. Number of isolated viruses infecting archaeal phyla and candidate phyla with 

metagenomic evidence of viruses. Archaeal phyla and candidate phyla were curated 

from the National Center for Biotechnology Information (NCBI) taxonomy browser (112) 

on 9 February 2018. The number of viruses was determined from the NCBI viral 

database. Numbers in brackets refer to articles that describe viruses from metagenomic 

sequences that are inferred to infect the archaeal phyla.  

Phyla Number of 
Viruses in NCBI Metagenomic Viruses 

Candiditus Aenigmarchaeota 0 No 

Candiditus Bathyarchaeota 0 Yes (113) 

Crenarchaeota 55 Yes (68) 

Candiditus Diapherotrites 0 No 

Euryarchaeota 32 Yes (113–115) 

Candiditus Geothermarchaeota 0 No 

Candiditus Heimdallarchaeota 0 No 

Candiditus Korarchaeota 0 No 

Candiditus Lokiarchaeota 0 No 

Candiditus Micrarchaeota 0 No 

Nanoarchaeota 0 Yes (20) 

Candiditus Nanohaloarchaeota 0 Yes (116) 

Candiditus Odinarchaeota 0 No 

Candiditus Pacearchaeota 0 No 

Candiditus Parvarchaeota 0 No 

Thaumarchaeota 0 Yes (101, 115, 117) 

Candiditus Thorarchaeota 0 No 

Candiditus Woesearchaeota 0 No 
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Figure 2.1. Number of bacterial and archaeal viruses that have been fully sequenced and 

deposited in the NCBI viral genome database on 6 December 2017. (118) 

 

Challenges Associated with Archaeal Virology 

 

 

One reason for the relatively small number of archaeal viruses that have been 

described is due to the difficulty of culturing many of their hosts. Metagenomic 

approaches have helped to overcome this limitation, and have increased our knowledge 

of viruses from extreme environments. One case study of a single hot spring from YNP 

revealed 110 viral groups (68), only seven of which have characterized representatives. 

Interestingly, this same hot spring has <10 host species (20), suggesting that we have only 

begun to scratch the surface of the diversity of extreme viruses present within these 

environments. 

Despite the small number of archaeal viruses that have been characterized to date, 

the viruses of Archaea are classified into over 17 families, reflecting the wide 

morphological and genetic diversity of these viruses (49). In comparison, the viruses 
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infecting Bacteria are classified into only 10 families, despite there being over 2000 fully 

sequenced bacteriophages in the NCBI viral database (118)  The genomes of archaeal 

viruses exhibit remarkable genetic diversity from each other and from bacteriophages. A 

frustration (and source of excitement) for researchers studying novel archaeal viruses is 

the tendency for 75–90% of genes in a new archaeal virus to have no significant match 

(BLAST <1e−5) in the public databases, making the identification of gene function difficult. 

While bacteriophages have a similar problem, it is not as dramatic as in crenarchaeal 

viruses, where the function of ~85% of viral genes are unknown (49). However, when 

crenarchaeal viral gene functions have been determined, they have often led to major 

new insights into archaeal biology. For example, a completely new type of virus release 

mechanism was identified based on the formation of seven-sided pyramid-like structures 

on the surface of infected cells (37, 39). Overall, there are many functions encoded by 

crenarchaeal viruses that are akin to functions seen in eukaryotic viruses, including 

interactions with the cellular endosomal sorting complex required for transport (ESCRT) 

system (42, 43), RNA polymerase (119), and similarity in rolling circle replication proteins 

(56, 120). Additionally, the structures of the Sulfolobus turreted icosahedral virus (STIV) 

and Haloarcula sinaiiensis tailed virus 1 (HSTV-1) (Table 2.2) major capsid proteins were 

found to be homologous to major capsid proteins of viruses infecting Bacteria and 

eukaryotes, suggesting an ancient origin of these viral lineages (44, 46). There is also a 

blurring of the lines between archaeal viruses and archaeal plasmids. A recent study 

described a plasmid from an Antarctic archaeon that is transported between cells by a 
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vesicle that also has plasmid-encoded proteins embedded in the lipid membrane (121). 

While this plasmid has no obvious viral hallmark genes, it is worth noting that neither do 

pleolipoviruses (122), which these vesicles resemble morphologically, and also infect 

haloarchaea (123). 

Table 2.2. Table of all viruses mentioned in this review, their abbreviation, and the 

original reference where the virus is described. 

Abbreviation Virus name Reference 
AFV1 Acidianus filamentous virus 1 (124) 

APBV1 Aeropyrum pernix bacilliform virus 1 (125) 

ATSV Acidianus tailed spindle virus (65) 

ATV Acidianus two-tailed virus (126) 

HHTV-2 Haloarcula hispanica tailed virus 2 (127) 

HSTV-1 Haloarcula sinaiiensis tailed virus 1 (127) 

MetSV Methanosarcina spherical virus (128) 

MTIV Metallosphaera turreted icosahedral virus (64) 

ϕCh1 Natrialba magadii phi Ch1 (129) 

PBCV-1 Paramecium bursaria chlorella virus 1 (130) 

PRD1 Phage PRD1 (131) 

SIRV1 Sulfolobus islandicus rod-shaped virus 1 (58) 

SIRV2 Sulfolobus islandicus rod-shaped virus 2 (58) 

SSV1 Sulfolobus spindle virus 1 (132) 

STIV Sulfolobus turreted icosahedral virus (46) 

TTV-1 Thermoproteus tenax virus 1 (133) 

The lack of understanding of genes from thermophilic viruses is exemplified by 

prokaryotic viral orthologous group (pVOG) analysis (74). Orthologous protein clustering 

has become a widely accepted method to computationally identify protein orthologs, 

with the added benefit that the protein function does not need to be known for orthologs 

to be identified. Protein clustering approaches have been applied to viral systems from 

the open ocean (69, 134), to virophages that co-infect eukaryotic viruses with a giant virus 

(135), and to undescribed viral “dark matter” (136).  
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Recently, all genes encoded by archaeal and bacterial viruses were clustered into 

nearly 10,000 pVOGs (74). While there were nearly 3000 bacteriophages included in this 

analysis, there were only 78 archaeal viruses. Of the archaeal viruses, 74 had double 

stranded DNA (dsDNA) genomes. Due to the absence of archaeal RNA viruses, and the 

small number of archaeal single stranded DNA (ssDNA) viruses, RNA, and ssDNA 

bacteriophages, these were omitted from our analysis. Of the genes encoded by dsDNA 

bacteriophages, 65% clustered into one of the pVOG. However, for dsDNA archaeal 

viruses, only 43% of genes were part of a pVOG (Figure 2.2). A further analysis reveals 

that genes of archaeal viruses are more likely to not be part of a pVOG or part of a pVOG 

where the function is unknown (90%) than the genes of bacterial viruses (79%). In fact, 

for many archaeal viral families, genes are primarily not part of a pVOG or are a member 

of a pVOG with an unknown function (Fig 2). Overall, these observations indicate that 

archaeal virus gene annotation lags behind bacteriophage gene annotation. 
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Figure 2.2. Analysis of genes from double stranded DNA (dsDNA) viruses in the 

prokaryotic viral orthologous group (pVOG) analysis (74). (A) Distribution of pVOGs that 

are encoded for by dsDNA bacteriophages only, dsDNA archaeal viruses only, or both. 

(B) Percentage of genes from each viral family for dsDNA archaeal viruses and 

bacteriophages that are not in a VOG, in a VOG with a predicted function, or in a VOG 

that lacks a predicted function. For each viral family, the number of viruses belonging to 

the family is provided in parenthesis. Archaeal viral families with high temperature 

representatives are shown in red. 

 

Comparison of Gene Content of Bacteriophage, Archaeal, and Eukaryotic Viruses 

 

 

Despite the overrepresentation of bacteriophage in the pVOG dataset, there are a 

number of pVOGs that are only encoded by archaeal viruses. Of the 479 pVOGs that are 

encoded for by dsDNA archaeal viruses, 66% (317 pVOGs) are encoded only by archaeal 

viruses without membership from any bacteriophage. As expected, the vast majority of 

these archaeal-only pVOGs do not have a predicted function. When combined with the 

archaeal virus genes that are not part of a pVOG, only ~10% of all archaeal dsDNA viral 

genes are part of a pVOG with a predicted function. These results indicate that a 

significant component of the archaeal virus gene repertoire differs from their 

bacteriophage counterparts.  

The genomes of archaeal viruses differ from bacterial viruses at the whole genome 

level as well. The known archaeal viruses, on average, have smaller genomes than 

bacteriophages (49) and consequently encode for fewer proteins (65 open reading frames 

(ORFs) on average for archaeal viruses as compared to 101 ORFs for bacteriophage). 

Archaeal viruses also encode for significantly more genes per kb than bacteriophage (1.62 

to 1.49 genes/kb respectively, p < 0.01, t-test). Packaging of the archaeal viral genomes 
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within their virion appears to involve more diverse mechanisms. For example, Sulfolobus 

islandicus rod-shaped virus 2 (SIRV2) packages its genome as A-form DNA (40). While A-

form DNA had previously been described in bacterial spores (137), this was the first time 

that it had been observed in a virus. A-form DNA is found in multiple biological entities 

exposed to harsh conditions, suggesting that packaging DNA in this form may be a 

common mechanism for the protection of DNA in the most inhospitable environments. 

Likewise, the virus Aeropyrum pernix bacilliform virus 1 (APBV1) tightly packages its DNA 

genome as a left-handed superhelix with its major capsid protein (138). Both of these 

examples likely reflect adaptations for DNA stability at high temperatures. 

Most high-temperature low-pH hot springs present numerous challenges that must 

be overcome by viruses and their hosts. As a result of being low-nutrient environments in 

combination with high-metal and or salt concentrations, most high-temperature low-pH 

hot springs have cell densities lower than seawater. This low host abundance makes it 

difficult for viruses to find a new host after release through lysis (38) or budding (41) from 

an infected cell. The difficulty of finding a new host is further complicated by the fact that 

the half-life of archaeal viruses at high temperatures is often short (t1/2 <60 min) 

(unpublished data (139)). To overcome this challenge, some archaeal viruses have 

developed novel mechanisms to increase their ability to find host cells. One example of 

this is the Acidianus two-tailed virus (ATV), which, upon release from the host cell, 

undergoes a dramatic conformational change, where the central spindle shape of the 

virion contracts in width, while the two tails extend in length up to 1 μm (140). This 
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morphological change occurs in the absence of the host cell, energy source, or external 

cofactors (140). Such a dramatic morphological change is hypothesized to assist the virus 

in its search for a new host, by dramatically increasing the area it can search and by 

minimizing the time that the viral particle spends unprotected outside of a host cell.  

The difficulty of finding a new host also suggests that the viruses of thermophilic 

Archaea might have a greater tendency toward vertical vs horizontal transmission 

mechanisms within their environments. Among cultured thermophilic archaeal viruses, 

almost all are capable of establishing chronic or persistent infections, and only a small 

number, among them ATV and Thermoproteus tenax virus 1 (TTV-1), are obligately 

virulent (141). Interestingly, halophilic viruses seem to be more likely to be lytic (142), 

although in some halophilic viruses, integrases have been identified (143), and others 

seem to be capable of persistent infections (144). This suggests that the conversion to 

lysogeny is possibly an adaptation to counter the harsh environment encountered by 

thermophilic and halophilic viruses outside of their host cells. This ability to propagate 

vertically while still generating a small number of progeny would be extremely beneficial 

in an environment where finding a host cell and successfully establishing an infection is 

probably one of the greatest limitations. The two factors discussed above (low cell density 

and short virus half-life in the environment) both promote a viral lifestyle that minimizes 

the amount of time that a virus spends outside of its host cell. As a result, these viruses 

are more likely to replicate via a chronic or lysogenic lifecycle.  
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While the complete lifecycle of most archaeal viruses remains unknown, there are 

several steps of the replication cycle that are beginning to be understood. Many of these 

processes have remarkable similarity to eukaryotic viral processes that are not as 

commonly observed in bacteriophage replication cycles. Archaeal viruses of the 

Rudiviridae family have covalently closed linear dsDNA genomes similar to members of 

the eukaryotic viral family Poxviridae. The similarity of these genome structures led to the 

proposal of the flip-flop model of genome replication for SIRV1 (56). A new archaeal virus, 

Metallospheara turreted icosahedral virus (MTIV), has a linear dsDNA genome with 

inverted terminal repeats (ITRs) (64) that are likely involved in genome replication, like 

adenovirus (145), and some herpesviruses (146) and bacteriophages of the family 

Tectiviridae (147). It is still to be determined if MTIV utilizes a protein to prime genome 

replication, like adenovirus (64), or if it is self-primed, like ssDNA eukaryotic viruses such 

as human parvovirus (148). Many other archaeal viruses contain ITRs, including 

Methanosarcina spherical virus (MetSV), which likely replicates via protein-primed DNA 

replication (128).  

Common to archaeal and eukaryotic viruses is the discovery that the archaeal 

homolog of the endosomal sorting complex required for transport (ESCRT) is utilized by 

some archaeal viruses for viral assembly and escape (42, 43). This same complex is also 

utilized by several eukaryotic viruses, including human immunodeficiency virus (HIV), to 

facilitate egress from their host cell (43). Archaeal viruses budding from their host cells 

appears similar to the budding process utilized by many enveloped eukaryotic viruses 
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(41). However, these processes are not commonly found in bacteriophages. It will be 

interesting if additional viral processes are discovered that are shared between archaeal 

and eukaryotic viruses, supporting a hypothesis that like their cellular counterparts, 

archaeal and eukaryotic viruses are more similar to each other than they are to 

bacteriophages. The discovery and characterization of viruses infecting the recently 

described archaeal superphylum Asgardarchaeota (3), which forms a monophyletic clade 

with Eukarya, will likely shed insights into the evolutionary relationships between viruses 

infecting the Archaea and eukaryotes.  

The shared cellular architectures and information processing pathways between 

Archaea and eukaryotes provide commonalities between these domains that viruses can 

exploit to replicate. These commonalities also mean that the study of archaeal viruses can 

be used to shed light on processes in eukaryotic cells and vice versa. In a recent example, 

cellular TFS4, which acts as potent inhibitor of host RNA polymerase, was found to be 

induced upon infection of a Sulfolobus species by STIV (119). A chimeric version of this 

protein is able to inhibit RNA polymerase activity in yeast cells, suggesting that this 

method of RNA inhibition is conserved between Archaea and Eukarya (119). While it is 

unknown if this protein maintains its function in other eukaryotic systems, this discovery 

does raise the speculation that viruses exploit other mechanisms conserved across 

domains.  

 

Archaeal Virus Life Style and Gene Functions 
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Many archaeal viruses, as well as some bacteriophages, utilize pili and flagella in their 

initial binding to host cells (149). While there are no archaeal viruses for which the cellular 

receptor has been identified, there are numerous descriptions of archaeal viruses 

attaching to extracellular structures, most notably pili. These include STIV (139) and 

Acidianus filamentous virus 1 (AFV1), which attaches to the cell pili with claw-like 

structures on the distal part of the virion (124). SIRV2 also attaches to the tips of pili, and 

then proceeds to move along the pili towards the cell (57). This binding occurs within 

minutes after addition of virus in a cultured setting (57), and supports the hypothesis that 

thermophilic viruses have evolved to minimize time spent outside of the cell.  

Many archaeal viruses may establish chronic infections within their host cells. As 

such, the virus may spend the majority of its life cycle within the infected cell. The fact 

that ~90% of Archaea have CRISPR (Clustered Regularly Interspaced Short Palindromic 

Repeats)/Cas (CRISPR Associated) anti-virus defense system (150) suggests that archaeal 

viruses have effective mechanisms to overcome CRISPR/Cas systems. A recent study 

found that upon infection with a single virus CRISPR, spacer acquisition did not happen. 

However, upon infection with a second virus, hyperactive CRISPR spacer acquisition was 

observed from one virus but not the second virus, indicating that some archaeal viruses 

have evolved anti-CRISPR mechanisms to protect their DNA from spacer acquisition (151). 

CRISPR loci have also been detected in some archaeal viral genomes, although their 

purpose is not yet known (65). However, it tempting to speculate that they may function 

as a virus-based anti-viral system to exclude competing viruses from infecting the same 
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cell. The identification of specific proteins that are involved in countering archaeal CRISPR 

systems, and characterization of their function, will remain an area of interest in the years 

to come. 

A major challenge moving archaeal virology forward is how to elucidate the 

function(s) of archaeal virus genes and their interactions with their host machinery. An 

enhanced effort on the biochemical analysis of archaeal host and viral genes will 

undoubtedly prove worthwhile. For example, two proteins within the genomes of SIRV1 

and SIRV2 appeared to be homologous to Holliday junction resolving enzymes (55). While 

each gene showed an 85% identity to each other, they had very limited homology to other 

Holliday junction resolvases (34% homology in the N-terminal half and only 6% in the C-

terminal half). Heterologous expression and purification of the SIRV proteins showed 

preferential binding to cruciform DNA at temperatures up to 70 °C. Furthermore, these 

proteins were shown in vitro to be capable of resolving replication intermediates, genetic 

recombination, and DNA repair. 

Combining genetic and biochemical analysis has proven a powerful approach to 

determine gene function. The development of archaeal host and viral genetic systems is 

limited, but where it has been accomplished, it has proven to be quite useful. While most 

Crenarchaea remain genetically intractable, significant advances have been made in the 

creation of a suite of tools for the genetic manipulation of Sulfolobus species. These tools 

include viral (SSV1) and plasmid-based shuttle systems, as well as CRISPR based gene 

deletion, mutagenesis, and silencing techniques (152). Genetic systems have also been 
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developed for some archaeal viruses, for example, the SSV1 genetic system has provided 

insightful into the function of archaeal viral genes (59, 153, 154). Both random and 

targeted mutagenesis of the SSV1 viral genome surprisingly revealed that only half of the 

viral genes encoded by the SSV1 genome (16/35 viral genes) are essential for infectivity 

(59). Furthermore, the requirement for a particular viral gene correlates well with its 

degree of conservation among the Fuselloviridae.  

In a second example, combined genetic and biochemical analysis of c92 gene from 

STIV1 revealed its function in a new cell lysis mechanism (38, 39), and metagenomic 

analysis revealed that it is likely widespread in archaeal viruses of acidic hot springs (51). 

A final example: combined genetics and biochemical assays to suggest the function of 

viral gene, ORF79, from the halophilic virus ϕCh1. Bioinformatically, ORF79 shows low 

homology to another halophilic viral protein, gp5 from Haloarcula hispanica tailed virus 2 

(HHTV-2), to the adenovirus E1A protein, and to chromatin remodeling proteins (155). 

Transformation of a ORF79 disruption cassette into a strain of the host that carried a 

proviral ϕCh1 yielded viruses that carried a disrupted version of ORF79. The mutant 

strains showed a premature onset of viral lysis in comparison to wild type virus. 

Furthermore, expression of ORF79 in a lysogenic strain of N. magadii resulted in inhibition 

of lysis. 

Structural studies often provide valuable insights into unknown archaeal virus protein 

function(s). One example of this is the structural analysis of major capsid protein of STIV. 

This protein lacks significant similarity to other proteins in public databases but, based on 
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secondary structure analysis, was predicted to have the “double jelly roll” motif found in 

viruses infecting Bacteria and eukaryotes (46). Combined structural analysis using X-ray 

crystallography and cryo-electron microscopy showed remarkable similarity of STIV major 

coat protein to the capsid proteins of PRD1 and Paramecium bursaria chlorella virus 1 

(PBCV-1), suggesting an ancient lineage for a group of viruses infecting all three domains 

of cellular life (46). A decade later, the archaeal virus HSTV-1 was shown to have a HK97-

like protein fold found in some bacteriophage and eukaryotic viruses, providing evidence 

of two ancient viral lineages that existed prior to the split of Archaea and Bacteria (44).  

One of the earliest structural studies of archaeal viral proteins focused on the STIV 

A197 protein (67). While the sequence of this viral protein provided little insight into its 

function, the structure revealed that it belonged to the glycosyltransferase superfamily. 

These proteins have large diversity, which can make identifying them by sequence 

similarity challenging. A197 from STIV belongs to the GT-A superfamily of 

glycosyltransferases that is hypothesized to have evolved from a common ancestor (156). 

Glycosyltransferases are ubiquitous to the three domains of life, indicating they were 

present prior to the separation of the domains of life. In recent years, several other 

proteins from STIV have had their structure determined, providing insights into their 

function: B204 is an ATPase, and likely functions in DNA packaging and/or release from 

the virion (157); F93 (158) and B116 (159) are two DNA binding proteins likely involved in 

regulation of host and/or viral transcription; A81 forms a proliferating cell nuclear antigen 

(PCNA)-like ring structure likely involved in DNA replication (160); and A223 and C381 
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proteins form the turrets extending from the surface of STIV virions, which are likely 

involved with genome packaging and release, as well as binding to the uninfected cell 

surface (161). 

More recently, tomography and single particle cryo-electron microscopy have been 

applied to structural studies of virions and host–virion interactions. Cryo-tomography has 

been used to study the interaction of the STIV turrets with fibers extending from the host 

cell surface (unpublished data (139)). The large spindle-shaped archaeal virus, Acidianus 

tailed spindle virus (ATSV), was recently examined by tomography and, unlike 

bacteriophages with distinct head and tail structures, the head and tail of ATSV appear to 

be a single continuous structure (162), suggesting a new virion assembly mechanism 

(163). The capsid structure of a thermophilic virus MTIV was solved to 22Å using a 

combination of tomography and single particle reconstruction, revealing a new virion 

architecture (64). Additionally, cryo-electron microscopy has been used to study the 

hyperthermophilic virus SIRV2 virion, to discover that almost half of the major capsid 

protein remains unstructured, and the viral DNA of SIRV2 is entirely packaged in A-form 

(40).  

In recent years, culture-independent approaches have been used to identify virus–

host interactions. This has been accomplished through a number of techniques, including 

viral tagging (164, 165), phage fluorescent in situ hybridization (FISH) (63–65), single cell 

genomics (SCG) (100, 166), and bioinformatic analysis of previously published sequence 

data (136, 167, 168). While these techniques have produced limited insight into the 
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structure and function of viral genes, they have frequently aided researchers in identifying 

the appropriate host to direct culturing efforts (65). While difficult, culture-independent 

studies can provide insight into viral genes in combination with other techniques. For 

example, the large-tailed spindle virus ATSV was initially isolated directly from 

environmental hot spring samples, and its host identified using both viral FISH and cellular 

CRISPR/Cas analysis (65). Prior to host identification, the major coat protein was 

identified, cloned, and the structure was solved (162), which lead to hypothesis about 

viral evolution, gene conservation, and novel mechanisms for viral (163). One promising 

approach is the application of SCG to environmental samples. SCG has the ability to 

directly identify virus–host interactions, superinfections, and to help define viral host 

ranges. Further advances in the technology will allow for the detection of viral RNA, to 

identify replicating viruses within single cells. FISH also has the ability to study viruses 

interacting with their hosts in environmental settings. Phage FISH is capable of identifying 

novel virus–host relationships (63), while gene FISH is able to detect specific viral genes 

of interest (99, 169) throughout the virus infection. 

Despite their ubiquity (all viruses have at least one), structural proteins remain 

difficult to identify in novel thermophilic viruses. The low level of sequence conservation, 

and multiple possible protein folds, makes bioinformatic identification of these proteins 

difficult. While the genes of these proteins are the closest there is to a universal viral gene 

marker, the unknown degree of transfer between viral families makes a definitive 

phylogenetic analysis based on viral structural protein alone, difficult. Environmental viral 
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metaproteomics, in combination with protein clustering techniques, is one of the most 

promising high-throughput techniques for the identification and characterization of viral 

proteins. For example, a single environmental viral metaproteomic study identified 1875 

virion-associated open-ocean proteins which are widespread and abundant (62). Four of 

the five most abundant proteins contained the HK97-like fold that is found in viruses that 

infect all three domains of life (44). Combining the dataset with protein clustering 

assigned a functional annotation to 47 of the most abundant protein clusters (62). 

However, viral metaproteomics is limited in that viral proteins that are not associated 

with the viral capsid will not be detected and characterized.  

 

Future Prospects 

 

 

Looking forward, there is still a vital need for discovery and characterization of 

archaeal viruses from other environments, including, but not limited to, deep-sea vents, 

where certain lineages of Asgardarchaeota were identified (4), and additional hot springs, 

marine systems, and other environments where Archaea are prevalent (170). To date, 

only two phyla of Archaea have cultured viruses (Crenarchaeota and Euryarchaeota), and 

several others have metagenomic evidence of viruses (Table 2.1). Additionally, the further 

refinement of bioinformatic tools to match viruses to their hosts based on CRISPR spacer 

matches, k-mer usage frequency, or other techniques, will provide invaluable avenues for 

researchers to study archaeal viruses in other environments where Archaea are present 

in lower frequencies. These studies will discover new archaeal viral families, as well as 
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describe new members of existing archaeal viral families, allowing for a more in-depth 

examination of the evolution of archaeal viruses and their hosts. While laboratory studies 

offer invaluable information and insight as to how viruses interact with their hosts, they 

do not tell the whole story. There is a need to develop additional tools to probe host–

virus interactions dPleairectly in their environments. It is likely that many of the unknown 

viral gene products function only in the context of their environment, helping to 

overcome host defense systems, outcompeting other viruses, and adapting to changes in 

the geochemical environment that is often found in extreme environments.  

While the field of archaeal virology has advanced in recent years, there still remains 

significant challenges in understanding archaeal viral gene function. The expanded 

appreciation that Archaea exist well beyond extreme environments challenges us to 

understand their role in the ecology, and evolution of organisms within these 

environments. This will only occur by more fully understanding archaeal viral gene 

function and interactions with their hosts, both in the laboratory and in their natural 

environments. The fascinating gene diversity exhibited by these viruses should attract 

increased attention from virologists, biochemists, genetics, and structural biologists to 

unravel archaeal virus function. Future advances in culturing and the development of 

genetic systems will undoubtedly provide excellent systems for the study of archaeal 

viruses.  
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Abstract 

 

 

The detection and quantification of viral infections in natural environments has 

long been a challenge for virologists, especially for viruses that have only been identified 

by viral community sequence analysis. Here we present an improved direct viral 

fluorescent in situ hybridization assay (vFISH) for the rapid identification of viral 

infection at the single cell level in microbial communities present in hot springs found in 

Yellowstone National Park. . Furthermore, we combine vFISH with flow cytometry to 

both validate each assay and to enable the rapid quantification of viral infection of 

unknown viruses from multiple environmental samples. Using the combination of vFISH 

with flow cytometry we quantitated viral infection of two uncharacterized viruses 

previously identified only by viral community sequence analysis. We observed a range of 

infected cells from <1% up to nearly 50% of cells in four different hot springs sampled. 

The assays reported here should be generally applicable to diverse natural microbial 

environments. 

 

Introduction 

 

 

Viruses are the most abundant biological entities on the planet (50) but their 

role in the ecology and function(s) in natural systems in which the exist remains poorly 

understood. Contributing to the difficulty of examining viruses is the fact that 99% of 

potential cellular host species from natural environments remain uncultured (171) . In 

the past, most studies have depended on viral plaque assays on a collection of potential 
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cultured hosts to determine host-virus associations (172, 173), but obviously this is of 

limited utility with such a limited number of cell types and viruses currently in culture. 

Over the past fifteen years deep sequencing of viral communities (viral metagenomics) 

has greatly increased our knowledge of viral diversity and viral community structures 

found in a multitude of natural microbial environments including oceans (19, 72, 174), 

freshwater lakes (175, 176) soils (177), the human gut (73, 178) and hot spring (68, 108) 

environments. While analysis of viral metagenomics datasets have been used to study 

viral ecology and track the movement of viruses in the oceans (69), viral metagenomic 

studies generally do not produce any knowledge of viral hosts. For the vast majority of 

viruses identified by viral metagenomics, few have had their hosts identified or infection 

levels within their microbial community determined.  

In recent years, multiple techniques have been developed to identify viral hosts 

in environmental samples using culture-independent approaches. These include the 

matching of CRISPR spacer sequences to viral genomes (179, 180), the matching of 

viruses to their hosts by nucleotide frequency analysis (168, 181), and bioinformatic 

identification of viral sequences directly in microbial genomes (167) and within 

microbial metagenomic datasets (182, 183). These approaches are typically dependent 

on large cellular and viral environmental metagenomic sequence datasets, which are 

not available for many environments. (30). Other techniques such as virus-specific 

antibody labeling are expensive and time consuming. Examination of environmental 

samples by electron microscopy allows for the identification of cells with viral like 
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particles (VLP’s) present (184) but is time consuming. often fails to identify the type of 

viruses associated with the cell, and only detects late stage viral infection cycle when 

virus particles are being produced.  

Fluorescent in situ hybridization (FISH) techniques have the ability to identify 

infected cells in a culture-independent fashion. Most FISH techniques have been 

developed to identify cellular species of interest in environmental samples or in co-

cultures utilizing fluorescently labeled probes complimentary to cellular 16S rRNA. More 

recently these techniques have been expanded to include fluorescent signal 

amplification through catalyzed amplified reporter deposition (CARD) to identify low 

copy number nucleic acid cellular targets. The advantages of FISH-based approaches are 

that they tend to be highly specific for detection of the target sequence, cost effective, 

and relatively rapid. In recent years, FISH-based assays have been developed to detect 

host-virus pairs/associations (63–65). For example, PhageFISH combines the ability to 

detect specific cellular species based on unique cellular sequences with CARD based 

FISH to detect target viral sequences in order to identify infected cells (63, 185). Phage-

FISH has the ability to detect single copy viral genomes (63). More recently direct-

geneFISH (99, 186) has been developed to simplify the labeling process and to allow for 

the differentiation of low and high copy number sequences present in the cell. Together 

these techniques offer the ability to identify viral hosts and to begin to quantify the 

number of cells infected with specific viruses in environmental samples.  
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In this study we merged the advantages of phageFISH (63) with Direct-geneFISH 

(99) and flow cytometry, to create a culture-independent technique capable of 

quantifying the number of cells infected with a virus of interest. We further advance this 

technique by modifying the work flow so that the FISH protocol is performed in solution 

as compared to on solid substrates (e.g. glass slides or filters) allowing for flow 

cytometry quantitation of the number of cells infected by specific viruses of interest. We 

apply these modified techniques to identify infection rates of two novel viruses 

previously characterized only through viral metagenomics in archaeal dominated 

microbial communities found in Yellowstone National Park (YNP) acidic hot springs (20). 

This technique advances the ability to rapidly identify viral hosts and to quantitate the 

number of cells infected with viruses of interest in natural environments using culture-

independent approaches.  

 

Materials and Methods 

 

 

Sample sites, cell and virus isolation, 

and cell and virus DNA extraction  

 

1L hot spring samples were collected from four hot springs in Yellowstone 

Nartional Park. The Nymph Lake 01 (NL01) hot spring in the Nymph Lake Thermal Area 

Crater Hills 09 (CH09) in the Crater Hills thermal area and the Gibbon geyser 20 (GG20) 

and Gibbon Geyser 21 (GG21) hot springs in the Gibbon Geyser geyser basin 

(Supplemental Table 3.1, Supplemental Figure 3.1). Samples were transported to 

Montana State University at ambient temperature where they were sequentially in-line 
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filtered through a 5um and 0.45um filters. Cells were collected from the 0.45um filter by 

gentle resuspension using 2ml of flow through water. Cells were further purified from 

larger particulates by differential centrifugation and cell layer resuspension in 

1xPhosphate buffered solution (PBS). After resuspension, cells were fixed in 1% 

paraformaldehyde for one hour at room temperature and washed 3x with 1ml of 1xPBS 

and stored in 1xPBS/50%EtOH at -20˚C until needed for analysis. DNA was extracted 

from cells collected by passing 500ml of hot spring water through a 0.2um filter and 

extracting DNA from cells retained on the filter using the DNeasy Power Water DNA 

extraction kit (Qiagen,). Virus was concentrated from the 0.2um filter flow-through by 

the FeCl flocculation protocol described previously (187). Fe-virus precipitates were 

collected on a 0.2um filter and resolubilized by resuspension in 250ul 250mM ascorbic 

acid, pH 2.3. Triplicate samples were treated with RQ DNase1 for 30 min at 37˚C before 

DNase inactivation and viral DNA extraction with the AllPrep PowerViral DNA/RNA kit 

(Qiagen.) Viral DNA was extracted using the All Prep PowerViral DNA/RNA kit (Qiagen). 

Extracted DNA was spectrophotometrically quantitated using a Qubit 2.0 system and 

stored at -20˚C until needed for further analysis. 

 

Control Viral Infections  

 

Sulfolobus solfarticus P23 cells (188) were cultured in Media 182, pH 2.5, 80˚C to 

an OD650 of 0.2 as previously described and infected with Sulfolobus Turreted 

Icosahedral Virus (STIV) a 2:1 virus to host genome ratio. Twelve hours post infection 
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(pi) cells from 25mls of cell culture were collected by low speed centrifugation (5000 x g, 

10 min). Collected cells fixed in 1% paraformaldehyde and washed as described above. 

 

qPCR Assay for Detection of Viral Sequences 

in Hot Spring Samples 

 

qPCR primers were designed to 9 different viral types previously detected by 

single cell (SAG) DNA sequence analysis (30). The virus types were selected based on 

their abundance in SAGs. PCR products generated from the extracted hot spring viral 

DNA, were TOPO TA cloned, and DNA sequenced. Purified plasmids of cloned viral 

sequences were used as qPCR standards for the quantification of viruses from hot spring 

samples. 

 

vFISH Probe Design and Synthesis 

 

Florence in situ hybridization (FISH) DNA probes were designed to the two most 

abundant viral types as detected by qPCR analysis outlined below. The design of viral 

specific FISH probes was accomplished by first examining viral contigs belonging to the 2 

viral types present in multiple viral metagenomics datasets generated from multiple 

sampling time points of the NL01 hot springs (68) for viral genome regions that were 

highly conserved. Five separate 200-250 bp FISH probes were designed to a single highly 

conserved region within each viral type (Supplemental Table 3.2). FISH probes were 

designed using PolyPro (189) to be semi adjacent to one another on the targeted viral 

genome and to have similar melting points (TMs) (Supplemental Figure 3.2). PCR 

primers were designed with primer3 (190) to amplify the region of each FISH probe 
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(Supplemental Table 3.2), which were subsequently amplified, cloned into E. coli and 

DNA sequenced. Viral specific FISH probes were generated from purified plasmids 

containing each of the cloned probe regions by PCR amplification of the probe region 

followed by PCR product purification by agarose gel size selection. After purification, 

500ng of each PCR product was fluorescently labeled with the Ulysis Alexa Fluor 594 

nucleic acid labeling kit following the protocol described previously (99). Label efficiently 

and final probe yield were determined using a Nanodrop ND-1000 as described by the 

manufacturer (Supplemental Table 3.3). 

 

Glass slide based vFISH 

 

Fixed cells from hot spring samples were placed in 50% EtOH on Teflon coated 

glass slides with 6 mm wells and allowed to air dry. After drying, cells were further 

dehydrated by covering cells with 50%, 80%, 95% EtOH for 1 min each and allowed to air 

dry. After dehydration, direct-vFISH was performed based on the protocol described by 

Barrero-Canosa et al 2017 (99). Briefly outlined, dehydrated cells were permeabilized by 

adding 25 ul 50mM glucose 20mM Tris pH 7.5 10mM EDTA, 0.2% Tween20 on ice for 

one hour. Following permeabilization cells were washed 1x with H2O. After washing, 

cells were covered in hybridization buffer (5x SSC 20% dextran sulfate, 0.1% SDS, 20mM 

EDTA, 0.25mg/ml sheared salmon sperm DNA, 1% blocking reagent, and 23% 

formamide) containing 16% deionized formamide. Florescent probes were added to a 

final concentration of 60pg /probe/ul. Slides were placed in an airtight container with 

H2O saturated chem wipes to reduce evaporation of the hybridization buffer during 
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denaturation and hybridization steps. The cell and probe mixture was incubated at 80˚C 

for 35 minutes to denature the DNA, followed by incubated at 46˚C for 2.5 hrs. to allow 

for hybridization of the probes to target viral sequences. After hybridization, unbound 

probe was removed by washing cells in washing buffer (80mM NaCl, 10mM Tris-HCl pH 

8.0, 5mM EDTA pH 8.0, and 1% SDS) at 48˚C for 15 min prior to washing with 1xPBS 2x 

for 1 min each. Slides were air dried and cells counterstained with 4’6-diamidino-2-

phenylindole dihydrochloride (DAPI) for 5 min , washed with 1xPBS, H2O, and 75%EtOH 

before airdrying, embedding with VectaShiel. Cells were visualized and imaged on a 

Leica DM4 B fluorescent microscope with a Leica DFC 3000 G detector and imaged with 

the Lasax software. Image brightness was increased using Adobe Photoshop CS6 to 

make visualization easier. Controls including no probe and nonspecific TOPO TA probes 

were performed.  

 

Solution based vFISH 

 

Cell samples were dehydrated in 50%, 80%, 95% EtOH for 1min each followed by 

a high-speed spin 21,000 x g for 5 min to pellet the cells. The EtOH was removed and 

cells were resuspended in 20ul of permeabilization buffer (described above) and 

incubated on ice for 1hr. Cells were subsequently washed with 1.5ml of H2O and 

collected by centrifugation at 21,000x g for 5 min. Cells were resuspended in 20ul 

hybridization buffer (described above containing 16% formamide and fluorescently 

labeled viral probes at 60pg/ul). The samples were incubated at 85˚C for 30 minutes to 

denature DNA before hybridization at 46˚C for 2.5hrs. After hybridization, cells were 
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washed with 1.5ml washing buffer (described above) at 48˚C for 15 min and cells 

pelleted by centrifugation (21,000x g for 5 min). Recovered cells were washed in 1.5 ml 

1x PBS for 10 min, and collected by centrifugation (21,000xg for 5 min). Cells were then 

resuspended in 250ul 1x PBS prior to flow cytometry analysis (described below). An 

aliquot of cells was also placed on Teflon coated slides, counterstained and imaged as 

described above. All reagents used in both solution and slide based FISH were 0.2um 

filter sterilized prior to use. Controls including no probe and nonspecific TOPO TA probes 

were included.  

 

Flow Cytometry Analysis 

 

Samples were analyzed on a BD C6 Accuri flow cytometer (BDbiosciences, San 

Jose, CA). Forward and side scatter gates were set based on fixed cells from the hot 

spring being examined. Fluorescent gates using the FL1-A (488nm laser 530 emission) 

channel were based on controls of fixed cells that went through the FISH protocol 

without a fluorescently labeled probe. After the flow cytometry gates were determined, 

all samples were analyzed using the same gate settings for samples from each hot 

spring. Controls including unfixed cells, paraformaldehyde fixed cells, as well as cells 

that had been through the hybridization procedure with no probe or nonspecific TOPO 

TA probes were included.  

 

Results 
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Our objective was to develop an improved and simplified vFISH assay based on 

previously published phageFISH (63–65), and Direct-geneFISH (99) assays. The goal was 

to simplify the protocol by eliminating the CARD amplification step as well as to modify 

the FISH assay to be compatible with flow cytometry analysis for the high throughput 

quantification of virus infection in the hot spring environments. 

Due to the low number of cells (~106 cells/ ml) and viruses (~105virus 

particles/ml) present in Yellowstone’s thermal acidic hot springs (108), we first 

extracted viral and cellular DNA to determine the most abundant viruses present at the 

time of sampling the hot springs using qPCR. Target virus types were chosen based on 

abundance estimates generated from previous viral metagenomic and single cell 

genomics studies from the NL01 hot spring (30, 68). For five of the eight viruses targeted 

for analysis, the estimated viral genomes/ml of hot spring water was higher in the 

cellular fraction than in the viral fraction and in many cases, it was an order of 

magnitude or more higher (Supplemental Figure 3.2). It is likely that this discrepancy in 

viral abundance is due to a combination of the relatively short half-life of these viruses 

when they are released from the cell (on the order of hours) and the fact that many 

archaeal viruses establish chronic infections within their host cells. Most of the viral 

types tested in this study were detected between 10 and 1,000 genomes/ml. suggesting 

either low levels of infection within the cellular community (assuming ~106 cells/ml ), 

low release rates of viruses from infected cells, and or short average half-lifes of 

released virions. Assuming similar abundance of levels released virus particles for the 
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other ~100 viral types that have previously been described in this hot spring this 

correlates to ~105 total virus particles per mL of hot spring water, in contrast to marine 

systems that frequently have 107-109 total virus particles/ml (50). In order to confirm 

that the viral DNA is protected within virions and not free extracellular DNA, triplicate 

viral samples were exposed to 0.1U/ul of RQ DNase 1 at 37˚C for 30 min. DNase treated 

samples showed no reduction in estimated viral genomes/ml as compared to control 

samples not treated with DNase. 

Probes were designed to two of the more abundant virus types (VP002, VP004; 

Supplemental Figure 3.2 and Supplemental Figure 3.3). Both of these viral types are 

uncharacterized viruses having only being identified through metagenomic sequence 

analysis. Based on previous work (99), five 200-250 bp adjacent or near adjacent DNA 

probes were probes were generated by PCR amplification to each virus types using viral 

DNA extracted from theNL01 hot spring as a template (Supplemental Table 3.2). After 

successful PCR amplification and DNA sequence confirmation of probes, probes were 

labeled with the UlysisTM Alexa Fluor 594TM nucleic acid labeling kit and the probe 

labeling efficiency was calculated as described by the manufacturer (ThermoFisher, 

Supplemental Table 3.3). 

Viral specific fluorescence in situ hybridization(vFISH) was used to detect the 

cellular population that was infected by the VP004 virus types present in different hot 

spring environmental samples. Initially, vFISH was first performed on samples 

dehydrated onto glass slides using multiple fluorescently labeled probes as previously 
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described (64, 65). Probes labeled with the Alexa 594 fluorophore complimentary to 

VP004 were hybridized to NL01 hot spring cells isolated at two sperate sampling time 

points separated by four years (Figure 3.1). The percent of cells that were infected with 

VP004 varied from ~3% of cells in 2013 to below ~0.5% in April 2018. In order to ensure 

that the probes are specific to the selected virus we performed control hybridizations of 

the probe against cultured Sulfolobus solfarticus P23 cells infected with STIV (Figure 3.1). 

As expected, no vFISH signal was detected. Additionally, the control of vFISH probes 

generated to the irrelevant E coli TopoTA plasmid did not result in a vFISH signal in hot 

spring cells. 

 

Figure 3.1. Fluorescent microscopy images of vFISH hybridization of probes 

complimentary to VP004 from the NL01 and GG21 hot springs and TopoTA plasmid 

against NL01 cells and cultured S. solfarticus cells infected with STIV. Numbers at the 

Nucleic Acid 
(Dapi)

Viral signal 
VP004

Merged

NL01 2013-08-14 
VP004 probe

29/960
3.1%

Sulfolobus solfarticus 
P23 Infected with STIV

0/1,000
0.0%

4/927
0.4%

NL01 2018-04-19 
VP004 probe

NL01 2018-04-19  
TopoTA probe

0/759
0.0%

459/975
47.1%

GG21 2018-07-31  
VP4 probe
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bottom are the number of cells that were positive for viral colocalization followed by 

the number of cells counted and the percentage. The scale bar is 8um. 

 

Due to the time-consuming nature of manually counting cells to quantify viral 

infection, we next modified the protocol so that it is compatible with flow cytometry 

analysis. In order to do so, probes were labeled with the Alexa 488 fluorphore to be 

compatible with the flow cytometer. vFISH was performed as described above except all 

steps were performed in a 1.5mL Eppendorf tube and cells were pelleted between 

steps. VP004 specific vFISH probes were hybridized to cells from the NL01 hot spring in 

duplicate experiments (Figure 3.2). These timepoints showed reproducible fluorescent 

signals of 1.5% -~0.5% above the negative control threshold of ~0.9%. This infection rate 

of ~0.5% is very similar to the level of infection seen when cells were manually counted 

in slide-based FISH experiments (Table 3.1). A series of controls were performed to 

validate the solution-based vFISH flow cytometry assay. First, cells prior to and directly 

after PFA fixation were inspected by light microscopy and flow cytometry to ensure the 

fixation protocol did not significantly alter cell morphology (Figure 3.2). vFISH controls of 

no probe and hybridization with a nonspecific probe (E. coli TopoTA plasmid probes) 

demonstrated that the hybridization process was not introducing artificial fluorescence 

artifacts into the assay (Figure 3.3). We also examined the infection rates of a second 

uncharacterized virus from the same hot spring, VP002. This virus showed similar 

infection rates of ~0.5% that was also reproducible in experimental replicates. 
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Figure 3.2. Flow analysis charts of controls and direct-vFISH experiments for VP004. The 

fixed cells were used to set the forward and side scatter gates and only events falling 

within this gate were analyzed for fluorescence. The cells that had been through the 

hybridization protocol without a fluorescently labeled probe were used to set the 

baseline for fluorescence.  
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Table 3.1. Number of positive cells in slide based vFISH experiments using 2018-07-31 

NL01 cells and the VP002, VP004, and Topo TA FISH probes 

Sample 

% infected 

cells 

# of cells 

counted 

NL01 fixed cells 0.00 1000 

NL01 No Probe 0.00 1000 

NL01 Topo TA 0.00 1000 

NL01 VP002 0.66 756 

NL01 VP004 0.74 403 

 

After confirming that the vFISH flow cytometry protocol was specific, 

reproducible and correlated with the number of infected cells as detected on standard 

slide based vFISH assays, we selected another NL01 timepoint to analyze in order to 

investigate viral flux over time. vFISH was performed on NL01 cells collected in July of 

2014 with VP004 and VP002 probes. This timepoint showed no discernable infection 

with either of these viruses (Figure 3.4), parallel slide-based vFISH experiments showed 

no infection in these cells either.  

We next investigated the ability of this technique to be applied to other low pH 

high temperature hot springs. We selected another archaeal dominated hot spring, 

Crater Hills 09 (CH09), to examine viral infection levels (Figure 3.3). We did not detect 

either VP2 or VP4 in the cells of this hot spring. This hot spring is another high 

temperature low pH hot spring but despite the geochemical similarities the microbial 

communities are different, and it is likely this difference that precluded us from 

detecting these viruses. Despite having a similar pH and temperature this hot spring has 

significantly more abiotic particulates that needed to be removed from the cells prior to 
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analysis, and likely contribute to the differences between microbial communities. 

Finally, we tested the infection rates of these viruses in two hot springs from the Gibbon 

Geyser basin, that have not been the focus of previous cellular and viral metagenomic 

studies. One of these hot springs also has very high levels of particulate matter that we 

needed to remove from the cells prior to analysis through differential centrifugation. In 

each of these hot springs we were only able to detect a single viral type associated with 

the cells (Figure 3.4). However, the virus that we were able to detect was present at 

higher levels than in the other hot springs and we detected different viruses in the two 

hot springs. In GG20 VP002 was present in ~2.5% of the cells while we detected VP004 

in nearly 50% of the cells in GG21. In examining these hot springs for infection by VP002 

and VP004 viruses we demonstrate the applicability of this technique to multiple hot 

springs and the variability of viruses in different hot springs. Together these results 

demonstrate the ability of direct solution based vFISH to rapidly quantitate viral 

infection of a specific virus at low and high infection levels.  
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Figure 3.3. Infection rates of VP2 and VP4 as determined by FLOW cytometry in two hot 

springs Nl01 sampled on July 2014 and Crater Hills 09 sampled on July 31st 2018. The 

cells were used to set the forward and side scatter gates and only events falling within 

this gate were analyzed for fluorescence. The cells that had been through the 

hybridization protocol without a fluorescently labeled probe were used to set the 

baseline for fluorescence.  

 

NL01 2014-06 VP2 NL01 2014-06 VP4 

NL01 2014-06 no probeNL01 2014-06 cells

CHAS cells CHAS no probe

CHAS VP2 CHAS VP4
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Figure 3.4. Infection rates of VP2 and VP4 as determined by vFISH flow cytometry in two 

hot springs from the Gibbon Geyser basin. The cells were used to set the forward and 

side scatter gates and only events falling within this gate were analyzed for 

fluorescence. The cells that had been through the hybridization protocol without a 

fluorescently labeled probe were used to set the baseline for fluorescence.  

 

In order to confirm the results, and ability of this technique to measure viral 

infection over an order of magnitude we performed vFISH on GG21 samples with the 

GG20 VP2 GG20 VP4

GG21 cells GG21 no probe
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VP4 probe. After labeling the VP4 samples showed a similar number of fluorescent 

events as previously (~50%) of all events. We then mixed the unlabeled cells with the 

and VP4 vFISH labeled samples at 90%, 75%, 50%, 25%, 10%, 0% and quantitated them 

with flow. These results showed a linear decrease of the number of positive events 

down to the baseline detection limit previously established (Supplemental Figure 3.4) 

Taken together these results suggest that flow cytometry-based vFISH provides 

significant advantages over traditional vFISH on solid supports. The ability to rapidly 

quantitate even low infection rates in a short time provides researchers valuble tool 

when working in environments where the virus of interest is only present in a small 

fraction of the total cells. Additionally, we demonstrated the applicability of this 

technique on cells from different environments with different levels of abiotic 

particulates that can be successfully removed. Finally, this technique was shown to be 

effective across a wide range of infection levels.  

 

Discussion 

 

 

Our objective was to develop a simple and robust vFISH assay for the detection 

of archaeal viruses in their archaeal hosts in their natural environments of high 

temperature acidic hot springs found in Yellowstone National Park. Here we adapted 

the direct-GeneFISH technique (99) to detect viral infection in a natural environment 

and modified the protocol for work with flow cytometry. We had previously 

demonstrated that a solid support-based vFISH assay on glass slides was capable of 
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identifying infected cells (64, 65). The improved solution-based assay reported here is 

more rapid (5.5 vs 8 hrs. to complete) and more quantitative because it allows for 

incorporation of flow cytometry-based measurements. It is satisfying that a direct 

comparison of solid-support and solution based vFISH assays resulted in similar levels of 

detection of infected cells. Moreover, vFISH is able to detect over broad range of 

infection rates from low (0.5% infection rate) to high (48% infection rate) and to detect 

changes in viral infection rates over time (from below detection -~1% in this study). 

Several technical improvements allowed for the successful development of the 

solution-based vFISH. One of the most challenging aspects of adapting FISH to a 

solution-based protocol was the optimization of cellular purification from contaminating 

environmental particles such as clay sediments and other particulate matter. This was 

accomplished through differential centrifugation and confirmed with visual analysis via 

brightfield light microscopy. Additionally, reducing the number of centrifugation steps in 

the FISH protocol was critical for ensuring that cellular integrity required for flow 

cytometry analysis was maintained throughout the protocol. Despite these steps there 

were several samples where many of the cells were lysed during processing and a 

smaller number of cells were ultimately subjected to flow cytometry analysis. This 

highlights the need to always monitor cell integrity during the vFISH flow cytometry 

protocol. 

While the current experiments were limited to flow cytometry analysis, future 

work combining vFISH with fluorescence activated cell sorting (FACS) will open up new 
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opportunities. Incorporating vFISH with FACS analysis should allow for isolation of 

infected cells with specific viruses. FACS isolation of a specific viral type followed by 16S 

rDNA amplicon sequencing will allow for direct identification of viral hosts. These 

advances will increase our understanding of virus-host relationships and the 

identification of virus host pairs in natural environments.  

The quantification of viral infection in a natural environment has often been a 

time consuming, expensive, and difficult proposition that has led to different estimates 

of infection depending on the method used. Previous work demonstrated the ability of 

direct-FISH to detect low copy number targets which is crucial for the detection of early 

stage viral infections. The addition of flow cytometry allows for the rapid quantification 

of the level of viral infection for multiple selected viruses. These technical 

advancements offer a new tool to quantify viral infection and study virus host 

interactions in natural environments. 
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CHAPTER FOUR 
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Abstract 

 

 

Nanoarchaeota are obligate symbionts with reduced genomes first described 

from marine thermal vent environments. Here, both community metagenomics and 

single-cell analysis revealed the presence of Nanoarchaeota in high temperature 

(~90˚C), acidic (pH~ 2.5-3.0) hot springs in Yellowstone National Park USA (YNP). Single-

cell genome analysis of two cells resulted in two near identical genomes, with an 

estimated full-length of 650 kbp. Genome comparison showed that these two cells are 

more closely related to the recently proposed Nanobsidianus stetteri from a more 

neutral YNP hot spring than to the marine Nanoarchaeum equitans. Single-cell and 

CARD-FISH analysis of environmental hot spring samples identified the host of the YNP 

Nanoarchaeota as a Sulfolobales species known to inhabit the hot springs. Furthermore, 

we demonstrate that Nanoarchaeota are widespread in acidic to near neutral hot 

springs in YNP. An integrated viral sequence was also found within one Nanoarchaeota 

single-cell genome and further analysis of the purified viral fraction from environmental 

samples indicates that this is likely a virus replicating within the YNP Nanoarchaeota.  
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Introduction 

 

 

The Nanoarchaeota was first described in 2002 (94) as an obligate 

symbiont/parasite with a highly reduced genome lacking most biosynthetic capacity and 

found in association with its host, the marine hyperthermophilic crenarchaeon 

Ignicoccus hospitalis. The Nanoarchaeota provides the unique opportunity to study 

genome streamlining, as well as the transfer of metabolites between Archaeal cells. In 

their original description based on 16S ribosomal sequence Nanoarchaeum equitans 

were classified as a deep-rooted branch of the Archaea forming a new phylum. 

Although, initially accepted, this original classification has been challenged and is still 

being debated. In part, this debate is based on phylogenetic reconstruction using 

concatenated protein sequences and analysis of the distribution of gene families among 

the major archaeal lineages, which suggests a close evolutionary relationship between 

N. equitans and the Thermococcales, a basal order of the Euryarchaeota phylum (191, 

192).  

In the thirteen years since its discovery, there is evidence that Nanoarchaeota 

inhabit a diversity of environments beyond marine thermal vents. Using primers 

designed from the 16S rRNA gene of N. equitans, genetic evidence of Nanoarchaeota 

has been found to be widespread in terrestrial hot springs (97, 193) and mesophilic 

hypersaline environments (97). Ribosomal sequences have also been detected from 

photic-zone water samples far removed from hydrothermal vents (96) suggesting that 
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Nanoarchaeota are a widespread and diverse group of Archaea capable of inhabiting a 

broad spectrum of temperatures and geochemical environments. However, despite 

ribosomal evidence of Nanoarchaeota being widespread, the original N. equitans 

isolated with its host I. hospitalis remains the only cultured representative of this 

phylum. No Ignicoccus species have been identified in terrestrial hydrothermal samples, 

suggesting that terrestrial Nanoarchaeota use a different host and that Nanoarchaeota 

may associate with a wide diversity of host organisms. 

The report of a second sequenced Nanoarchaeota, originally termed Nst1 and 

recently renamed as Nanobsidianus stetteri, from Yellowstone National Park (YNP) and 

provides more insight into Nanoarchaeota diversity (95). Single-cell analysis of N. 

stetteri resulted in a partial 593 kbp genome with an estimated complete genome size 

of 651 kbp. Analysis of the N. stetteri genome provided additional insights into the 

metabolic capacity and phylogenetic position of the Nanoarchaeota. In contrast to N. 

equitans, the full-length genome of N. stetteri is estimated to be more than 20% larger 

(~651 versus 491 kbp), encodes a complete gluconeogenesis pathway, contains no 

CRISPR system, has components of RNase P, encodes for a smaller repertoire of split 

protein coding genes, contains an euryarchaeal type flagellum (archaellum), and has an 

inferred Acidicryptum nanophilum host.  

We have investigated the presence of Nanoarchaeota species in high 

temperature acidic hot springs in YNP, and their relatedness to N. stetteri and N. 

equitans. We found N. stetteri is present in multiple YNP acidic hot springs, that 
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Nanobsidianus in YNP are found in association with a Sulfolobales host, and that a virus 

is likely replicating within YNP Nanobsidianus species.  

Materials and Methods 

 

 

Sample collection 

 

Two hot springs were initially selected for this survey (Figure. S4.1). The location, 

sampling date, pH, and temperature for each sample time are listed in Supplemental 

Table 4.1. Hot spring water was collected from the Alice Springs, Crater Hills (CH09), and 

Nymph Lake 01 (NL01) sampling sites (Supplemental Table 4.1). Upon returning to the 

lab, cells were collected by filtration of samples through 0.4 um filters (Isopore 

HTTP14250). Cells for CARD-FISH analysis were gently washed from filters and fixed in 

1% paraformaldehyde for one hour at room temperature before being washed three 

times in phosphate buffered saline (PBS). After fixation, cells were stored in 50% 

EtOH/50% PBS at -20°C until needed for further processing. 

 

Single Cell Genomics 

 

One mL samples from NL01, collected on October 11, 2011 and September 20, 

2012, were preserved with 5% glycerol and 1x TE buffer (final concentrations), 

immediately frozen in liquid nitrogen and then stored at -80°C. The flow-cytometric 

separation of individual cells, cell lysis, whole genome amplification and the sequencing 

of 16S rRNA genes were performed at the Bigelow Laboratory Single Cell Genomics 

Center (scgc.bigelow.org), using previously described methods (194, 195). Partial 16S 
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rRNA sequences were determined for 99 single cells using universal Bacterial and 

Archaeal primers (Supplemental Table 4.2). Based on the 16S rRNA results, 13 single 

cells representing the major archaeal species were selected for whole genome 

sequencing. Genomic library preparation and sequencing were performed at the Oregon 

State University’s Center for Genome Research (cgrb.oregonstate.edu). SAG genomic 

DNA was sheared using S220 focused ultrasonicator (Covaris, Woburn, MA) and gel-

fractionated for 450 bp fragments. Illumina sequencing libraries were prepared using 

TruSeq reagents and protocols (Illumina, San Diego, CA). 150x2-bp paired-end (PE) reads 

were sequenced using the Illumina HiSeq 2000 platform (Illumina). Twelve indexed SAG 

libraries were multiplexed, in equal proportions, into one lane of a flowcell. The 

obtained reads were quality-trimmed, digitally normalized and assembled in SPAdes 

v.2.2.1 Bankevich et al. (196), as described in Wilkins et al. (197). Potential contaminant 

contigs were removed after tetramer frequency evaluation and PCA analysis identified 

outliers (198) as well as BLAST comparisons to the NCBI nr database and between 

samples sequenced together as described in further detail in Field et al. (199). Genome 

size estimates were calculated using both arCOG (200) and CheckM (201) analysis. 

 

Hot spring 16S rRNA phylogenetic analysis 

 

Fifty-eight ~510 bp single cell 16S rRNA sequences from NL01 October 2011 and 

thirty-eight single cell 16S rRNA sequences from NL01 September 2012 were combined 

with eighteen 16S rRNA sequences from NL01 metagenomes (22, 202) and twenty-one 

sequenced reference genomes resulting in a total of 135 sequences. These sequences 
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were aligned using MUSCLE (203) and a Bayesian analysis was performed using MrBayes 

(version 3.2.5) (204), with mixed nucleotide substation models and gamma shaped 

paramater. Posterior probability values were derived from ten million permutations 

while sampeling every 100,000 generations while using the default 25% burnin. The16S 

rRNA sequence from the bacterial species Acidithiobacillus caldus ATCC 51756 served as 

the outgroup. 

 

Catalyzed reporter deposition-fluorescence 

in situ hybridization (CARD-FISH) probe design 

 

A total of eight 16S rRNA probes were designed, each of which detects one of 

the eight major 16S rRNA phylotypes in the NL01 hot spring (Supplemental Table 4.2). 

An additional 16S rRNA probe was used to detect most Crenarchaeaota (205). Probes 

were synthesized by Biomers (Ulm, Germany) with a horseradish peroxidase (HRP) 

incorporated at their 5’ end. Specificity of probes were validated by testing them in lab 

against near full length 16S rRNA clones generted  for each major 16S rRNA present in 

NL10. Probes were confirmed to hybridize to only their inteneded target and not to the 

other 16S rRNA types presnet in NL10.  

 

CARD-FISH 

 

A modified CARD-FISH analysis (206, 207) was used to probe Archaea-dominated 

acidic hot spring environmental samples. Fixed samples were placed in the wells of glass 

slides (PL-2026 Precision Lab Products) and air dried for 10 minutes at 46°C. Samples 

were subsequently dehydrated in 50%, 80%, and 100% ethanol for 3 minutes and dried 
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at 46°C for five minutes. Wells were covered with permeabilization solution (50 mM 

glucose, 20 mM Tris pH 7.5, 10 mM EDTA, and 0. 2% Tween20) and placed on ice for one 

hour before being rinsed in 1x PBS and air-dried at 46°C. Endogenous peroxidases were 

deactivated by a 10 minute incubation in 0.1 N HCl at room temperature, rinsed with 1x 

PBS and air-dried at 46°C. 16S rRNA probes were added to the hybridization buffer to a 

final concentration of 0.2 ng/ul with a varying amount of formamide (Sulfolobales 20%, 

Nanobsidianus 40%) to increase stringency of hybridization. Samples were allowed to 

hybridize at 46°C in Petri plates sealed with parafilm for three hours before being 

washed in washing buffer (207) at 48°C for 20 min. This was followed by 15 min of 

rinsing in 1x PBS at 37°C before air-drying at 46°C. All samples were overlaid with 

solution containing 1xPBS, 10% dextran sulfate, 0.1% blocking reagent (Roche, Germany 

cat. no. 11096176001), 2M NaCl, 0.0015% H2O2 and 0.33 ug/ul Alexa488 or Alexa594-

labeled tyramides and allowed to incubate at 37°C for 30 min. Washes consisted of 5 

min with 1x PBS at 46°C and 1 min with water, followed by air drying. For dual labeling, 

the protocol was repeated starting at the deactivation step using different 16S 

ribosomal probes and tyramide fluorophore. Following CARD amplification, slides were 

washed in 1x PBS and stained with DAPI 10ng/μl and fixed with VectaShield. Controls of 

equivalent E. coli rRNA probes (pB-02228), competiton with non-fluorphore labeled 

probes, and nuclease treatments were performed.  
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Samples were imaged on a Leica TBS SP8 confocal microscope fitted with a 63x 

oil immersion lens and images were collected sequentially. NIH ImageJ64 software was 

used to process the images. 

 

Geographic distribution of Nanobsidianus 

within Yellowstone National Park 

 

Seven conserved genes (Supplemental Table 4.3) encoded within two single-cell 

genomes described here, AB_777_F03 (F03) and AB_777_O03 (O03), another single cell 

genome previously described, N. stetteri, N. equitans, and CH09 metagenomes (22), 

were concatenated and aligned using MUSCLE(203), and subjected to Bayesian analysis 

with MrBayes (204) as described above. In addition, we recruited contigs from 23 

publicly available metagenomes (22) using the O03 contigs. A minimum overlap of 50 bp 

and 93% nucleic acid identity was used to recruit contigs onto the O03 genome. 

 

Nanobsidianus virus identification 

 

The single-cell genomes were analyzed with the VirSorter app 

(https://de.iplantcollaborative.org/de/) to identify viral sequences in the single-cell 

genomes. After manual curation of the sequences, identified genes were subjected to 

BLASTx analysis to search for matches to viral proteins with a minimum 10e-5 score. 

Identified regions were additionally subjected to blast analysis against viral network 

clusters described in Bolduc et al. (68) 

To gain further evidence for the presence of a Nanobsidianus associated virus, 

viral fractions were prepared by filtering NL01 hot spring water through a 0.45 um filter 
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to remove cells. Viruses in the filtered water were concentrated by FeCl3 flocculation 

(187). Virus particles were separated by buoyant cesium chloride density centrifugation 

gradients spanning 1.13-1.38 g/ml (116,000g for 20 hours). The total gradient was hand 

fractionated and DNA was extracted from individual fractions using the Invitrogen 

PureLink® Viral RNA/DNA Mini kit (Waltham, Massachusetts). Fractions were screened 

for the presence of the viral genome by PCR analysis using viral specific genome 

primers. PCR primers specific to Nanobsidianus and Sulfolobales were included as a 

control (Supplemental Table 4.2). Total viral fractions from CH09 were also prepared by 

filtration to remove cells and FeCl3 flocculation. 

 

Results 

 

 

Ninety-six 16S rRNA sequences derived from single cell sequencing and 18 16S 

rRNA sequences from cellular metagenomes both showed a simple archaeal microbial 

community present in NL01 (Figure S4.2). This community is dominated by nine species 

based on their 16S rRNA gene. Based on metagenomic read abundance and single cell 

sequencing, eight archaeal species represent 97% of all cells and a single bacterial 

Hydrogenobaculum sp. comprises the remaining 3%. The eight archaeal clades are 

either related to Acidianus hospitalis (3%), and Sulfolobus islandicus (1%), or uncultured 

members of what likely constitute new crenarchaeal species, the recently proposed 

Acidcryptum nanophilium (46%), an Acidolobus sp. (6%), a Vulcanisieta sp. (5%), a 



 

 

88 

Nanobsidianus sp. (16%) and two Sulfolobus sp. consisting of 11%, and 9% respectively 

(Figure S4.2).  

We selected representative single-cells from each of the eight archaeal clades for 

genome sequence analysis based on their 16S rRNA sequence (Supplemental Table 4.4). 

We were successful in obtaining high quality sequence information for 13 single cells. 

The estimated range of genome completion for sequenced single cells ranged from 13-

85%. The DNA sequence and assembly statistics are provided (Supplemental Table 4.5). 

Two of the thirteen single-cell genomes represented within NL01, designated 

O03 and F03, were classified as Nanobsidianus based on their 16S rRNA sequences. 

These two single amplified genomes (SAG) had high 16S rRNA gene homology (98.2%) to 

N. stetteri sequenced from a circumneutral hot spring within YNP and low homology to 

N. equitans (81.5%), which was isolated from a marine hydrothermal vent. A blastn 

analysis of four metagenomes from the same hot spring sampled over a seven-year 

period (min E score 1E-5) with the partial O03 16S rRNA gene revealed Nanobsidianus 

16S rRNA gene sequences in all four metagenomes.  

An examination of multiple YNP hot springs revealed that Nanobsidianus is 

broadly distributed. A BLASTn search of metagenomes from 23 hot springs (min E score 

1E-5) with the O03 single-cell partial Nanobsidianus genome (described below) resulted 

in 7,024 contigs from 15 of the 23 hot springs (Supplemental Table 4.6). Ten of the 15 

hot springs also had Nanobsidianus 16S rRNA sequences (Supplemental Table 4.7, Figure 

S4.3). Based on read abundance, Nanobsidianus cells were most abundant in hot springs 
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that had temperatures > 60˚C and pH < 4.5 (Figure 4.1A). Outside of this temperature 

and pH range, Nanobsidianus sequences were rarely detected. Read recruitment 

analysis indicated the Nanobsidianus represent approximately 11% of the NL01 and 5% 

of the CH09 microbial community composition (Figure 4.1B). However, one should be 

cautious in assigning quantitative community membership based on single cell genomics 

and metagenomic read recruitment analysis due to the inherent bias that each 

technique presents (208–212) 
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Figure 4.1 Distribution of Nanoarchaea in 22 hot springs in Yellowstone National Park 

based on hot spring pH and temperature. The size of the solid black circles indicates the 

percent of the metagenome contigs that were recruited to the N. stetteri single cell 
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genome O03, while open circles indicate hot spring metagenomes with no nanoarchaeal 

sequences recruited (A). Recruitment of metagenomic reads to N. stetteri Obsidian Pool 

(grey) and N. stetteri O03 (black) partial genomes indicating relative abundance of 

Nanobsidianus in two YNP hot springs (B). Transformed maximum likelihood 

phylogenetic tree of seven concatenated conserved Nanoarchaeota genes in F03, O03, 

N. stetteri, N. equitans and CH09 cellular metagenomes. Numbers indicate the posterior 

probability and N. equitans served as the outgroup (C). 

 

Assembly of the two Nanobsidianus genomes derived from two independent 

single cells produced two incomplete genomes of 499 kbp (F03) and 549 kbp (O03). 

However, upon further analysis, 50 kbp of the F03 genome was revealed to be from a 

Sulfolobales species (described below), resulting in a genome of 449 kbp, which was 

used in further analysis. The degree of genome completeness was estimated using 

conserved archaeal genes that are represented in the assembled genomic contigs (198). 

In the arCOG database as of March 2015, there were 95 genes conserved across all 168 

sequenced Archaeal genomes including N. equitans, and 325 genes in all Crenarchaeota 

genomes. Completeness of Nanoarchaeota genomes was calculated using the 95 genes 

conserved in all archaeal genomes, while the genome completeness of all other SCGs 

was calculated using the 325 genes that are shared by all Crenarchaeota. F03 contained 

74 of 95 genes, resulting in an estimated genome size of 576 kbp with 95% confidence 

limits of 530-644 kbp; O03 has 76 of 95 conserved genes and an estimated genome size 

of 686 kbp and 95% confidence limits of 635-762 kbp (Supplemental Table 4.5). The 

discrepancies in genome length between these two cells could reflect an estimation bias 

resulting from the uneven distribution of the conserved genes used in the analysis, a 

true difference in their genome size, and or the potential presence of sequences from 
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the Nanobsidianus host (discussed below). Based on the calculated genome size of N. 

stetteri (650 kbp), F03 is 67% complete and O03 is 85% complete.  

The partial genome sequences of Nanobsidianus from NL01 show a high degree 

of sequence identity to each other (Figure 4.2, see also Figure S4.4 in the supplemental 

material) (213). Of the 472 ORFs that were identified in both F03 and O03, 372 (79%) 

had greater than 95% amino acid identity. 309 of 532 (58%) ORFs identified in both O03 

and N. stetteri had greater than 95% amino acid identity. In contrast, none of the 313 

ORFs identified in both O03 and N. equitans had 95% or greater amino acid identity. 

Mauve alignment showed more conserved regions between the three YNP 

Nanobsidianus genomes as compared to N. equitans (Figure 4.2) (213). Construction of a 

neighbor joining tree of 17 concatenated conserved genes in F03, O03, N. stetteri, N. 

equitans and Nanobsidianus contigs identified in CH09 metagenomes supports the close 

relationship between YNP Nanobsidianus species as compared to the marine N. 

equitans (Figure 4.1C). The terrestrial Nanobsidianus sequences from YNP grouped 

together, while N. equitans formed its own distinct branch. Overall, these results 

support the conclusion that the F03 and O03 genomes are highly homologous and more 

closely related to N. stetteri than to N. equitans.  
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Figure 4.2. Mauve alignment of O03 concatenated partial length genome to F03 (A), N. 

stetteri (B) and full length N. equitans (C) genomes. Blocks of the same color indicate 

regions of homology between the genomes and blocks below the genome’s center-line 

are inverted relative to the reference sequence. 

 

Additional analysis of specific genes supports the overall conclusion that F03 and 

O03 are closely related to N. stetteri, but there are some differences. In O03 we 

identified Rpp29 and Rpr2, two components of RNAse P. We also identified a truncated 

version (238 bp) of the RNase P RNA component in both of the genomes that is 98% 

similar to the one described by Podar et al. (95). The presence of these genes is similar 

to N. stetteri, where three protein components were identified, but contrary to N. 
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equitans, which remains the only identified cellular life that lacks this complex(214). We 

also searched for the twelve-split protein coding genes previously described in N. 

equitans and N. stetteri (95). All but the P-loop ATPase were found in at least one of the 

two partial NL01 Nanobsidianus genomes. All YNP single cells had identical split protein 

coding genes. Of these split genes, six are split in the same place as N. equitans; four 

genes that are split in N. equitans are not split in YNP single cells, and two are split in 

YNP isolates but not N. equitans (Supplemental Table 4.8).  

We searched the NL01 Nanobsidianus genomes for tRNA genes using tRNA 

scan(215). Between the two NL01 single cell genomes, all twenty standard amino acids 

have at least one tRNA represented. We did not find any non-standard tRNAs in either 

of these genomes. Within the two genomes, we found 36 total tRNA sequences 

(Supplemental Table 4.9). In contrast, N. stetteri is missing a tRNA for Phe, most likely 

due to the incompleteness of the genome (95, 216). Both F03 and O03 have four intron-

containing tRNA genes, in contrast to N. stetteri which only has two intron containing 

tRNAs (Supplemental Table 4.9). This discrepancy could again be explained by the 

incompleteness of the N. stetteri genome. Of the four intron-containing tRNA genes in 

F03 and O03, two, Ile (TAT) and Tyr (GTA) are also found in N. stetteri and N. equitans. 

One, Met (CAT) is not split in N. stetteri and has a longer intron (27 versus 65 bp) in N. 

equitans and Leu (TAA), is not split in N. equitans and not detected in N. stetteri. 

Additionally, like N. equitans and N. stetteri, F03 and O03 lacked central metabolic 

genes including nearly all the genes for lipid, cofactor, amino acid, and nucleotide 
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synthesis indicating a symbiotic life style where the Nanobsidianus cells are incapable of 

replicating without their host (217). All the archaeal flagellum genes encoded in N. 

stetteri described by Podar et al. (95) are encoded in at least one of the NL01 

Nanobsidianus genomes except for a FlaH homolog (the putative ATPase). The NL01 

Nanobsidianus genomes also lacked any genes associated with the CRISPR/cas system 

like N. stetteri but in contrast to N. equitans in which crRNAs appear to be constituently 

expressed (218).  

Analysis of the assembled F03 sequences revealed the presence of a Sulfolobales 

organism that may serve as a host for the nanoarchaeal cell. Five of the 25 assembled 

contigs from F03 (representing 50 kbp of DNA sequence or 9.9% of the total assembled 

sequences) did not map to any known Nanoarchaeota genomes. These five contigs also 

have a significant G/C skew (46% G/C) as compared to the 20 contigs that have 

homology to the O03 and N. stetteri genomes (24%). A Blast analysis of these five 

contigs against the eleven other SAGs reveals that each contig has the highest match to 

SAGs AB_777_J03, AB_777_K09, or AB_777_K20, here referred to as J03, K09, and K20 

respectively, all members of the dominant Sulfolobales group, identified as A. 

nanophilum by Podar et al. (95). In addition, one of these contigs contained a CRISPR 

locus with a conserved leader and direct repeat sequences frequently found in 

Sulfolobus species and matched those found in the single-cell genomes of J03, K09, and 

K20. These contigs are likely present as a result of an intimate association between the 

Nanobsidianus and Acidicryptum cells, namely that of host-symbiont. One single-cell 16S 
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rRNA PCR amplicon that was not selected for genome sequencing had 16S rRNA 

signatures from two organisms. One of the 16S rRNA sequences was A. nanophilum and 

99.1% similar to J03 while the second is Nanobsidianus like and 99.1% similar to O03. 

Additionally A. nanophilum 16S rRNA signatures are present in all the YNP 

metagenomes where Nanobsidianus 16S rRNA sequences are located. All these lines of 

evidence suggest that the Nanobsidianus forms a host-symbiont relationship with A. 

nanophilum present in the NL01 hot springs.  

To further investigate the nature of the host, CARD-FISH analysis was performed 

to confirm the genomic host identification of the Nanobsidianus present in the NL01 and 

CH09 hot springs (Figure 4.3). Briefly outlined, fluorescently labeled hybridization probe 

specific to the each of the eight major cell types were generated (see Materials and 

Methods). The probe specific to Nanobsidianus rRNA was labeled with Alexa594 

fluorophore, while the rRNA probes to the other seven individual cell types in NL01 

were with labeled Alexa488. The Nanobsidianus probe was used in combination with 

each individual cellular rRNA probes in a dual hybridization assay of cells collected from 

NL01 and CH09. CARD FISH analysis revealed that NL01 and CH09 Nanobsidianus is only 

found in association with an Acidicryptum species (Figure 4.3A-D, G) and not in 

association with the other six archaeal species present in NL01 (Figure 4.3E). This is a 

similar host species to the one previously described from another hot spring and the 

same phylotype identified by single-cell genomics analysis. CARD-FISH analysis 

demonstrated co-localization of greater than 95% of detected Nanobsidianus cells with 
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Acidicryptum cells in both NL01 and CH09 hot springs. Further analysis showed the same 

co-localization in hot spring samples collected over the course of seventeen months 

(Figure 4.3F), indicating that the Nanobsidianus population is a persistent member of 

YNP hot spring enviornments.  Controls of Nanobsidianus cells dual labeled with the 

other six potential host species in the hot springs showed no co-localization, indicating 

the host-symbiont relationship is limited to this Acidicryptum sp host. 

Analysis of co-localization of Acidicryptum host and Nanobsidianus cells revealed 

fluctuations of both over time in both hot springs surveyed. In CH09 the Acidicryptum sp 

varied from 7-23% of total microbial community composition, 53 to 75% of Acidicryptum 

cells were associated with Nanobsidianus. In NL01 the proportion of the Acidicryptum 

cells ranged from 17-45% of the total microbial community. Regardless of their relative 

abundance, ~66% of these cells were associated with Nanobsidianus cells (Supplemental 

Table 4.10). Overall, these results indicate that the Acidicryptum is the host for the 

Nanobsidianus in NL01 and CH09 hot springs.  
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Figure 4.3. CARD-FISH analysis of N. stetteri-host interaction from environmental 

samples. Total cells from CH09 2012-01-stained blue with DAPI (A) cells imaged with 16S 

ribosomal probe to Acidicryptum host cells (green, B). Cells imaged with 16S ribosomal 
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probe to Nanobsidianus (red, C). Merged image of A-C indicating co-localization of 

Acidicryptum and N. stetteri cells (D). Control of a merged image of Acidolobus cells 

(green) and Nanobsidianus cells (red) from the same hot spring and sampling date 

showing the lack of co-localization (E). Additional merged images of Nanobsidianus cells 

(red) and Acidicryptum host cells (green) from a different sampling date CH09 2013-05 

(F) and hot spring NL01 2014-09 (G) 
 

Acidicryptum host genome analysis 

 

The three Acidicryptum sp host single-cell genomes, J03, K09, and K20, showed 

high sequence identity to A. nanophilum, the host of N. stetteri proposed by Podar and 

colleagues (95). These three partial genomes, all from of the Sulfolobales order, range 

from 250 kpb to 850 kbp. Of the 325 conserved genes in all Crenarchaeota genomes, J03 

contains 260, K09 663, and K20 157; for an estimated genome size and genome 

completeness using the arCOG database of 1.070 Mbp (80.0%), 1.034 Mbp (20.3%), and 

1.078 Mbp (48.3%) respectively (Supplemental Table 4.5). Genome size estimates were 

independently analalyzed with CheckM (201), which estimated an average genome size 

of 1.149 Mbp for the three N. stetteri host cells. This estimate of approximately 1.1 Mbp 

is significantly smaller than the estimated size of the A. nanophilum genome (1.7 Mbp) 

from Obsidian Pool previously described (95). It is possible that these methods are 

underestimating the host genome size due to the inherent uncertainty using partial 

genome sequences combined with the unevenness of MDA based genome amplification 

methods. It is also 1.1 Mbp smaller than the closely related S. acidocaldarius genome 

(2.2 Mbp). I. hospitalis, the host of N. equitans, has a genome size of 1.29 Mbp and has 

undergone similar genome streamlining (95).  
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It has been proposed that Nanoarchaeota evolve faster then non-symbiotic 

Archaea, as a consequence of its reduced genome size and content (192). We observe 

this trend with Nanobsidianus cells from the different YNP hot springs showing more 

divergence from each other as compared to the YNP Acidicryptum. Of ORFs identified in 

both J03 and A. nanophilum, 79% have greater than 95% amino acid identity (Figure 

S4.5), while just 58% of ORFs in O03 and N. stetteri have greater than 95% amino acid 

identity. 

 

Nanobsidianus virus detection 

 

Analysis of the Nanobsidianus O03 single cell genome with VirSorter identified 

one 10 kbp contig as having a virally enriched region. Annotation of this contig showed 

10 ORFs, 5 of which were annotated as hypothetical unknown proteins. Interestingly, 

two other ORFs were annotated, one as a hypothetical protein related to a Sulfolobus 

monocaudavirus 1 (SMV1) conserved archaeal viral protein, and the other a N. equitans 

30S ribosomal protein, suggesting that this contig contains a portion of an integrated 

viral genome. The archaeal virus-related ORF is located at the end of the 10 kbp contig 

and has a GC content of 29.8%, which is significantly different from the rest of the contig 

on which it is located (22.6%) and the GC content of all O03 contigs (23.4%). Further 

BLAST analysis of this contig to a collection of viral metagenomes from NL01 resulted in 

104 contigs matching to the conserved archaeal viral protein. Furthermore, all of these 

104 contigs mapped to a single viral network cluster of the viral community structure 

previously reported (68). Assembly of this network cluster generated a 3.0 kbp contig 



 

 

101 

with the SMV1 conserved archaeal virus-like protein at one end and a ~600 bp putative 

structural protein from a Sulfolobus rudivirus near the other end (Figure S4.6) as well as 

several other ORFs with no significant similarity. The GC content of the identified 

conserved archaeal virus gene (29.8%) is nearly identical to the GC content of all the 

contigs that make up viral network cluster (29.9%). The presence of this ORF in the viral 

fraction of NL01 hot spring water was confirmed by PCR analysis of virus-like particles 

(VLPs) isolated from CsCl buoyant density gradients. This genome segment was 

successfully PCR amplified and confirmed by DNA sequencing from the purified viral 

fraction on cesium chloride fractions with a density of 1.36g/cm3. The same genome 

segment was also successfully amplified from total viral fractions from CH09 suggesting 

that the viral distribution is potentially similar to Nanobsidianus in YNP. In order to show 

that cells were not contaminating the viral fraction, PCR with primers specific to both 

Nanobsidianus as well as Acidicryptum was performed on the same fractions but no 

sequence was PCR amplified (Figure 4.4). Overall, these results indicate that there is 

likely a virus associated with Nanobsidianus present in YNP hot springs. 

 
Figure 4.4. PCR analysis of virus purified from NL01 environmental sample. Fractions of 

CsCl buoyant density gradients were tested for a viral genome segment (A), and for 

contamination of cellular sequences Acidicryptum (B) or N. stetteri (C) in the same viral 
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fractions. Numbers indicate the density of the CsCl gradient in g/cm3, (+) indicates a 

positive control template, and NTC is the no template control, white arrow indicates the 

presence of the expected viral product. 
 

 

Discussion  

 

 

We report here the sequencing of two Nanobsidianus single-cell genomes from 

high temperature acidic hot springs in YNP, and the detection of Nanobsidianus cells 

from high temperature acidic hot springs across YNP. Based on their high 16S rRNA 

similarity, >95% (219) to N. stetteri, and overall genome homology we propose that 

these cells are N. stetteri, and share the same A. nanophilum host as previously 

described (95). All three YNP Nanobsidianus genomes are closely related to each other 

and quite distinct from N. equitans. Even though members of the Nanobsidianus genus 

are widely distributed in YNP thermal features, including in Yellowstone Lake (96), they 

are most abundant in high temperature acidic hot springs found in YNP.  

N. stetteri that were found in the Obsidian Pool, NL01 and CH09, share a 

common A. nanophilum host. In our analysis, approximately 66% of A. nanophilum cells 

are found in association with N. stetteri cells. The reason why this approximate ratio in 

environmental samples is maintained within different hot springs is unknown, but 

suggests that there is some control over these cell interactions. It remains to be 

determined if the physical interaction between the YNP N. stetteri and its host is similar 

to N. equitans and its Ignicoccus hospitalis host. Our estimates of only a 1.1 Mbp 

genome for the A. nanophilum host suggests an expanded mutualism with its 
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Nanobsidianus partner in the NL01 hot spring system. However, the ability to find A. 

nanophilum lacking its Nanobsidianus partner indicates that A. nanophilum is capable of 

independent replication, making it the smallest genome of a free-living organism. This 

speculation will need to be confirmed by complete genome sequencing and culturing of 

A. nanophilum from NL01. The fact that the marine N. equitans and terrestrial YNP N. 

stetteri are associated with different hosts suggests additional Nanoarchaeota-host 

interactions will be discovered in other environments and that there is a high degree of 

flexibility in the host-Nanoarchaeota partnership found in nature. It is clear that 

independent Nanoarchaeota-host partnerships have arisen over time, and it also 

suggests that the Nanoarchaeota-host association may be an old and essential feature 

of the archaeal communities. 

Reno et al. (220) showed that microorganisms in the same geographic region are 

more closely related to each other than members of the same species isolated from 

geographically distinct areas. While that study was limited to major geographical areas, 

its results likely can be applied to the phylogenetic distribution of N. stetteri in YNP. Cells 

from the same hot spring cluster more closely together than cells from different hot 

springs, suggesting that N. stetteri in each hot spring may be independently adapting to 

local hot spring environments.  

Similar to previous descriptions of N. stetteri, we did not observe a CRISPR/Cas 

system, which is in contrast to N. equitans, where the CRISPR/Cas system was detected 

(221). While it is possible that the three partial genomes of N. stetteri from YNP have all 
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missed the CRISPR/Cas system, we find this unlikely. It is noteworthy that all 

Nanoarchaeota genomes contain split tRNA genes. The absence of the CRISPR/Cas 

system in some Nanoarchaeota that contain split tRNAs diminishes the argument that 

split tRNAs would be unlikely to arise in Nanoarchaeota due to the ability of the 

CRISPR/Cas system to eliminate foreign genetic elements (222). We also find it more 

likely that the marine lineage gained the CRISPR/cas system as opposed to the 

terrestrial lineage losing this system, as the YNP genomes are significantly larger. The 

likely presence of a virus within N. stetteri diminishes the argument that the lack of viral 

pressure is responsible for the loss of the CRISPR /Cas system and provides support for 

split tRNAs arising as a mechanism to escape integration of mobile genetic elements in 

the anticodon loop (223).  

Our results are consistent with those of Podar et al. (95), but additionally suggest 

a widespread distribution of Nanoarchaeota in the thermal features of YNP. This 

expanded collection of sequences provides a foundation for future studies on 

Nanoarchaeota genome reduction. The current model of Nanoarchaeota presumes that 

symbiont and host have evolved together to the point where N. equitans are only able 

to grow with I. hospitalis and not with any closely related Ignicoccus sp. (217). It remains 

to be seen if the Nanobsidianus of YNP share the host limitations of N. equitans or if 

Nanobsidianus from one hot spring are able to grow with a host species isolated from a 

different hot spring. 
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The detection of a virus likely replicating within Nanobsidianus cells is the first 

report of a virus associated with ultrasmall Archaea (Nanoarchaeota, Parvachaeota, and 

Nanohaloarchaeota). The discovery of such a virus raises interesting questions about the 

possible three-way interactions between the virus, Nanobsidianus and Acidicryptum 

cells. To our knowledge, this is the smallest host genome supporting virus replication. 

This highly reduced host genome, which contains all the tRNA genes but lacks most of 

the genes required for central carbon metabolism, provides an opportunity to examine 

the minimum requirements for viral replication.  
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Subsequent Work 

 

 

After the work described above additional work investigating nanoarchaeal-host 

interactions was performed in collaboration with the Joint Genome Institute (JGI) and 

subsequently published in Microbiome in 2018 (224). Additional work was also done 

characterizing the viral genome detected in a single cell genome. Both of these projects 

are summarized below.  

In collaboration with Jessica Jarett and Tanja Woyke at the JGI 22 single 

amplified genomes (SAG) were examined to derive a genome-based phylogeny for 

Nanoarchaea and identify hosts through the sequencing of tightly attached co-sorted 

cells. Analysis of these SAGs revealed two novel species level Nanoarchaeota clades as 

well as the previously described Nanopusillus acidilobi and eight additional genome bins 

that were unable to be grouped into clades. While most of the clades were restricted to 

a single location each location harbored more than one clade of Nanoarchaea. Of the 22 

SAGs sequenced in this study 10 of them represented co-sorted SAGs with both 

Nanoarchaea and putative host species. Taxonomy was assigned to nine of the 10 co-

sorted bins revealing seven putative host species. These host species include at four 
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members of the Order Sulfolobales as well as the first three members of the Order 

Thermoproteales to be implicated as possible hosts.  

A comparison of single nucleotide polymorphisms (SNP) provided evidence that 

the Nanoarchaeal cells attached to a single host are likely clonal and derived from a 

single colonization event. Nonsynonymous SNPs (nSNPs) are more highly clustered 

among proteins involved in motility and attachment, protein modification as well as 

hypothetical proteins predicted to cell-surface exposed. A single protein, cytochrome 

bd-I ubiquinol oxidase subunit I, which transfers from a reduced quinol to O2 generating 

electrical and chemical membrane potential. However, Nanoarchaea do not have the 

ability to synthesize quinones suggesting quinone-mediated energy transfer (225) might 

be happening. The high level of nSNPs in this protein would potentially allow the 

Nanoarchaea to utilize quinols if they are associated with different hosts. This energy 

transfer hypothesis also lends a possible explanation for the clonality of Nanoarchaea 

associated with a host cell. 

After colonization the initial Nanoarchaea interacts with the host cell and it is 

proposed that the Nanoarchaea lowers the membrane potential of the host cell which 

keeps other Nanoarchaea from colonizing that cell. The ability to sense a change in 

membrane potential would also provide a mechanism for a Nanoarchaea to leave the 

host cell and seek a new cell. Once the membrane potential drops to a certain point, 

either through progeny nanoarchaea or other factors the Nanoarchaea would sense this 

reduction in the membrane potential and detach form the host cell to seek a new host. 
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This ability to detect cells that are already colonized and when a host cell is no longer 

able to support the Nanoarchaea would provide the Nanoarchaea a significant 

advantage in the hot springs.  
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Abstract 

 

 

The Nanoarchaea are extremely small cells with reduced genomes and are dependent 

on another archaeal cell for their growth and replication. Initially found in geothermal 

environment, the Nanoarchaea are now known in diverse environments and capable of 

parasitizing multiple archaeal species. No viruses have been described that infect the 

Nanoarchaea. Here we identify a virus infecting Nanoarchaea through a combination of 

viral metagenomic and bioinformatic techniques. We further demonstrate that this virus 

is broadly distributed in Yellowstone hot springs. This virus one of the first examples of a 

virus infecting a single celled organism that is itself the parasite of another single celled 

organism.  

 

 

Introduction 

 

 

Ever since their discovery in 2002, the Nanoarchaea have been the subject of 

debate over their phylogenetic placement among the Archaea. Due to their highly 

reduced genome and rapidly evolving gene sequences phylogenetic placement of the 

Nanoarchaea has been difficult. Originally described as a deep branching phylum of the 

Archaea this classification was subsequently challenged based on more robust 

phylogenetic analyses. Recent analyses have classified the Nanoarchaea as part of the 

DPANN archaeal superphylum which originally contains the Nanoarchaea as well as the 
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Diapherotrites, Parvarchaeota, Aenigmarchaeota, and Nanohaloarchaeota, other 

uncultured ultra-small archaea.  

Despite ribosomal RNA surveys suggesting that Nanoarchaea are widespread in 

marine and terrestrial environments, efforts there are currently there are only two 

cultured representatives of the Nanoarchaea. The original Nanoarchaeam equitans 

isolated from a vent in the ocean floor (94) and the terrestrial Nanopusillus acidilobi 

isolated from a circumneutral hot spring in Yellowstone National Park in 2016 (13). 

There are also many examples of terrestrial single cell Nanoarchaeal genomes that have 

been sequenced but remain uncultured (20, 95, 224). A recent analysis of Nanoarchaea 

clades co-sorted with their putative archaeal hosts revealed a wide range of putative 

host species within the Crenarchaeota (224)  

While culture-based virus-host studies remain essential for detailed studies of 

molecular and cellular processes of host-virus interactions, culture independent studies 

have greatly expanded our knowledge of microbial and viral diversity. Metaviromics has 

significantly impacted environmental virology to the point where many of the most 

abundant viruses in the human gut (226), the ocean, and other environments have only 

been described through sequence data without isolation of the virion and the viral host. 

Recently the ICTV decided to accept viral genome information alone as the basis for 

identification of a new virus (227). As a result of the abundance of new viruses that are 

being described through metagenomic methods alone, a series of standards for the 

publication of uncultivated viruses has recently been developed (228). 
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Following the Minimum Information about an Uncultivated Virus Genome 

(MIUViG) guidelines (228), we present here the first finished viral genome that is 

predicted to infect a member of the Nanoarchaea and only the second described virus 

to infect a member of the DPANN superphylum.. This obligate three-way interaction 

between virus, Nanoarchaeota viral host, and the Sulfolobales cellular symbiont of the 

Nanoarchaea provide new avenues of investigation of complex symbiotic relationships.  

 

Materials and Methods 

 

 

Viral Sampling, Detection, and Enrichment 

 

Water samples were collected from the Nymph Lake 01 (NL01), Crater Hills Alice 

Spring (CHAS), Gibbon Geyser 20 (GG20), and Gibbon Geyser 21 (GG21) all high 

temperature (>80C) acidic (pH<4) hot springs and Gibbon Geyser 08 (GG08) a low 

temperature acidic hot spring in Yellowstone National Park (Supplemental Table 5.1, 

Supplemental Figure 5.1). All samples were filtered through a 0.2um in-line filters and 

the viruses in the flow through were further concentrated using the FeCl2 flocculation 

method (187). Due to the high levels of iron already present in these hot springs, no 

additional iron was added and the pH was simply raised to pH 4.5 to precipitate viruses. 

After precipitation the virus-FeCl clusters were collected on a 0.2um filters and 

resuspended in 500mM ascorbic acid pH 3. After resuspension the viral concentrate was 

dialyzed in 5mM citrate buffer pH 3 for 3x 30 min. The virus from all hot springs was 

further concentrated on a 100,000 MWCO microcon spin column at 10,000x g to a final 
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volume of 500ul from which DNA was extracted using the MoBio power water viral DNA 

extraction kit. Half of the concentrated virus from CHAS 2016-02-28 was further purified 

by banding on CsCl density centrifugation (a continuous CsCl density gradient centered 

around 1.35g/ml at 38,000rpm in a SW41 rotor for 48 hours at 10˚C). After density 

centrifugation the sample was fractionated into 500ul samples. The presence of viral 

sequence was determined using the PCR primers previously described to identify the 

virus (20). The sample with a density of 1.33g/ml DNase treated with RqDNAse1 

following the manufacturers protocol before DNA extraction with the MoBio power 

water viral DNA extraction kit. 20ul of this sample were reserved for viral morphology 

analysis by transmission electron microscopy. Extracted DNA was sequenced at the 

University of Illinois genomics center on an Illumina MiSeq with V2 chemistry.  

 

Genome Assembly  

 

Sequenced DNA was assembled with metaSPAdes using the default parameters. 

After genome assembly a set of qPCR primers was designed to a highly conserved region 

of the genome as determined by high read coverage. These primers were used in future 

efforts to concentrate the virus for virion identification. The genome sequence was 

confirmed by PCR amplification and Sanger sequencing of four sections of the genome 

including the junction where the genome was circularized, as well as read recruitment.  

 

Gene Prediction 
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Genes were originally predicted with Glimmer (229) and manually curated. In 

order to identify any additional genes, a six frame prediction of the entire viral genome 

was performed in Geneious (V10.2.5) and manually curated. Manually verified and 

predicted genes were analyzed with Blastn, Blastx, and using the prokaryotic Viral 

Orthologous Groups (pVOG) profiles (74).  

 

Identification of Virion 

 

The 20ul of sample that was after CsCl density banding was used to investigate 

the particle morphology of the virus. Viral particles were stained with uranyl acetate and 

imaged with a Leo 912 transmission electron microscope. TEM revealed multiple viral 

morphologies in the sample. Further attempts at further purifying the viral particle 

through sucrose gradients (10-50% sucrose) and fast protein liquid chromatography 

(FPLC) hand packed size exclusion columns (Sephacaryl S-1000 SF resin GE healthcare) 

were unable to generate fractions with fewer viral morphologies that also had qPCR 

signal for the viral genome. 

 

Host Prediction 

 

Virus host nucleotide pairings were calculated for the viral genome against all of 

the major cellular species present in the hot springs using the VirHostMatcher program. 

Distances between the viral genome and fifteen high confidence single cell genomes 

representing all eight major archaeal species in this hot spring were calculated using the 

d2* method (Supplemental Table 5.2) 
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In a previous study ~300 low coverage single cell genomes from the same hot 

spring were sequenced (30). Sequence reads from these single cells were recruited onto 

the viral genome using Blastn and Bowtie2 (230). Reads were required to be 98% 

identical over a minimum of 100bp in order for a read to be identified. 

~300 previously sequenced single cell genomes were examined for the presence 

of CRISPR spacer sequences (30)as were 19 hot spring cellular metagenome bins from 

the NL01 and CHAS hot springs. CRISPR spacer sequences were identified with the Piler-

CR program using the default settings (231). Identified spacer sequences were extracted 

and compared against the viral genome spacers with a match >90%ID over the entire 

spacer length were selected for further analysis. 

 

Viral Distribution 

 

Reads from six viromes from five total YNP hot springs (Supplemental Table 5.1) 

were recruited to the assembled nanoarchaeal viral genome with Bowtie2 using the 

high sensitivity end-2-end default settings. The percent of reads from each hot spring 

was calculated and used as a qualitative measure of relative abundance of the 

nanoarchaeal viral genome in each hot spring. 

 

Results 

 

 

Viral Genome  

 

Viral contigs were assembled from the total CHAS virome and the CsCl purified 

CHAS virome with metaSPAdes. After assembly the contigs from each independent 
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virome were examined and two contigs were found to be homologous to each other 

(99.8% identify over 23.5kb). Upon examination of the consensus genome, it was 

determined that the 5’ and 3’ ends were homologous to each other as well 95.6% 

identity over 1.5kb, suggesting that the viral genome is circular. Circularization of the 

genome created a 35,629 bp circular genome. After circularization the junction was 

confirmed via PCR and Sanger sequencing of the product, as well as read recruitment 

from the two viromes across the junction.  

The final assembled viral genome is a 35,629bp circular ds DNA genome, coding 

for 53 genes, with 97% coding density (Figure 5.1) and a GC content of 27.5%. Of these 

genes, a majority (39) have no significant similarity by Blastn or Blastx to other 

sequences in the NCBI nr database. The remaining genes either have similarity to a 

previously characterized archaeal virus (3 genes), a Nanoarchaeal gene (9 genes) or a 

gene found in another Archaeal species (2 genes). One gene (ORF-37) shows similarity to 

a tyrosine recombinase type viral integrase. Despite the identification of this gene as an 

integrase it displays low homology to other viral integrases ~30% amino acid identity 

and ~50% positives to Sulfolobus tengchongensis spindle-shaped virus 1 and 2. The 

detection of on integrase suggests that this virus is capable of integrating into its host 

cell genome. In support of this, integrated segments of this viral genome have been 

found in previous Nanoarchaeal genomes (20). It is unknown if the remaining 11 genes 

with significant similarities to Archaeal species are cellular homologues or remnants of 
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past viral genome integration events. Due in part to the high AT content of the genome 

as a whole we were unable to identify an origin of replication. 

 

Figure 5.1. Genome map of virus proposed to infect a Nanoarchaeal species. Genes are 

color coded based on their best match via blastx in the NCBI nr database. Red (9 genes) 

Nanoarchaeal gene, Yellow (2 genes) other archaeal virus, Green (2 genes) other 

archaeal species, Blue (38 genes) no significant similarity, Black (2 genes) putative 

structural proteins based on HMM analysis.  

 

 

Virion Proteins 

 

Further analysis of predicted genes by comparison to the pVOG profiles with 

Hidden Markov Modeling (HMM) identified two adjacent proteins that are predicted to 

be structural proteins, one of which has a significant BlastN match to a hypothetical 

protein in numerous archaeal rod-shaped viruses. While we were unable to confirm if 
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these proteins are present in a viral particle, they do provide more evidence that this is 

a virus and not a plasmid or other extrachromosomal element, as well as suggesting that 

the virus is potentially a rod-shaped virus as well (Figure 5.2). TEM analysis of the CsCl 

fractions that contained the viral genome contained viral like particles with five major 

morphologies, two spheres, ~20 and ~60nm, a rod-shaped virus ~400nm long and 20nm 

across and two lemon shaped viruses with tails (Supplemental Figure 5.2). Due to the 

difficulty in packaging a 35kb genome in a 20nm spherical particle it is highly unlikely 

that the viral morphology is the 20nm sphere and instead is likely one of the four 

remaining morphologies. Based on the similarity of the predicted structural protein to 

multiple proteins that have been identified as structural proteins in other rod-shaped 

viruses it is likely that this virus is also a rod-shaped virus. Genes with a predicted 

function, via blastn, blastx, or HMM analysis are described in Table 1 along with the 

method with which they were detected.  
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Figure 5.2. TEM image of a possible viral morphology from a CsCl density gradient that 

has a positive qPCR signal for the viral genome.  

 

Table 5.1. Predicted function for genes with a significant match by blastn, blastx or a 

match in the pVOG database. All genes detected via blastn were also detected with 

blastx. In order to predict a function, genes must have a blastn, blastx, or HHpred evalue 

of 1E-5 or less 

Gene Predicted function Detection method 

ORF_04 Putative AAA family ATPase blastx 

ORF_12 
SAM-dependent 

Methyltransferase 
blastn 

ORF_13 Glycosyltransferase blastn 

ORF_16 Structural protein 
PVOG 

HMManalysis 

ORF_17 Structural protein 
pVOG 

HMManalysis 

ORF_27 Transposase blastn 

ORF_34 Holliday Junction resolvase blastx 

ORF_36 TATA binding protein blastn 

ORF_38 Viral Integrase blastx 

ORF_53 Exonuclease blastn 
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It is interesting to note the presence of two very large proteins in this genome, 

including ORF-53 a 6,249 bp long protein. Despite numerous attempts we were unable 

to identify the function of these proteins. ORF 53 has two significant blastx matchs 

against the archaeal virus Sulfolobales virus YNP1. The first of these matches is a 

putative exonuclease while the second is a hypothetical protein. However, these 

matches only cover ~35% of the predicted size of the gene, further analysis of the 

proteins reveals 30% positive amino acid alignment of the YNP1 exonuclease and ORF53 

The second large gene ORF-02 matches to a hypothetical gene from a Nanoarchaeal 

species along 30% of the gene length.  

 
Virus Host Prediction 

 

In order to identify the likely host species for the virus, we performed several 

independent analysis. One of the most robust methods for the prediction of viral host 

species is by sequence homology between host and virus genomes, via Blastn analysis 

(180). We performed a Blastn analysis of all predicted genes in the genome and 

examined them for the best match. The best Blastn match to a cellular species was to a 

homologous cellular protein in Nanopusillus acidilobi isolated from Cistern Spring in 

Yellowstone National Park (13). In addition to having the best Blastn match there were 

more genes in the viral genome with a significant (1E-5 maximum evalue) match to a 

Nanoarchaea than to any other cellular species.  
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Next, we examined the sequence composition of the virus and every possible 

host species that we detected in the hot springs through a hexanucleotide analysis. It 

has previously been demonstrated that viral genomes have similar nucleic acid 

signatures as their cellular hosts (168, 232). Comparison of the viral genome with 

multiple metagenomic bins indicated the smallest distance between the viral genome 

and a Nanoarchaeal metagenomic bin from the NL01 and Crater hills hot springs. k-mer 

distances <0.3 have been demonstrated to be reliable indicators of virus host pairs at 

the genus level (~40% accurate) with increasing confidence at higher taxonomic levels 

(~80% accuracy at the class level) (168). When compared to the metagenomic bins from 

the Crater Hills Alice Spring and Nymph Lake 01 hot springs, the metagenomic bins with 

the smallest distance to the assembled genome as well as the only bins with a distance 

<0.3 were identified as Nanoarchaeal in both hot springs, CHAS (0.210) and NL01 (0.239) 

(Supplemental Table 5.2). Similarly, this viral genome has a GC content of 27.5% and the 

Nanoarchaea in this hot spring have a GC content of ~25% while all other cellular 

species have a GC content >34%. Finally, matching of CRISPR/Cas spacer sequences 

present in cellular genomes to the protospacer sequence in the virus has been 

demonstrated to be an effective method for computationally identifying viral hosts. 

However, despite examining multiple Nanoarchaea SAGs and metagenomic bins we 

were unable to identify any CRISPR spacer sequences in the Nanoarchaea. To date, no 

CRISPR/Cas systems have been described in terrestrial Nanoarchaea. However, no 
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CRISPR/Cas spacer sequences from other species in the hot spring match to the viral 

genome either. 

The final evidence that this virus infects a Nanoarchaeal species comes from a 

single cell genomic study from the same hot spring (30). In this study over 300 single 

cells from the NL01 hot spring were sorted, sequenced, and 250 of them were identified 

to the species level. Six of these single cells were identified to be single sorted cells that 

were identified to be Nanoarchaeal, eg Nanoarchaeal cells without a host cell associated 

with them. Additional k-mer analysis of the viral genome and these 250 identified low 

coverage single cells from the NL01 hot spring also indicate that the host is a 

Nanoarchaea. The six singly sorted Nanoarchaeal cells had the smallest genetic distance 

between the virus genome and the single cell genomes as compared to the other 245 

non-nanoarchaeal cells in the dataset (Supplemental Table 5.2), and all six single sorted 

nanoarchaeal cells had a genetic distance <0.3. Sequence reads from four of these 

nanoarchaeal single cells mapped to the viral genome suggesting that this virus is a 

common parasite of Nanoarchaea in the NL01 hot spring. In addition to the single sorted 

Nanoarchaeal cells there were seven additional co-sorted Nanoarchaeal cells, eg 

Nanoarchaeal cells with a host cell that was co-sorted with the Nanoarchaeal cell. Five 

of these co-sorted cells also had reads that map to the viral genome. None of the other 

nearly 300 single cells had any reads that mapped to the viral genome. Taken together 

these multiple lines of evidence strongly suggest that this virus is the first described 

virus to infect Nanoarchaea. 
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Distribution Across Yellowstone Hot Springs 

 

We previously demonstrated that the Nanoarchaea are widely distributed across 

high temperature low pH hot springs (20). In order to examine the distribution of the 

virus and compare it to the distribution of its Nanoarchaeal host, we recruited reads 

from the total virome that was initially used to assemble the genome as well as from 

viral metagenomes from five hot springs across YNP from three geographically distinct 

thermal locations. These hot springs have similar geochemical conditions to the hot 

springs where we previously demonstrated the predicted Nanoarchaeal host to be 

present. We were able to identify reads in all five of these hot springs including GG08 

which is a much cooler hot spring (45˚C) (Figure 5.3). The percentage of reads that we 

detected in viromes ranged over two orders of magnitude from 0.003% (GG21) to 1.0% 

(CHAS) at the time of sequencing. The CHAS and NL01 hot springs are especially relevant 

because we previously demonstrated that both of these hot springs contain sequences 

of the predicted Nanoarchaea host species. While we were unable to directly compare 

viromes and cellular metagenomes from the same hot spring and sampling time this 

virus is widespread across high temperature low pH hot springs of YNP as is the 

predicted Nanoarchaeal host. 
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Figure 5.3. Viral abundance in six viromes by read recruitment (red) and predicted host 

abundance by contig abundance from 22 previously published cellular metagenomes 

(black circles) by hot spring pH and temperature. Hot springs where the host species 

was not found are indicated with closed grey circles. Figure is modified from Munson-

McGee et al 2015 (20) with permission of the authors 

 

 

Discussion 

 

 

Here, we present the complete viral genome of an uncultivated virus that is 

predicted to infect Nanoarchaea (Table 2, Supplemental Table 5.3). While this virus 

remains uncultivated it is the first virus described to infect a member of the 

Nanoarchaea as well as one of the first example of a virus infecting an Archaea that is 

itself a symbiont of another archaeal species.  
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Table 5.2. Mandatory MIUViG metadata 

Source of UViGs 
viral fraction metagenome 

(virome) 

Assembly software metaSPAdes 3.1.0 default options 

Virus identification software  

Predicted genome type dsDNA 

Predicted genome structure circular 

Detection type independent sequence 

Assembly quality finished 

Number of contigs 1 

 

While the interactions between Nanoarchaea and their host cells is only poorly 

understood recent studies have suggested that there is an energy transfer from the host 

cell to the Nanoarchaea. It remains to be seen if this virus gets the necessary 

components for its replication form the Nanoarchaea, or from a combination of the 

Nanoarchaea and or its cellular symbiont. While membrane stretching has been 

observed between Nanoarchaea and its host cell suggesting a strong intercellular 

association the extent of this association is not known (13). 

While numerous lines of evidence suggest that the host of this virus is a 

Nanoarchaeal species it is possible that it is a different species including the cellular host 

of the Nanoarchaeal species. However, we find this unlikely due to the genetic 

composition similarities to the Nanoarchaea, the lack of detection through CRISPR 

spacer sequences in the nanoarchaeal host species and the absence of this viral 

sequence in over 100 single cell genomes of the Nanoarchaeal host. The prevalence of 

this virus in singly sorted nanoarchaeal cells previously described (30) raises the 
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potential that infection by this virus provides a benefit to the cellular symbiosis or at 

least does not impose a heavy fitness cost on the Nanoarchaeal cell.  

While we were unable to positively identify the morphology of this virus we have 

narrowed the likely morphologies down to five morphologies and it is likely that the 

virus is a rod-shaped virus. While final classification of this virus will likely remain 

unconfirmed until further work has confirmed the viral morphology, and host cell, this 

virus is likely the founding member of a new archaeal viral family. 73% of all genes in 

this viral genome have no significant similarity in the nr database and only 5.6% of genes 

have a significant similarity to any other viral genes. This high degree of uncharacterized 

genes suggest that this virus is only distantly related to other archaeal viruses. 

The establishment of a culture-based system for the Nanoarchaea and the virus 

will provide critical insight into the exchange of metabolites between the cellular 

symbiont, Nanoarchaea, and virus. Upon the establishment of a culture-based system 

and the identification of a virus infecting the cellular symbiont It will be interesting to 

investigate if the presence of a virus infecting the Nanoarchaeal host has any impact on 

either the ability of the Nanoarchaea to replicate or the virus infecting the Nanoarchaea. 
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Abstract 

 

 

The application of viral and cellular metagenomics to natural environments has 

expanded our understanding of the structure, functioning, and diversity of microbial 

and viral communities. The high diversity of many communities, e.g., soils, surface 

ocean waters, and animal-associated microbiomes, make it difficult to establish virus-

host associations at the single cell (rather than population) level, assign cellular hosts, 

or determine the extent of viral host range from metagenomics studies alone. Here 

we combine single-cell sequencing with environmental metagenomics to characterize 

the structure of virus-host associations in a Yellowstone National Park (YNP) hot 

spring microbial community. Leveraging the relatively low diversity of the YNP 

environment, we are able to overlay evidence at the single-cell level with 

contextualized viral and cellular community structure. Combining evidence from 

hexanucelotide analysis, single cell read mapping, network-based analytics, and 

CRISPR-based inference, we conservatively estimate that >60% of cells contain at least 

one virus type and a majority of these cells contain two or more virus types. Of the 

detected virus types, nearly 50% were found in more than 2 cellular clades, indicative 

of a broad host range. The new lens provided by the combination of metaviromics and 

single-cell genomics reveals a network of virus-host interactions in extreme 

environments, provides evidence that extensive virus-host associations are common, 

and further expands the unseen impact of viruses on cellular life.  

 



 

 

133 

Introduction 

 

 

For most natural environments, we lack a comprehensive inventory of both 

viruses, their microbial hosts and the virus-host networks they form (233, 234). A 

comprehensive understanding is necessary because viruses likely play a central role in 

controlling microbial community structure and function (235–238). Culture-based assays 

have revealed complex networks of infection between bacteriophage and bacterial 

hosts where a single bacteriophage is able to infect multiple bacterial species, and each 

bacterial species is a host for multiple different phage types (239–242). Comparative 

genomics of bacterial and archaeal strains also identified the presence of many different 

proviral elements (220, 243, 244). However, culture-based infection assays and host 

range determination are limited in scope by the small number of microbial species and 

their viruses that can presently be cultured. 

In recent years, several culture-independent methods have been developed to 

investigate host–virus associations (reviewed by Brum and Sullivan, 2015). These include 

analysis by metaviromics (68, 69), CRISPR spacer sequences (179, 202, 246), phageFISH 

(63), viral tagging (164, 165), microfluidic digital PCR (247), and single-cell genomics 

(SCG) (100, 101, 248, 249). Of these methods, SCG has provided some of the most 

detailed in situ insights into virus-host associations. For example, analysis of 58 single-

cell amplified genomes (SAGs) from marine surface bacterioplankton showed that 20 of 

the SAGs contained viral sequences, some of which were shown to be actively 

replicating (166). As a second example, analysis of 127 uncultivated SUP05 bacterial 
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SAGs from an oxygen minimum zone revealed that ~1/3 were infected and that viruses 

reshaped core cellular metabolism (100). Yet, few studies combine methods to provide 

a comprehensive inventory of virus-host associations for the entire microbial 

community. 

Microbial communities in high temperature (>80˚C) acidic hot springs (pH<4) are 

typically composed of only a limited number of bacterial and archaeal cell types and 

their viruses, in contrast to natural environments with higher resident diversity, like the 

surface oceans or the human gut. We have previously used community metagenomics 

to establish that the Yellowstone Nymph Lake 01 (NL01) hot spring microbial community 

is comprised of only 110 dominant viral types and 8 archaeal cellular species (68), and 

that this microbial community is relatively stable over a period of years (20). The 

majority of virus and cellular types identified in NL01 remain uncultured nor has it been 

possible to characterize virus-host interactions from the metagenomic sequence data 

alone. Here we combine SCG, CRISPR, and hexanucelotide analysis with community and 

viral metagenomics analysis to detect rampant and broad virus-host associations within 

the NL01 microbial community. 

 

Materials and Methods 

 

 

Sample site  

 

Water samples (1 mL) were collected from the Nymph Lake 01 (NL01) hot spring in 

Yellowstone National Park (YNP, Supplemental Figure 6.1). At the time of sampling, the 
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hot spring conditions were 83.3˚C, pH 2.45, and 1.085 mS conductivity. Samples were 

preserved on site with 5% glycerol and immediately flash frozen in a dry ice–ethanol 

bath. Samples were provided to the Bigelow Single Cell Genomics Center (Boothbay 

Harbor, ME). 

 

Single Cell Genome Sequencing 

 

Flow cytometric separation of individual cells and whole genome amplification were 

performed at the Bigelow Laboratory Single Cell Genomics Center using previously 

described methods (194, 195). Based on effective MDA amplification of genetic 

material, a 384–well plate was selected for low coverage shotgun sequencing with an 

Ilumina end-paired HiSeq. The obtained reads were trimmed with trimmomatic v0.32 

(250) normalized with kmernorm 1.05 (https://sourceforge.net/projects/kmernorm/), 

and assembled with SPAdes version 3.0.0 (196). All contigs over 2.2kb were used to 

estimate genome size and completeness using CheckM (201).  

 
Cellular Classification  

 

Cells were classified using using a script (https://github.com/chjp/ANI) that 

measures sequence similarities between the contigs andreference genomes in terms of 

the average nucleotide identity (ANI). All cells were compared against the reference 

panel consisting of previously sequenced single-cell genomes from the same hot spring 

(20) as well as 18 thermophile reference genomes (Supplemental Table 6.1). ANI scores 

were combined with the percent of SAG base pairs to generate an ANI bar code for 
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every SAG against the 32 reference genomes 

(https://github.com/speng32/SAG_hot_spring_YNP). All ANI matches covering <5% of 

the SAG genome were discarded. SAGs with two or more species present at ≥91% ANI 

were examined for the presence of double cells. SAGs with less than 1/3 reference 

genomes shared were considered as double cells. Twelve SAGs showed evidence of 

having two cells present. Eight of these SAGs were classified as double cells and the 

remaining 4 were unclassified and removed from further analysis. SAGs with only a 

single species present at ≥95% ANI using at least 30% of the SAG genome were classified 

as belonging to the same species as the reference genome(s). SAGs that failed to meet 

the above categories (≥95% ANI, and or ≥30% coverage) were classified as likely single 

cells (ANI≥95% coverage <30%) (14 SAGs) or unclassifiable (28 SAGs) and removed from 

further analysis. ANI results were clustered hierarchically and a heatmap of ANI (Figure 

6.1) and bp coverage (Supplemental Figure 6.2) was generated for every classified SAG 

against every reference genome. 16S rRNA sequences were identified in 8 SAGs and 

compared to the reference genomes as a means to evaluate the accuracy of ANI-based 

taxonomic identification.  

 

Hexamer Frequency Analysis 

 

The contigs from SAGs classified as the same species were grouped together for 

hexamer frequency analysis. The hexamer frequency distribution of the grouped SAGs 

as well as a dataset of the viral types present in the NL01 hot spring (68) were generated 

using VirusHostMatcher (168). The virus-host pair with the lowest hexamer distance was 
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calculated by d2
* (168) and pairs with a distance value <0.3 were used as an indication of 

a potential virus-host pair. 

 

Viral Sequence Identification  

 

All sequence reads obtained from SAG sequencing were used as the query of a 

BLASTn search against the viral database previously described (68). Reads with a 

significant match (e-value <1.0-10) to the viral database were filtered and classified as 

having a viral origin if they matched at >95% nucleotide identity over 100 bp. Identified 

viral reads were subsequently mapped back to their viral group previously established 

using network analytics (68) using a custom script. Reads that mapped to multiple viral 

groups were assigned to the viral group with the most reads from that individual SAG to 

reduce false positives. To test if this mapping protocol resulted in false identification of 

viruses, controls were performed where the same SAG reads were mapped to the 

contigs from the Tara Oceans Virome (TOV) datasets (18SUR 66 Mbp and 18DCM 99 

Mbp) (69) and a virome from the human gut (6 Mbp) (73) all of which were not 

expected to contain viruses found in hot spring environments. Additionally, sequence 

reads from 25 publically available SAGs generated from non-hot spring environments 

from the JGI IMG (http://jgi.doe.gov/) representing 10 bacterial and two archaeal phyla 

(703.7 million total reads) were compared against the viral database at the same 

stringency described above.  

We used the following rationale to establish a threshold criteria for identifying 

virus-host associations within an individual SAG dataset. Since the estimated genome 
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completeness for each SAG varied, we first determined the ratio of identified unique 

viral sequence reads (average of 150bp in length) to the total unique host base pairs for 

each SAG. The number of unique viral base pairs was determined by mapping SAG reads 

to the NL01 viral dataset using BLASTn and removing any overlap to the reference viral 

genomes. The unique number of host base pairs was calculated using the ANI based 

composition statistic (251, 252) for each SAG with respect to the 32 reference genomes, 

minus the unique viral base pairs. These ratios were compared to expected ratios using 

an average viral genome size of 30 kb, a host genome size from 1.5-3.0 MB, and 

assuming no sequencing bias towards either virus or host or a 2X bias towards virus or 

host (arbitrarily chosen to account for variation in amplification). Using this rationale, 

we determined that a minimum of 2-5 unique 150bp viral sequence reads should be 

present in an individual SAG dataset if that SAG were in fact associated with a virus 

whose genome was present at the same copy number as the cellular genome.  

 After 

determining the profile of viral content in each individual SAG, the dataset was treated 

as a bipartite network. The BiMat algorithm (253) was applied to the bipartite viral–host 

network for modularity analysis. The binary network was generated using a minimum 

cutoff of 2 or 5 unique viral sequence reads from a SAG to the 110 viral groups 

previously identified in the NL01 hot spring (68).  

 

CRISPR Spacer Sequence Identification 
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CRISPR spacer sequences were identified in SAG contigs using Piler-CR (231). 

Identified CRISPR spacer sequences were extracted and compared against the viral 

database with virus-host associations assigned to CRISPR spacer sequences that match 

≥90% identity over the entire spacer length. Contigs with CRISPR matches were selected 

and the viral group they belonged to was identified using a custom python script. As 

controls for the false identification of CRISPR spacer-virus associations, a CRISPR spacer 

dataset of 966 unique spacers from a human gut microbial community was analyzed 

against the NL01 viral database. In addition, the SAG CRISPR spacer sequences were 

compared to the viral dataset of the human gut bacterial community (73) under the 

same conditions described above. 

 

Statistical Test for Contamination 

 

To identify the possibility of sample contamination within adjacent wells on the 

384-well plates during sample preparation, a statistical approach was used to evaluate 

the correlation between the physical distance and the sequence similarity between 

adjacent wells. First, the physical distance between two neighboring wells from the 

same row or the same column as a unit was defined. A distance matrix with all pairwise 

distances was computed based on the Euclidean distance between any two wells. 

Second, the sequence similarity between two wells was calculated based on the number 

of unique and shared viral groups of the two wells. The Jaccard index of a given pair of 

wells A and B was calculated as ! = 	 $%⋂$'$%⋃$'
, where )* denotes the set of viral groups in 
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SAG A and )+ denotes the set of detected viral groups in SAG B. Third, the Spearman’s 

rank correlation was calculated to evaluate the relationship between physical distances 

of the wells and the Jaccard index. A series of distance cutoffs between 1.5 and 3 were 

used to calculate the Spearman’s correlation of two wells to focus on the cross 

contamination in nearby wells. Finally, to evaluate the statistical significance of the 

observed Spearman’s correlation coefficients at different distance cutoffs, a 

permutation test was performed to obtain the null distribution of the Spearman’s 

coefficients. For the permutation test, the plate layout was randomly shuffled 100 times 

and the Spearman’s correlation coefficients were re-calculated at corresponding 

distance cutoffs. The observed Spearman’s correlation coefficients were then compared 

with the null distributions.  

 

Results and Discussion 

 

 

In this study, we combined single-cell genomics and community metagenomics 

to characterize virus-host interactions. Single cells were randomly isolated directly from 

hot spring samples, their genomes amplified and sequenced. 109,930,697 total paired 

end reads were produced from 307 single amplified genomes (SAGs, average ~358,000 

reads per cell) with a maximum of 2,015,593 and a minimum of 3,823 reads per SAG 

(Supplemental Table 6.2). A total of 34.1 Mbp was assembled ranging from a minimum 

total bp of 7,806 to a maximum of 380,184 with an average total assembled length of 
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110,997 bp per cell. This correlates to an average genome completeness of 

approximately 9% but ranges from <1% to 44% complete based on CheckM analysis. 

In order to determine the cellular identity of each SAG a multistep process was 

developed (Supplemental Figure 6.3). First, the Average Nucleotide Identity (ANI) (251, 

252) for all contigs greater than 2kb for each SAG was calculated with respect to 32 

reference genomes. The reference genomes consisted of a combination of SAGs 

previously sequenced at high depth (17-90% genome completeness) from the same hot 

spring and other complete or near complete thermophilic archaeal and bacterial 

reference genomes from the NCBI database (WGS release 212, February, 2016). Second, 

the percentage of sequence homology between a SAG and the reference genomes were 

determined. SAGs were hierarchically clustered and assigned to their closest cellular 

species based on ANI score in combination with the percentage of sequence homology 

between the SAG and its closest reference genome (Figure 6.1, Supplemental Table 6.3). 

We utilized an ANI score of 95% in combination with 30% sequence coverage to classify 

the majority of SAGs (253/307 SAGs). The 54 SAGs that were not classified were either 

double cells of the symbiont Nanoarchaea with its Acidocryptum host (8 examples), or 

46 SAG cells that failed to meet our classification criteria. These 54 SAGs were removed 

from further analysis. To further support cellular identification, all SAGs were examined 

for 16S rRNA gene sequences. 16S rRNA sequences were present in only 8 SAGs and 

cellular classification based on their 16S rRNA was determined by alignment to 
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reference genomes. In all 8 cases, the 16S rRNA gene and ANI classifications produced 

the same result.  
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Figure 6.1. Cellular classification of SAGs. Heatmap of the average nucleotide identity 

(ANI) of 253 classified single cell SAGs sequenced in this study compared against 32 

reference genomes including 13 SAGs previously sequenced at high coverage from the 

same hot spring (Munson-McGee 2015) (red text). SAGs were hierarchically clustered 

using complete linkage (left hierarchical dendogram). The column directly to the right of 

the hierarchical dendogram indicates classified cell species (color key provided) for all 

SAGs classified as single cells. Partial length 16S rRNA sequences from the 32 reference 

genomes were used to construct a maximum likelihood phylogenetic tree and nodes 

with greater than 95% posterior probability are bolded. The E. coli strain served as the 

outgroup. The scale bar is in substitutions per site.  

The classification of SAGs revealed a low-diversity microbial community 

consisting of 8 cellular clades, dominated by Archaea (Figure 6.1), consistent with our 

previous studies (20). The 253 SAGs classified to one of 8 cellular clades. Of these, 247 

were classified as one of 7 clades of Archaea (97.6%), 6 were classified as members of a 

single clade of Bacteria (2.4%), and none were classified as Eukaryotic. The vast majority 

(98%) of the Archaeal cells are members of the Crenarchaeota (241/247 SAGs) while 

Nanoarchaeota (6) make up the remaining 2.0%. The only bacterial species detected 

belonged to the Aquificales. The NL01 microbial community structure was nearly 

identical to the community structure determined by 16S rRNA amplicon sequencing 

from a sample taken 12 months previously. Overall, 6 of the 8 clades identified in this 

study have not been cultured to date, and these 6 uncultured clades comprise 96% of 

the SAGs in this study (244/253 SAGs).  

As a first step in characterizing virus-host associations, we generated a distance 

matrix based on hexamer nucleotide analysis using the d2
* metric (168) of the 8 cellular 

clades against the 110 viral types previously determined to be present in the hot spring 

(68) (Supplemental Table 6.4). If the smallest measured d2
* between a cell type and a 
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virus type was <0.3 it was used as indication of a possible virus-host association. 

Previous studies have indicated that hexamer nucleotide analysis can be a useful 

predictor of virus-host associations, given a cutoff of <0.3 as a conservative 

identification of possible virus-host pairs(168). Hexamer nucleotide analysis indicated 

that 61 virus types were potentially associated with the 7 archaeal cell types. The 

number of virus types associated with a particular archaeal cell type ranged from 28 

virus types for the Acidilobus clade to 1 for the Sulfolobus sp 1, clade. Controls 

consisting of 75 bacterial genomes unlikely to serve as hosts for the hot spring viruses 

along with the grouped sequences from the 8 SAG cellular clades of this study, found no 

false virus-host associations to the bacterial genomes (Supplemental Table 6.4). A 

limitation of hexanucleotide analysis is that it only suggests a possible virus-host 

association and does not indicate viral host range (168). Moreover, hexanucelotide 

analysis lacks resolution when closely related cellular species/strains are compared 

(168). Therefore, this analysis provides an indication of possible virus-host associations 

and not definitive proof of the association.  

Further identification of individual virus types within each SAG was accomplished 

by mapping sequencing reads from individual SAGs to the 110 viral types present in 

NL01 previously established by network-based analytics using time-series community 

viromics data (68). We first established a rationale for how many viral base pairs would 

be expected to be detected in given SAGs given the low level of genome completeness 

obtained (average host genome completion was 9%). This was accomplished by 
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determining the ratio of viral sequence to host base pairs for each SAG (Supplemental 

Figure 6.4) and comparing observed ratios to expectations (see Methods). We estimate 

that finding two or more unique SAG viral sequences (at least 300 bp) represents a 

reasonable minimum for detecting virus-host associations. A conservative threshold for 

virus-host association assumes a two-fold bias in sequence amplification, suggesting a 

threshold of five or more unique sequence reads (at least 750bp) to a given viral group 

in a SAG. Using the more conservative requirement of ³5 SAG viral reads (750bp) 

matching a virus type, viral sequences were detected in 160 of the 253 classified single 

cell SAGs (63% of SAGs) (Figure 6.2, Supplemental Table 6.5), virus-host associations 

identified using the lower value of ³2 viral reads (300 bp) matching a virus type are 

provided in Supplemental Table 6.5). Viral sequences were detected in all cellular 

groups except for Hydrogenobaculum. Of the 110 viral types, 26, were detected (24% of 

total vial types) in the 253 SAGs. For example, over 49,851 reads mapped to 34.5kb of 

continuous sequence represented on the entirety of 3 contigs assembled from a single 

Acidocryptum nanophilum SAG (AD-903-K19). This 34.5kb segment likely represents the 

near-full length genome of a new archaeal virus.  

Next, we examined the number of virus types found in each infected SAG. 

Surprisingly, more than one viral type was detected in a majority of the cells. Of the 160 

SAGs where viral reads were detected, 95 (59%) had ≥750 bp sequence reads from 2 or 

more viral types, with an average of 2 viral types detected per cell (Figure 6.2). This data 

suggests that co-infection may be common in the hot spring environment. Indeed, 63% 
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of cells randomly sampled by SAG analysis had evidence of virus association. Given the 

low depth of average SAG genome coverage (approx. 9%), we anticipate that actual 

association levels are much higher, suggesting that (nearly) all cells in the hot spring 

interact with viruses. This work extends the scope of virus associations measured in 

previous reports in marine environments where viral sequences were found in 30–50% 

of cells (100, 166).  
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Figure 6.2. Detection of viral types in 160 SAGs. 26 of 110 virus types were detected by 

BLASTn identification of SAG sequencing reads to NL01 viral community (Bolduc 2015). 

Viral group numbers are taken from Bolduc 2016. Blue indicates the detection of a viral 

group in a SAG and white indicates that a viral group was not detected in a SAG. SAGs 

are grouped by cell type (vertical axis, a color key for cell the type is provided) and viral 

groups (horizontal axis) are ordered by detection frequency (top graph).  
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Several lines of evidence indicate that the detected virus-host associations are 

biologically relevant and not a consequence of random associations. First, no 

sequencing reads from any of the 307 SAGs were recruited onto two much larger 

marine viral metagenomic or a human gut viral metagenomic datasets using the 

identical mapping stringency conditions (Supplemental Table 6.6). Additionally, 

sequencing reads from 25 publically available non-hot spring associated SAGs from the 

JGI IMG (https://img.jgi.doe.gov/) representing 10 bacterial and two archaeal phyla 

were compared against the viral database used in this study. These SAG’s isolated from 

other environments, totaling 703.7 million reads, did not match any of the 110 viral 

groups used in this study at the same stringency settings (Supplemental Table 6.7). 

These controls support the conclusion that the conditions used in this study strike a 

balance between viral detection sensitivity and stringency sufficient to detect 

biologically relevant virus-host associations in individual SAGs. Future targeted virus 

RTqPCR analysis on single cells should clarify if the detected viruses are actively 

replicating. 

Analysis of CRISPR spacer sequences were used to detect additional virus-host 

associations. CRISPR spacer sequences were extracted from SAGs and mapped to the 

110 viral types (Supplemental Table 6.8). A total of 2,321 unique CRISPR spacer 

sequences were detected in 135 SAGs. Spacer sequences were found in all cell types 

except for the Nanobsidianus. Previous studies had also failed to identify CRISPR 
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sequences in Nanobsidianus sp from YNP hot springs (20, 95). CRISPR spacer-virus 

matches were found for 695 (30%) spacer sequences to 38 of the 110 viral types from 

121 SAGs (90% of spacer-containing SAGs). The majority of spacers with matches were 

found in Acidocryptum cells (541/695). Twenty-two viral types were identified by both 

read mapping and by CRISPR spacer matching to the same cellular species. As expected, 

controls of comparing 966 non-relevant CRISPR spacer sequences derived from the 

human gut microbial community to the 110 hot springs viral types failed to detect any 

virus-host associations under the same conditions. Overall, 47 of the 110 viral types 

(42%) were detected by either mapping of SAG reads or by SAG CRISPR spacer matching. 

Furthermore, 18 of these 47 virus types were predicted by hexamer distance analysis to 

the same host. Taken together, these 3 independent measures support the conclusion 

that virus-host associations are a common feature in this hot spring environment.  

It is worthwhile to retrospectively consider how useful it is to relay on 

hexanucleotide analysis to accurately connect viruses to potential hosts. In this work we 

have the advantage of having internal standards of viral sequences present within 

individual SAGs to compare against hexanucleotide analysis at different threshold cut 

offs. We observe that hexanucleotide cut off values of <0.3 are reasonable values 

reduce detecting false positives while maintaining the detection of meaningful host-

virus pairs (Supplemental Figure 6.5). 

The contextualized virus-host associations (Figure 6.3) and CRISPR spacer 

analysis (Figure 6.3, Supplemental Tables 8) provide complementary information on the 
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realized and potential host range of viruses, respectively. By combining these two lines 

of evidence we asked: what is the host range of individual virus types? Twenty-four 

viruses infected only a single cellular clade. In contrast, 23 virus types were detected in 

>2 host genera within the Sulfolobaceae family. Every previously characterized virus 

detected was found in at least one new host species. For example, STIV previously 

shown to infect S. solfataricus (Rice 2004), was also detected in Acidocryptum cells. 

These results demonstrate that culture-independent approaches can be used to 

investigate the host range of uncultured viruses across the entire microbial community. 

Despite finding multiple new associations, it is important to recognize that reported 

host ranges remain lower bounds, i.e., increased depth of sampling could reveal even 

more virus types within classified SAGs. 
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Figure 6.3. Ubiquitous interaction of multiple viruses with cells. The heatmap indicates 

the detection frequency of 47 viral groups detected by BLASTn analysis or the matching 

of CRISPR spacer sequences. Viral groups are arranged from least frequently detected to 

the most frequently detected. Numbers below the heatmap are viral group numbers 

taken from Bolduc 2015 and numbers in parenthesis indicate the number of species and 

cells that a group was detected in. The number after the species name on the right hand 

side is the number of cells classified as members of that species. Partial length 16S 

sequences from representative genomes were used to make a ML tree and nodes with 

greater than 0.95 posterior probability are bolded. The scale bar is in substitutions per 

base. Detected viral groups with described members are: group 0=SIRV1,2, group 

23=ASV1, SSV1,2, 4-9, group 26=ATV, group 28=AFV1, group 29=STIV1,2 and group 

32=STST1,2 and ARSV1. 

The inference methods in the present analysis are made possible by network-

based analytics that determine viral groups but also limited by relatively low SAG 

coverage (~9%). As a consequence, we cannot easily distinguish actively replicating 

viruses within individual SAGs, define their viral lifestyles (lytic, lysogenic, or chronic) or 

define individual viruses at the species level. Despite these limitations, it is remarkable 

that we detect in situ the majority of host and viral types – currently identifiable from 
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whole community sequencing projects – and their associations within a relatively low 

number of SAGs.  

This work shows the advantage of combining single-cell genomics with 

metagenomics to establish a comprehensive understanding of virus-host associations in 

a focal environment. Unlike previous studies of virus-microbe interactions, we are able 

to contextualize virus-host infection networks and link the identity of viruses found in 

different cells. Guided by the knowledge of the overall virus community, the 

incorporation of SAG analysis – including contextualized community network mapping 

and CRISPR detection – allows for the identification of individual hosts and the host 

range of an individual virus type in a culture-independent fashion. This study shows that 

(nearly) all cells in the NL01 hot spring interact with viruses, that multiple, concurrent 

interactions are common, and that a broad spectrum of virus types from specialists to 

generalists coexist in a relatively low-diversity community. These results should 

encourage the development of more robust empirical methods and theoretical models 

to assess the relevance of superinfection and a diversity of viral lifestyles in shaping 

natural communities.  
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CHAPTER SEVEN 

 

 

DIFFERENCES BETWEEN FREE, CELL ASSOCIATED, AND REPLICATING VIRUSES 

 

AND DETECTION OF SUPERINFECTED CELLS IN HOT SPRINGS 

 

OF YELLOWSTONE NATIONAL PARK 

 

Introduction 

 

 

For the last decade or more, viruses have been appreciated as major drivers of 

microbial mortality (81, 172), global nutrient cycling (254, 255), and cellular evolution. 

Despite this broad level appreciation of the role of viruses as a whole in the biosphere, 

prokaryotic viruses, with a few notable exceptions, remain some of the most 

understudied biological entities on the planet. Environmental virology has been 

hampered by the difficulty in culturing viral hosts and the establishment of culture-

based systems with which to study these viruses. The development of viral 

metagenomics in the early 2000’s (108, 256) precipitated an explosion of studies 

characterizing viral communities in the oceans (69, 72, 257), soils (80, 258), hot springs 

(68, 109, 259), freshwater lakes (175, 176), and numerous other environments. These 

studies revealed the tremendous diversity of genes and functions present in the viral 

world (72, 74). While these studies have provided insight into the genetic material 

encoded by the most abundant biological entities on the planet, they have not provided 

much insight into how these viruses are interacting with their cellular hosts.  
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While viruses are obligate cellular parasites, there are several different infection 

strategies that viruses have evolved in order to persist. All of these infection strategies 

have the ultimate goal of producing viral progeny but there are many differences 

between them. Viruses have the ability to reproduce lyticaly, where they kill the host 

cell, chronically where a few virions are continuously produced and the host cell 

survives, or lysogenicaly where the virus replicates vertically with the host cell. Of these 

three lifestyles, lytic infections are by far the best understood in part due to the clear 

indication of a successful infection (cellular death). Understanding the differences 

between these infections and their prevalence in natural environments is crucial to gain 

a deeper understanding of the role of viruses in the environment.  

The hot springs of Yellowstone National Park (YNP) are ideal locations to study 

the interactions between viruses and their microbial hosts, as well as biogeographic and 

temporal fluctuations and variations in viral communities. The simple viral and host 

communities of acid chloride hot springs (~100 viral families and frequently <10 cellular 

species) provide a model natural environment where virus host interactions can be 

tracked. Additionally, the extensive characterizations of the viral community that has 

previously been undertaken provides a foundation for the current study investigating 

differences between hot springs and across time.  

This study builds upon the foundational work that has already characterized the 

microbial and viral communities in acid chloride hot springs of YNP. This study pairs viral 

DNA metagenomics with cellular metagenomics and metatranscriptomics of five hot 
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springs in YNP. In this study we sequence the viral communities of three hot springs for 

the first time and pair these sequencing effort with cellular metagenomics and 

metatranscriptomics from the same hot springs sampled at the same time. This 

combination of viral metagenomics, cellular metagenomics,and cellular 

metatranscriptomics allows us to investigate differences in viral lifestyle that 

investigators have previously been unable to study in natural environments After 

characterization of the viral metagenomes, we analyze the cellular DNA and RNA for the 

presence of viral genes and in order to identify viruses that are infecting cells and those 

that are actively replicating. This study sheds new light on the interactions between 

viruses and their host cells in natural environments and differing lifestyles viruses adapt 

to survive in these harsh environments.   

 

Methods 

 

 

Sample Collection 

 

1L samples were collected from the hot springs Crater Hills Alice Spring (CHAS), 

Nymph Lake 01 (NL01), Gibbon Geyser 08 (GG08), Gibbon Geyser 20 (GG20) and Gibbon 

Geyser 21 (GG21)Figure 7.1 in sterile bottles and transported back to lab at ambient 

temperature. Immediately upon return to lab up to 500ml of hot spring water was 

filtered through a 0.2um sterile filter. Samples with high amounts of sediment and other 

particulates were filtered until the filter clogged. Nucleic acid was then extracted with 

the Qiagen DNeasy power water kit for DNA samples and quantitated with a qubit. DNA 
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samples were stored at -20˚C until sequencing. RNA was extracted off the filters with 

the RNeasy power water kit, quantitated via qubit and stored at -80˚C until library 

preparation and sequencing.  

 
Figure 7.1. Map of Yellowstone National Park with approximate locations of the hot 

springs sampled in this study indicated by stars. Red NL01, Yellow CHAS, Blue GG08, 

GG20, and GG21.  
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Flow through from the 0.2um filter was collected and concentrated prior to 

extraction of viral DNA. Viral particles were concentrated through FeCl chemical 

flocculation as previously described and resuspended in sterile 400mM ascorbic acid. 

Resuspended viral particles were further concentrated by pelleting in an ultra centrifuge 

at 38,000g in a Beckman coulter 50.2Ti rotor for 2hr before resuspension in sterile hot 

spring water. Viral DNA was then extracted with the Qiagen AllPrep PowerViral 

DNA/RNA kit, quantitated via qubit and stored at -20˚C until sequencing.  

 

Nucleic Acid Sequencing 

 

DNA libraries were constructed at the Roy J. Carver biotechnology center at the 

University of Illinois Urbana-Champaign. Genomic DNA libraries were prepared using the 

Hyper Library construction kit from Kapa Biosystems (Roche) kit. 16S sequences were 

depleted from RNA samples prior to library construction with the Ribozero bacteria kit 

(Illumina). The RNAseq libraries were prepared with Illumina's 'TruSeq Stranded 

mRNAseq Sample Prep kit' (Illumina). After library construction samples were 

sequenced on a single lane of an Illumina HiSeq 4,000  for 151 cycles with a HiSeq 4000 

sequencing kit version 1. Fastq files were generated and demultiplexed with the 

bcl2fastq v2.20 Conversion Software (Illumina). 

 

Cellular Assembly and Processing 

 

Reads from cellular metagenomes were assembeled with SPAdes using the --

meta command. After assembly reads were recruited to assembled contigs with 
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Bowtie2 --no-unal --very-sensitive. After recruitment contigs >1500bp were binned with 

MetaBat2. Abundance of each bin was calculated using the average coverage of all the 

contigs in a bin. All bins were assayed with CheckM for species identification, and 

contamination. CRISPR spacer sequences were identified and extracted from cellular 

bins using the standalone version of CRISPRCasFinder.  

Due to the poor classification that was achieved with CheckM (no bins were 

classified more specifically than class) all metagenomic bins were analyzed for 16S 

sequences with the CheckM ssu_finder. When identified 16S sequences were used to 

increase the level of phylogenetic classification. In order to further compare between 

hot springs ANI values were calculated for every metagenomic bin against every other 

bin as well reference genomes to increase taxonomic identification and allow for 

comparison between hot springs.  

 

Viral Assembly and Processing 

 

Reads from viral metagenomes were assembled with SPAdes with the--meta 

option enabled. Assembled contigs were then screened for cellular contamination 

against the SSU and LSU Silva databases (release 132). Contigs that aligned to any 

sequence in the SSU or LSU databases were removed from further analysis. A single 

sample (NL01 2018-07-31) displayed high levels of Paraburkholderia contamination. In 

order to remove contamination reads were aligned against the Paraburkholderia 

fungorum chromosomes prior to assembly. After assembly this sample was analyzed 

with Metabat2. Contigs that were binned with MetaBat2 were removed from future 
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analysis. All contigs were then blasted against the Paraburkholderia fungorum and 

metagenomic bins and any contig with a blast match <1E-5 was removed from future 

analysis. After decontamination remaining contigs were processed in the same as all 

other contigs.  

After assembly and decontamination viral contigs for each hot spring were 

independently analyzed using the network analysis program previously used to 

characterize viral communities in the hot springs of Yellowstone National Park. 

Networks were independently created and visualized in Gephi using the Force Atlas 2 

plugin with stronger gravity enabled. Three additional viral networks were created as 

well. Two of these network are for two individual hot springs that have been the subject 

of extensive sequencing efforts over nearly ten years Crater Hills Alice Spring (CHAS) and 

Nymph Lake 01 (NL01). The final network combines all of the previous sequencing 

efforts as well as the five viral metagenomic data sets that were sequenced in this study. 

89 previously characterized archaeal viruses infecting thermophilic Crenarchaeota and 

halophilic Euryarchaeota were seeded into the network to aid in the identification of 

viral groups. 

After the creation of an all hot spring viral network contigs within the same viral 

partition were assembled onto each other using the geneious assembler, medium 

sensitivity default parameters. After reassembly all new contigs  >2kb in length as well 

as all unused contigs >2kb were extracted and genes were predicted with the GeneMark 

S server 25,876 genes were predicted. Predicted genes were then deduplicated with CD-
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Hit at 90% identity over 90% gene length resulting in 20,874 high confidence genes from 

viral genomes. RNA reads from every hot spring were then recruited onto the predicted 

genes at 95% identity from all hot springs using bowtie2.  

 

Read Recruitment 

 

All viral DNA, cellular DNA and cellular RNA reads were recruited to the joint hot 

spring network using bowtie2. After recruitment the percentage of all viral reads that 

was recruited to each partition was calculated. The percentage of reads was used as a 

proxy for the abundance of each viral partition in each viral metagenome. Heatmaps to 

aid in the visualization of viral abundance were created with the Heatmap.2 package in 

R. The detection of viral reads in the RNA reads was used to identify viruses that are 

actively replicating in the hot springs. Controls of read recruitment to DNA and RNA 

eukaryotic viruses and bacteriophage not found in acid chloride hot springs of YNP were 

performed and <3 reads were detected to any of the control viruses.  

The percentage of reads that were viral were determined for the cellular DNA 

and RNA datasets by read recruitment onto all partitions in the meta viral network. 

After determination of viral reads the abundance of each viral partition was calculated 

by read recruitment for cellular RNA, DNA and viral DNA datasets. Using the abundance 

profile for every partition n NMDS analysis was performed in the vegan R package.  
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Viral Gene Prediction 

 

All contigs assigned to a single viral partition were reassembled using the 

Geneious assembler medium-sensitivity preset. After assembly all contigs >2,000 were 

extracted and genes were predicted with default settings in GeneMarkS. Predicted 

genes within a single viral partition were deduplicated using CD-HIT at 90% identity over 

90% of the gene length. Deduplicated genes were used for read recruitment of RNA 

reads and reads from 300 single cell genomes previously described identified as viral.  

 

Single Cell Viral Read Recruitment 

 

Reads from the 270 single cells previously identified as viral (30) were recruited 

onto the 4,703 viral genes identified through RNA read recruitment as well as to the 

contigs of the viral partitions, with bowtie2 using the end-2-end medium sensitivity 

preset. Both the number of genes detected in each single cell with a minimum mean 

coverage of 5x as well as the mean coverage of each gene was calculated 

 

Results 

 

 

Cellular Bins 

 

Cellular bins were classified with CheckM to analyze the bins for contamination, 

completeness, and taxonomic classification. Few of the bins were able to be classified 

past the class level so bins were further analyzed for the presence of 16S rRNA 

sequences. A majority of bins were still unclassified so an ANI was calculated for every 

bin against all other metagenomic bins as well as 30 reference genomes known to be 
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found in acid chloride hot springs of Yellowstone National Park. Based on the results of 

the ANI calculations, taxonomic identification was assigned to each metagenomic bin. 

Abundance of each bin was calculated by mean read coverage of each bin. Each of the 

hot springs revealed a simple archaeal dominated microbial community. Three of the 

five hot springs sequenced in this study showed exclusively archaeal microbial 

communities (CHAS, GG20 and GG21). These hot springs are dominated by 

Crenarchaeota and have <11 microbial members. In fact, GG20 is dominated by a single 

species of thermoprotei (>95% read abundance). The remaining two hot springs have 

more diverse microbial communities. GG08 is much cooler ~40˚C compared to 70˚C+ 

and this lower temperature has been shown to allow more bacterial species to be 

present. The remaining hot spring (NL01) has previously been shown to be dominated 

by archaea. However, this spring is annually inundated by snowmelt and spring runoff 

that causes a drastic increase in pH to near neutral levels. Previous studies of this hot 

spring have primarily occurred in late summer to fall and it is likely that the earlier 

sampling (July compared to September) and subsequent higher pH caused the shift in 

the microbial community.  

 

Viral Networks 

 

Viral networks were created for every hot spring that was sampled (Figure 7.2). 

Networks were created as previously described and were seeded with 89 characterized 

archaeal viruses to aid in the identification of viral groups. Only partitions with 50 or 

more contigs are shown.  Despite all being acid chloride hot springs that are dominated 
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by Archaea, the number and type of viral partitions varied from hot spring to hot spring 

with GG08 having the most viral partitions detected with 61. It is likely that the vDNA 

from NL01 was contaminated during extraction or sequencing. Nearly 80% of reads 

were identified to be from a Paraburkholderia species. These species are well known 

contaminants of ultrapure water systems. As a result of this contamination, the 

sequencing depth of this hot spring was significantly lower than other hot springs which 

likely contributed to the small number of viral partitions detected in this hot spring. Of 

the viral partitions that are able to be identified, it is worth noting that XXXXXX viruses 

are present in all the hot springs. These viruses are some of the most well studied and 

characterized archaeal viruses that have been described to date.  

A viral network including contigs from previous sequencing efforts was 

generated individually for the CHAS and NL01 hot springs. In the NL01 network (11 

timepoints) 47 of the viral partitions are detected at every time point. In contrast, in the 

CHAS network (seven timepoints), there are a couple of partitions that are found at 

every timepoint but a majority of the partitions are only found at a small number of 

timepoints.  It is important to note that the timepoints sequenced prior to 2016 in both 

CHAS and NL01 were all sequenced with 454 or Sanger sequencing technologies and it is 

likely that the absence of many viral partitions in CHAS are due to the lack of sequence 

coverage and not the absence of viruses in the hot spring.  

The GG08 hot spring has over twice as many viral partitions as any other hot 

spring. It is hypothesized that the increase in the number of viruses in the viral fraction 
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is in part due to the much cooler nature of this hot spring. GG08 is 30-40˚C cooler than 

the other hot springs and this lower temperature likely allows for some bacteriophage 

and less stable archaeal viruses to persist in the hot spring. It has previously been 

demonstrated that eukaryotic viruses (CCMV) are highly unstable in high temperature 

acid chloride hot springs (109) but it is likely that eukaryotic viruses and bacteriophage 

are more stable at the lower temperature present in GG08.  
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Figure 7.2. Visual representation of the viral networks for each of the hot springs 

sequenced in this study. Contigs assembled from vDNA are represented by dots while 

connections between contigs are represented by lines joining the dots. Each partition is 

colored differently. The hot spring and the number of viral partitions are indicated to 

the bottom left of each representation. 
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29 partitions
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18 partitions

GG20
28 partitions

GG08
63 partitions
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12 partitions
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Temporal Analysis 

 

In order to determine the presence of specific viruses across time, networks 

were made for NL01 and CHAS combining the current sequencing efforts with previous 

sequencing efforts. These networks resulted in 53 viral partitions in CHAS and 81 

partitions in NL01 (Figure 7.3). Despite both of these hot springs having simple archaeal 

microbial communities, the behavior of the viral communities in these hot springs is 

remarkably different. In the NL01 hot spring most of the viral partitions are present at 

most, if not all, of the sampling time points (Figure 7.4). In contrast, the viral partitions 

in CHAS show much more fluctuation and most of the partitions are present at only a 

few timepoints (Figure 7.5). CHAS also shows many more viral partitions present at one 

time point (2016) than any other sampling timepoint.  

While the variations between hot springs are likely biologically relevant it is 

important to keep in mind the advances in sequencing technology from the first dataset 

to the last. All vDNA samples prior to 2016 were sequenced with 454 and or Sanger 

technologies which limited the number of reads and consequently depth of coverage 

present in these samples. After 2016 all samples were sequenced with Illumina MiSeq or 

Illumina HiSeq which provided for much greater coverage and sequencing depth of the 

viral communities. Despite this the 2018 sample from CHAS only has a few viral 

partitions suggesting that the lack of representation from earlier timepoints is 

biologically relevant and not an artifact of the change in sequencing technology.  
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Figure 7.3. Visual representation of the network analysis of the viral communities in the 

NL01 and CHAS hot springs across sampling timepoints. The CHAS network consists of 

seven sequencing events while the NL01 network represents eleven sampling events. 

Contigs assembled from vDNA are represented by dots while connections between 

contigs are represented by lines in between the dots. Each partition is colored 

differently. 

CHAS NL01
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Figure 7.4. Heatmap of contig abundance in viral partitions of viral contigs from NL01 

hot spring timepoints. Viral partitions are ordered from largest (top) to smallest 

(bottom) The number representing each viral partition was generated by the algorithm 

and is independent of all other networks. Partitions with characterized viruses are 

indicated by the viruses name or abbreviation to the right of the heat map. Sampling 

time points are hierarchically clustered. The scale indicates the number of contigs 

present in each partition per sampling point and is logarithmic, white indicates the 

absence of a viral partition in a sample 
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Figure 7.5 Heatmap of contig abundance in viral partitions of viral contigs from CHAS 

hot spring timepoints. Viral partitions are ordered from largest (top) to smallest 

(bottom) The number representing each viral partition was generated by the algorithm 

and is independent of all other networks. Partitions with characterized viruses are 

indicated by the viruses name or abbreviation. Sampling time points are hierarchically 

clustered. The scale indicates the number of contigs present in each viral partition per 

timepoint and is logarithmic, white indicates the absence of a viral partition in a sample 
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Meta-network 

 

In order to compare viral presence and abundance across hot springs, a meta-

network was created using all viral contigs as well as contigs from viral metagenomes 

that had previously been sequenced including the NL01 viral networks previously 

described (68), CHAS viral DNA from 2016, and NL17 and NL18 viral metagenomes from 

2009 and 2010. This combined network was built using ~250,000 contigs totaling 154MB 

of viral sequence data from seven hot springs and eighteen different sequencing efforts. 

Network analysis revealed 101 viral partitions with 50 or more contigs present (Figure 

7.6). Despite 89 reference genomes being included, only nine viral partitions include a 

previously described virus, demonstrating the vast amount of high temperature 

archaeal viruses that are still to be characterized. None of the high-salt archaeal viruses 

that were seeded into the network were present in any of the viral partitions described.  

The number of viral partitions represented in the meta-network per hot spring 

ranges from 61 (GG21) to 99 (CHAS). Fifty of the viral partitions have a contig from every 

hot spring sequenced in this study and 89 of the partitions have a contig from four or 

more of the hot springs (Figure 7.7). There is only a single viral partition (234) that is 

only found in a single hot spring and it is found in CHAS. Interestingly, this viral partition 

is only found in the 2016 CHAS sampling timepoint and another four viral partitions are 

found in only two hot springs. Despite the widespread presence of most of these viruses 

most of the hot springs are dominated by a few viral partitions as indicated in the 
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individual hot spring analysis. This dominance of a few viral types per hot spring is likely 

associated with the microbial community that is present in the hot spring.  

 

 

Figure 7.6. Network analysis of viral DNA from seven hot springs in YNP. Network is 

created from ~250,000 viral contigs assembled from twenty-five samples across seven 

hot springs. 
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Figure 7.7. Heat map representation of the number of contigs from each sequenced viral 

DNA sample from a hot spring contributing to the 101 viral partitions identified by the 

metaviral network analysis. Viral partitions are indicated to the right of the heat map 

and partitions with characterized representatives are indicated. Numbers refer to the 

order in which the partition was created, and is independent of other viral networks. 

Viral partitions are ordered from top to bottom by the number of contigs assigned to 

each partition. Hot springs and the year and month of sampling (YYMM) are indicated at 

the bottom of the heat map and are hierarchically clustered represented by the 

dendrogram at the top of the heatmap. vRef indicates reference genomes that were 

seeded into the network analysis. The scale bar indicates the number of contigs present 

in each partition per hot spring sample and is logarithmic, and white indicates the 

absence of a viral partition in a sample. 



 

 

174 

Detection of Viruses in Cellular DNA 

 

Using the meta viral network as a guide, we next identified viral sequences in 

cellular DNA. Reads were recruited onto the meta network from all cellular DNA 

metagenomes using bowtie2. The abundance of viral partitions was calculated using the 

percentage of reads identified as viral. Nearly all of the viral partitions (94/101) were 

detected in the cellular DNA of at least one hot spring. Similar to the detection of viruses 

present in the viral DNA, a majority of the viral partitions (57/101) were detected in the 

cellular fractions of every hot spring that were sequenced. Another 30 viral partition 

were found in at least half of the hot springs that were sequenced. There were eight of 

the viral partitions were not found in cellular metagenomes sequenced in this study. Of 

these eight viral partitions, six of them were only found in previously sequenced 

samples and only two of them were present in the paired viral DNA samples sequenced 

in this study. While it is impossible to differentiate active viral infections from infections 

that were unsuccessful, the high level of correlation between viruses that were detected 

in both fractions suggests that the active viral community represents a majority of the 

viruses present in the hot spring and that most of the viruses are actively replicating and 

producing progeny. While it has previously been suggested that archaeal viruses are less 

likely to be lytic, these results do not refute this hypothesis. Chronically replicating 

viruses would be detected in both the viral and cellular fractions. 
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Detection of Replicating Viruses 

 

In order to directly examine which viruses are actively replicating from those 

that are lysogenic or the viral infection has failed, we also recruited reads from the four 

metatranscriptomes onto the viral partitions. After recruitment the number of viral 

reads present in the metatranscriptomes was calculated and the number of total viral 

reads was used to calculate the percentage of viral reads that mapped to each viral 

partition (Figure 7.8).  

For three of the hot springs with paired cellular RNA and DNA, fewer viral groups 

were detected in the RNA than in the DNA (76 to 89 in NL01, 53 to 73 in CHAS, 52 to 65 

in GG20). In the remaining hot spring (GG21), 71 viral partitions were detected in the 

RNA and 70 partitions were detected in the cellular DNA. Of the 101 viral partitions 

detected in these hot springs, 85 of them were also detected in the RNA fractions 

suggesting that these viruses are active in the community. This detection of 85% is 

significantly greater than a previous study that detected 58% of the viral populations in 

paired transcriptomic datasets (80).  

 

Differences Between Free, Host-Associated, 

and Replicating Viruses. 

 

In order to identify any differences between the viruses that are in the viral 

fraction (vDNA) infecting a host (cellular DNA) or actively replicating (cellular RNA) we 

performed a NMDS analysis on the viral abundance of each Figure 7.9. It is not 

surprising that the GG08 hot spring clusters differently from the other hot springs as it is 
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significantly cooler (~50˚C) than the other hot springs (~80˚C) analyzed in this study. One 

of the more interesting trends that was observed is the separation of the viral DNA from 

the cellular DNA and cellular RNA datasets for most of the hot springs. This suggests that 

the active viruses are likely a subset of the viruses that are infecting cells. This 

separation of these viral communities also suggests that a significant number of the 

viruses present in the cells are either not producing progeny or producing a very small 

number of progeny and are either chronically replicating or lysogenic viruses replicating 

vertically. 

One interesting feature that across multiple hot springs is that the viruses that 

are detected as a high percentage of reads in the cellular fraction are frequently highly 

detected in both the cellular DNA and RNA fractions and are less abundant in the viral 

fractions (see partition 18 SSV’s and 17 as examples). Conversely partitions that are the 

highly abundant in the viral fractions are frequently lower abundance in the cellular RNA 

and DNA (partitions 33 SIRV’s and 25). SSV and SIRV have two different lifestyles. SSV is 

a known chronically infecting virus that does not kill the host cell while SIRV’s are lytic 

viruses that kill their host cells. This suggests that the primary location of detection 

(cellular versus free viruses) might be able to be used as a proxy for a virus’s lifestyle. 

While it needs to be verified this could potentially serve as a crucial tool for 

investigators seeking to understand the role of viruses in natural environments, and 

how they are replicating.  
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Figure 7.8. Heat map representing the abundance of each viral partition in viralDNA, 

cellular DNA and cellular RNA datasets by hot spring. Each hot spring and time point is 

clustered together. Sequenced samples are ordered by time from left to right with space 

between hot springs. Viral partitions are indicated to the right of the heat map and 

partions with characterized viruses are indicted. Viral partitions where a viral integrase 

was detected by HMM analysis are indicated in green. The scale bar indicates the 

percentage of viral reads detected in each dataset assigned to each partition and is 

logarithmic, white indicates the absence of a viral partition in a dataset. Seven viral 

partitions are only represented in the NL17, NL18, or previous NL01 and CHAS datasets 

from which reads were not available and are not shown on this heatmap. 
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Figure 7.9. NMDS analysis of the abundance of viral partitions in viral DNA, cellular DNA, 

and cellular RNA datasets. The shape indicates the type of dataset square: cellular DNA, 

triangle: viral DNA, circle cellular RNA, and the color represents the hot spring and date 

of sampling: Green, GG08 2018-06-11, Blue, NL01 2018-04-19 Yellow, NL01 2018-07-31 

Black, CHAS 2018-07-31 Red, GG20 2018-07-31 Purple, GG21 2018-07-31. NMDS was 

calculated using the vegan R package. The stress is 0.1687. 

 

 

Transcribed Genes 

 

In order to determine which viral genes were being replicated viral genes were 

predicted with GeneMark S on all contigs >2,000bp. This produced ~25,000 genes across 

98 partitions, three partitions did not have a single viral contig that was 2,000 bp or 

longer and so no genes were predicted. These genes were then deduplicated with CD-

hit (90% identity over 90% length) resulting in 20,870 genes from 98 viral partitions. 

RNA reads from CHAS, NL01, GG20, and GG21 were recruited onto the 20,870 viral 
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genes. At least a single read from one of the RNA datasets was recruited onto 8,640 

genes. The number of genes detected ranged from 2603 in NL01 up to 6,779 genes in 

GG21. We then focused on the 5,105 genes that had a minimum of 5x mean coverage in 

at least one of the hot springs (Figure 7.10). The maximum mean coverage of any gene 

is 11,733 by reads from the GG21 hot spring to a gene from the VP20 partition. These 

genes come from 49 different viral partitions and six of the genes are present in all hot 

spring RNA transcriptomics with a mean coverage >5.  
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Figure 7.10. Heat map of the 5105 genes with at least 5x mean coverage from one of the 

four RNA datasets. Genes are ordered by viral partition size and then by the max 

coverage within a partition. Viral genes from the same partition are clustered together 

and as indicated by the bar to the left of the heatmap. Only mean coverage values>1 are 

shown. The viral partition at the bottom of the column continues at the top of the heat 

map to its right. 
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Viral Replication in Single Cells 

 

Reads previously identified as viral were recruited onto the reassembled viral 

contigs and analyzed as described in the previous chapter. Single cells that were 

determined to have a viral partition present, as well >5x mean DNA read coverage of 

one of the 5,150 actively replicating genes previously detected were selected for further 

analysis. 138 previously classified single cells were found to have >5x mean coverage of 

at least one actively transcribing gene and up to a maximum of 12 actively transcribed 

genes were detected in a SAG (Figure 7.11). 28 SAGs were found to have transcribed 

genes from two different viral partitions and another six SAGs were found to have 

transcribed genes from three viral partitions for a total of 34 SAGs where actively 

transcribed genes from multiple VP’s were detected. A total of 80 genes that are 

transcribed were also found to have at least 5x mean coverage in the single cells. The 

most commonly detected viral partition is viral partition 17 which is the largest partition 

by contig number in the YNP hot spring network. In one specific example, SAG AD-903-

K19, we detected transcribed genes from three different viral partitions; four genes 

from VP17, seven genes from VP21 and one gene from VP41. When the DNA single cell 

reads were recruited onto the reassembled contigs of the viral partitions using the 

requirements described in the previous chapter, five viral partitions were identified in 

K19 including VP17 and VP21, but not VP41. It is likely that one of the other viral 

partitions has a homologue to the VP41 gene that was detected but this gene was 

missed in the gene prediction step. The detection of two viruses in all of these different 
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datasets indicates that both VP17 and VP21 actively replicating in the hot springs and it 

is likely that both of these viruses are replicating in this specific cell.  
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Figure 7.11. Heat map of transcribed genes that are also present in the DNA of the single 

cells from NL01 hot spring. Cells are ordered by species as shown previously and viral 

partitions are ordered from the partition that is detected in the most SAGs to least. The 

species of each cell is indicated by the first column and the species key is at the bottom 

of the heatmap 

VP
17

VP
17

5

VP
18

VP
21

VP
32

VP
37

VP
41

S
p
e
c
ie

s

Vulcanisaeta sp 

Acidianus hospitalis

Sulfolobus sp 2

Acidilobus spSulfolobus sp 1

Acidocryptum nanophilium

1 3 5 7

Number of actively 
replicating genes per 
SAG



 

 

184 

The combination of VP21 and VP17 was by far the most common pairing with 18 

of the 34 cells having reads to genes from both of these viral partitions. In fact VP17 was 

found in every single single cell where transcribed genes from multiple viral partitions 

were detected. It is currently unknown whether VP17 is particularly permissive to 

superinfection or if there is another explanation for this observation. 

In order to confirm that the genes detected through this analysis are in fact viral 

and not cellular contamination the 80 unique genes were blasted against the nr 

database. Of the eighty genes 25 of them only had a match against a cellular species (22 

Sulfolobus, 1 Acidianus, and 2 Nanoarchaea). The 38 of the remaining genes all had a 

match against a viral genome. The remaining 17 genes had no significant similarity in the 

nr database. While most of these genes are not annotated and do not have known 

function, in many viral genomes the most highly expressed viral genes are frequently 

structural proteins suggesting that some of these genes are likely structural proteins as 

well.  

Finally, we investigated whether the abundance of these transcribed genes in 

the single cell genomes. DNA reads from the 138 single cells where the replicating genes 

were detected were recruited onto the 71 genes detected in these single cell genomes 

(Figure 7.12), nine genes were only detected in unclassified single cells. In multiple 

single cells we are able to detect viral genes from multiple viral types that have high 

mean coverage, >100x, indicating that there are likely multiple copies of the viral 

genome present and the virus is replicating. This detection of multiple likely replicating 
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viruses within the same cells suggests that not only are virus-host interactions important 

factors in microbial communities but virus-virus factors also likely play a major role in 

the structure of microbial communities.  

 
Figure 7.12 Mean coverage of 71 transcribed genes in 138 single cell genomes. Each row 

represents a single cell genome which are grouped by species indicated to the left of the 

heat map. Each column is a viral gene that is replicating at the population level and are 

grouped by the viral type that the gene was identified from. 

 

Due to the fact that these single cell genomes are low coverage and on average 
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from the same viral partitions or potentially entire viral partitions and the prevalence of 

multiple replicating viruses is significantly higher than we are able to detect. 

This combination of detecting viral genes in transcriptomic, as well as single cell 

DNA datasets suggests that these viruses are in fact replicating in the cells and multiple 

viruses are replicating in several cells. The detection of multiple likely replicating viruses 

in the same cell lends evidence to the theory that superinfection is in fact a common 

and prevalent phenomenon in the hot springs.  

 
Discussion 

 

 

While nearly a majority of viruses are detected in both the viral DNA and the 

cellular DNA fractions of most of the host springs sequenced in this study the 

proportions are drastically different. This difference between viral communities in the 

cellular and viral fractions is not unexpected but it is significant. It has previously been 

proposed that high temperature viruses minimize the amount of time spent outside the 

cell due to the rapid degradation of viral particles and the difficulty in finding new 

cellular hosts after release from a host cell. There is also a significant difference in the 

viruses that are detected in the RNA fraction in all hot springs. In all hot springs 

examined fewer viruses were detected in the RNA transcriptomic dataset than in either 

of the DNA datasets. One possible explanation for this is that many of the viruses are 

not completing their replication cycle or are only replicating at very low levels that were 

below the detection limit of this analysis. Further analysis determining which and how 
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many viral genes are being transcribed and the level of transcription for each gene is 

currently being performed. The NMDS analysis combined with the differences in 

expression levels between the cellular RNA, and DNA metagenomes indicates 

unsurprisingly, that the viruses are interacting with the cells in different ways, likely 

including antagonistic, and mutualistic interactions as well as numerous interactions in 

between.  

Previous single-cell work in one of the hot springs selected for this study showed 

a majority of cells in a hot spring are interacting with multiple viruses at any given time. 

While it is impossible to differentiate viral activity in single cells in this study, the 

detection of most viruses in the transcriptomic datasets (including all of the viral 

partitions that were detected in NL01 single cells) suggests that the viruses are actively 

replicating and influencing the cellular community. This combination of viral and cellular 

metagenomics with cellular transcriptomics allows for an unprecedented sensitivity and 

insight into the activity of viruses in natural environments.  
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CHAPTER EIGHT 

 

 

CONCLUSION AND FUTURE DIRECTIONS 

 

The research presented here provides a significant advancement of both 

techniques for the identification and quantification of virus-host interactions, as well as 

a more comprehensive understanding of the role of viruses and other parasites in 

geothermal environments. The specific objectives of this work were to: 

1. Develop techniques to rapidly and quantitively determine rates of viral infection 

of uncharacterized viruses and link these viruses to their host cells, directly in 

environmental samples (CH 3).  

2. Identify the host of a terrestrial Nanoarchaeal species and its distribution across 

Yellowstone hot springs as well as characterize the first virus that infects a 

Nanoarchaeal species (CH 4 and 5). 

3. Identify virus host interactions in individual cells and determine the prevalence 

of cells interacting with multiple viruses (CH 6). 

4. Determine if the virus sequences detected in single cells represent replicating 

viral genomes (CH7).  

Each of these objectives was accomplished as summarized below. 
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Development of a High Throughput Method for the  

Quantification of Viral Infection in Hot Spring Samples 

 

 

This technique adapts FISH techniques and flow cytometry to rapidly identify and 

quantitate viral infections in hot springs. Flow cytometry analysis was complimented 

and verified with fluorescent microscopy and cell counts. This technique was applied to 

two viral sequences that had previously only been described through metagenomic 

sequencing efforts, in four hot springs across Yellowstone national Park. We identified 

variations in viral infections both between these hot springs and temporally within a 

single hot spring. Infection rates ranged from below detection to nearly 50% of cells 

being infected with a virus. 

There were numerous technical challenges that had to be overcome in this 

project. The first of these was the reduction in the number of centrifugation steps that 

are required in the protocol. Initially no cells were being retained through the process 

due to the loss of cells every time the cells were pelleted. One of the major 

advancements on this front was the switch from a catalyzed reporter deposition (CARD) 

based FISH technique to one where the probe was multiply fluorescently labeled. The 

removal of the antibody binding, blocking, signal amplification, and subsequent washing 

steps was a significant contributor to the success of this project. However, the lack of 

signal amplification did make the technique less sensitive which necessitated the use of 

more and longer probes to compensate. Another technical challenge was creating a 

differential centrifugation protocol to successfully remove clay particulates in the hot 
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spring water from the cells of interest. These particulates are similar sizes to the cells 

and must be removed prior to analysis or else they interfere in the scattering and can 

appear to be cells. This was accomplished through multiple centrifugation steps at 

different speeds to differentially pellet the cells and clay particles. However, as 

mentioned previously increased pelleting steps results in the loss of cells and the loss of 

cellular integrity making cells more likely to lyse in future steps. Together these 

technical challenges represented significant challenges that had to be overcome prior to 

the development of this technique. 

Upon overcoming these technical challenges This technique was successfully 

applied to two novel viruses in four hot springs that had only been identified through 

metagenomic sequencing. This technique showed variations not only in the infection 

level across hot springs (below detection-50% infection), but also over time within a 

single hot spring. Further studies characterizing more viruses or more timepoints in 

combination with host abundance will create a more comprehensive understanding of 

viral infection rates and the role of viruses in natural environments. 

Future advances of combining FISH with fluorescent activated cell sorting (FACS) 

will allow not only a quantification of the number of cells that are infected in an 

environment but also to identify the host cells. Future advances in FISH permitting FISH 

techniques to be applied to low copy sequences in living prokaryotic cells are currently 

being developed and the ability to enrich for living cells infected with a specific virus on 
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interest will allow provide researchers an ideal starting place for the establishment of 

cultures susceptible to infection.  

 

Identification of a Nanoarchaeota Host and Virus 

 

 

Nanoarchaea are an obligate cellular parasite with highly streamlined genomes, 

that have fascinated microbiologists since their initial discovery and culture in 2002. This 

work identified a host of a terrestrial Nanoarchaeota species that is a widespread 

member of high temperature low pH hot springs in Yellowstone National Park. It also 

investigated the ability of Nanoarchaeal cells to associate with multiple different host 

cells and found evidence for a broad range of potential host species. This work found 

higher mutation rates in external proteins and proteins involved in motility and 

attachment providing a mechanism by which a single species could associate with 

multiple host species. This work also developed a hypothesis for the clonality of 

nanoarchaeal cells associated with a single host cell. Namely, that the Nanoarchaea are 

able to sense the membrane potential of a host cell and upon attachment to the host 

cell reduce the membrane potential thus removing it from the pool of potential host 

cells for other nanoarchaea in the environment.  

Since the inception of this work the second Nanoarchaeal species has been 

cultured (13). This species is from a circumneutral hot spring in YNP and has many 

similarities to the species described here. However, the host of this Nanoarchaea is an 

Acidilobus species and not a member of the Sulfolobales. Due to the parasitic nature of 
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Nanoarchaea they have proved exceptionally difficult to successfully culture in 

laboratory-based settings. Despite over a decade of effort by multiple research groups 

there remain only two cultured representatives of Nanoarchaea to date. This work 

advancing the phenome of Nanoarchaea and its interactions with the host cells will 

likely assist future efforts to culture nanoarchaeal species from multiple environments. 

This project presented several difficulties that had to be overcome. The most 

challenging of which was the optimization of 16S rRNA FISH probes for all eight species 

present in the hot springs. Hybridization concentrations for each probe had to be 

experimentally determined prior to analysis and then confirmed that each probe was 

specific to a single species of interest at the determined hybridization conditions. 

Fortunately, there is a tremendous amount of literature on FISH and optimizing 

hybridization conditions, so this project was time consuming but not technically difficult.  

Future work establishing culture-based systems for other Nanoarchaea host 

pairs will facilitate the investigation of energy transfer between Nanoarchaea and their 

host cells as well as the clonality of Nanoarchaeal cells. As obligate parasites the 

establishment of Nanoarchaeal cultures also requires the culturing of their host species. 

The identification of host species that can be utilized by Nanoarchaea facilitates the 

culturing of new species.  

This work also identifies and characterizes the first virus that infects a 

Nanoarchaeal species (Ch 5). This virus has a 35kbp circular ds DNA genome that 

encodes 53 ORFs. While we were unable to positively identify the viral particle multiple 
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lines of evidence suggest that this is in fact a virus and not a plasmid. The identification 

of putative structural proteins, protection of the genome from DNase degradation, high 

coding density, and genetic homology to other archaeal viruses all suggest that this is a 

virus, and not a plasmid or other extrachromosomal element. Due to the fact that 80% 

of viral genes have no significant homology to any sequence in the nr database and the 

genetic diversity of the virus, it is likely that this virus is the founding member of a new 

viral family. 

Despite being unable to establish a culture-based system and confirm the host 

species through culture-based experiments we are confident in the assignment of 

Nanoarchaea as the host species. The host species was determined through multiple 

independent bioinformatic techniques that all identified the host as a Nanoarchaeal 

species, including genome composition, genome homology, and identification in 

Nanoarchaeal single cells described in the next chapter (Ch 6). The isolation of the virus 

could also open new pathways to the manipulation of the Nanoarchaeota genome. It 

will be interesting to see if any of the viral genes or the genes of other viruses present in 

the hot springs have an effect on the ability of a Nanoarchaea to utilize specific species 

as host cells within the hot spring.  

 

Widespread Viral Infection and Superinfection in Geothermal Environments 

 

 

Utilizing a combination of viral metagenomics and single cell genomics for the 

first time allowed us to probe individual cells for the presence of viruses at greater 
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sensitivity than any previous reports. This revealed widespread virus infections in the 

hot spring and viruses were detected in >50% of cells examined. It is likely that this is an 

underestimate of the number of cells that are interacting with viruses as these single 

cell genomes were only 9% complete on average. This study detected ~30 of the 110 

viral groups that had previously been described in single cells and we were able to 

tentatively assign a host species to these viral groups that we detected. Many of the 

viruses exhibited broad host ranges across Orders while others were appeared to be 

species specific. This ability of some viruses to interact with multiple species makes 

them likely vectors for gene transfer between host species. The ability of these viruses 

to infect multiple species gives them a competitive advantage in that it is less likely that 

their host cells will all die out from the hot springs and makes them more likely to be 

able to move between hot springs. 

Perhaps the most intriguing result from this study was the detection of >50% of 

cells that are interacting with multiple viruses simultaneously. This detection of multiple 

viruses within the same cell suggests that not only are virus-host interactions important 

interactions in shaping the structure and function of the microbial community but virus-

virus interactions are also extremely important. Despite the low coverage (~9% 

complete on average) of the single cell genomes that we sequenced in this study we 

were still able to identify multiple viral types in ~40% of all single cells sequenced and 

this is likely an underestimate of frequency of multiple viral host interactions. More data 

and single cell analysis are needed to investigate patterns of viral co-occurrence and 
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identify viruses that are frequently or infrequently detected in the same cell. It will be 

interesting to see if two or more closely related viruses frequently interact within a cell 

or if these virus-virus interactions are more frequently between distantly related 

viruses.  

One of the limitations of this study was its inability to distinguish between 

proviral elements, active infections, and infections that have been cured by the cell. 

Future research utilizing advances in single cell technologies will shed more light on the 

nature of interactions between cells and viruses. Such studies will take advantage of 

single cell transcriptomics or the ability to target viral genes with qRT-PCR assays on 

single cells. The combination of these techniques will investigate which viruses are 

replicating in the host cells as well as which genes are being transcribed.  

 

Differences Between Active, Cell-Associated,  

and Replicating Viruses in Geothermal Environments 

 

 

This research utilized a combination of single cell genomics, viral and cellular 

metagenomics and cellular transcriptomics to identify viruses that are associated with 

cells and viruses that are replicating in the environment. This work created a global viral 

network of viruses from high temperature low pH hot springs in Yellowstone National 

Park. Most of the viruses that we identified were detected in multiple hot springs across 

time. We were also able to identify almost all of these viral types associated with cells 

suggesting that these viruses are interacting with the cells. We were also to identify 
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transcribed genes from half of the viral types that we detected in the hot springs 

indicating that many of the viruses are replicating and completing their replication cycle.  

The most difficult aspect of this study by far was the difficulty extracting 

workable amounts of DNA from the viral fraction and RNA from the cellular fractions. 

Due to the low biomass in these environments as well as the low pH the extraction of 

enough nucleic acid for sequencing is frequently very challenging. Multiple rounds of 

concentration are needed prior to extraction but every concentration step also results in 

a yield loss. Through this process we found that viral DNA needed to be extracted from a 

minimum of 1L of hot spring water and frequently from more depending on the hot 

spring. Cellular DNA was much easier to extract and sufficient quantities could 

frequently be extracted from 250ml or less. The extraction of RNA was also challenging 

due to the unstable nature of RNA as well as limitations to the volume that we could 

extract from. We had the best results extracting RNA from filters with publicly available 

kits, however frequently the filter would clog before we had filtered enough cells to get 

a usable amount of RNA for sequencing.  

The ability to distinguish viruses that are completing their replication cycle from 

those that are not is crucial for understanding and modeling the role of viruses in 

natural environments. While still being confirmed the ability to differentiate between 

lysogenic or chronic viruses from lytic viruses by relative abundance in cell associated 

compared to active viral populations would be of tremendous benefit in establishing 

viral lifestyle and the creation of models of viral impact on microbial communities.  
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Future Directions 

 

 

This previous single cell work is currently being leveraged to identify specific 

viruses that are replicating on a population level in the hot springs of YNP. Upon 

identification of these viruses specific targeted qRT-PCR will be performed on specific 

viral genes at the single cell level to identify replicating viruses and ideally multiple 

replicating viruses in the same cell. This detection and characterization of multiple 

infected cells would dramatically change the paradigm of the role of viruses in natural 

environments from antagonistic, parasitic entities that actively prevent other viruses 

from infecting to permissive, potentially beneficial interactions with their host cell.  

Together the studies described in this dissertation represent a significant 

advancement in understanding parasite host interactions in natural environments. The 

advancement of techniques for their study as well as the demonstration of the power of 

combining multiple omics based approaches will provide the basis for multiple studies 

for years to come. 

 

  



 

 

198 

 

 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES 

  



 

 

199 

1.  Woese CR, Fox GE. 1977. Phylogenetic structure of the prokaryotic domain: The 

primary kingdoms. Proc Natl Acad Sci 74:5088–5090. 

2.  Woese CR, Kandler O, Wheelis ML. 1990. Towards a natural system of organisms: 

proposal for the domains Archaea, Bacteria, and Eucarya. Proc Natl Acad Sci 

87:4576–4579. 

3.  Zaremba-Niedzwiedzka K, Caceres EF, Saw JH, Bäckström D, Juzokaite L, 

Vancaester E, Seitz KW, Anantharaman K, Starnawski P, Kjeldsen KU, Stott MB, 

Nunoura T, Banfield JF, Schramm A, Baker BJ, Spang A, Ettema TJG. 2017. Asgard 

archaea illuminate the origin of eukaryotic cellular complexity. Nature 541:353–

358. 

4.  Spang A, Saw JH, Jørgensen SL, Zaremba-Niedzwiedzka K, Martijn J, Lind AE, Van 

Eijk R, Schleper C, Guy L, Ettema TJG. 2015. Complex archaea that bridge the gap 

between prokaryotes and eukaryotes. Nature 521:173–179. 

5.  Hug LA, Baker BJ, Anantharaman K, Brown CT, Probst AJ, Castelle CJ, Butterfield 

CN, Hernsdorf AW, Amano Y, Kotaro I, Suzuki Y, Dudek N, Relman DA, Finstad KM, 

Amundson R, Thomas BC, Banfield JF. 2016. A new view of the tree and life’s 

diversity. Nat Microbiol Manuscript submitted for publication. 

6.  Rinke C, Schwientek P, Sczyrba A, Ivanova NN, Anderson IJ, Cheng J-F, Darling A, 

Malfatti S, Swan BK, Gies E a., Dodsworth J a., Hedlund BP, Tsiamis G, Sievert SM, 

Liu W-T, Eisen J a., Hallam SJ, Kyrpides NC, Stepanauskas R, Rubin EM, Hugenholtz 

P, Woyke T. 2013. Insights into the phylogeny and coding potential of microbial 

dark matter. Nature 1–7. 

7.  Guy L, Ettema TJG. 2011. The archaeal “TACK” superphylum and the origin of 

eukaryotes. Trends Microbiol 19:580–587. 

8.  Lincoln SA, Wai B, Eppley JM, Church MJ, Summons RE, DeLong EF. 2014. 

Planktonic Euryarchaeota are a significant source of archaeal tetraether lipids in 

the ocean. Proc Natl Acad Sci 111:9858–9863. 

9.  Sorokin DY, Makarova KS, Abbas B, Ferrer M, Golyshin PN, Galinski EA, Ciordia S, 

Mena MC, Merkel AY, Wolf YI, Van Loosdrecht MCM, Koonin E V. 2017. Discovery 

of extremely halophilic, methyl-reducing euryarchaea provides insights into the 

evolutionary origin of methanogenesis. Nat Microbiol 2. 

10.  Crocetti G, Murto M, Björnsson L. 2006. An update and optimisation of 

oligonucleotide probes targeting methanogenic Archaea for use in fluorescence in 

situ hybridisation (FISH). J Microbiol Methods 65:194–201. 



 

 

200 

11.  Massana R, Delong EF, Pedrós-Alió C. 2000. A few cosmopolitan phylotypes 

dominate planktonic archaeal assemblages in widely different oceanic provinces. 

Appl Environ Microbiol 66:1777–1787. 

12.  Massana R, Murray AE, Preston CM, DeLong EF. 1997. Vertical distribution and 

phylogenetic characterization of marine planktonic Archaea in the Santa Barbara 

Channel. Appl Environ Microbiol 63:50–56. 

13.  Wurch L, Giannone RJ, Belisle BS, Swift C, Utturkar S, Hettich RL, Reysenbach A-L, 

Podar M. 2016. Genomics-informed isolation and characterization of a symbiotic 

Nanoarchaeota system from a terrestrial geothermal environment. Nat Commun 

7:12115. 

14.  Waters E, Hohn MJ, Ahel I, Graham DE, Adams MD, Barnstead M, Beeson KY, 

Bibbs L, Bolanos R, Keller M, Kretz K, Lin X, Mathur E, Ni J, Podar M, Richardson T, 

Sutton GG, Simon M, Soll D, Stetter KO, Short JM, Noordewier M. 2003. The 

genome of Nanoarchaeum equitans: insights into early archaeal evolution and 

derived parasitism. Proc Natl Acad Sci U S A 100:12984–8. 

15.  Chen LX, Méndez-García C, Dombrowski N, Servín-Garcidueñas LE, Eloe-Fadrosh 

EA, Fang BZ, Luo ZH, Tan S, Zhi XY, Hua ZS, Martinez-Romero E, Woyke T, Huang 

LN, Sánchez J, Peláez AI, Ferrer M, Baker BJ, Shu WS. 2017. Metabolic versatility 

of small archaea Micrarchaeota and Parvarchaeota. ISME J 1–20. 

16.  Narasingarao P, Podell S, Ugalde JA, Brochier-Armanet C, Emerson JB, Brocks JJ, 

Heidelberg KB, Banfield JF, Allen EE. 2012. De novo metagenomic assembly 

reveals abundant novel major lineage of Archaea in hypersaline microbial 

communities. ISME J 6:81–93. 

17.  Ghai R, Pašić L, Fernández AB, Martin-Cuadrado A-B, Mizuno CM, McMahon KD, 

Papke RT, Stepanauskas R, Rodriguez-Brito B, Rohwer F, Sánchez-Porro C, 

Ventosa A, Rodríguez-Valera F. 2011. New Abundant Microbial Groups in Aquatic 

Hypersaline Environments. Sci Rep 1:135. 

18.  Hamilton TL, Koonce E, Howells A, Havig JR, Jewell T, de la Torre JR, Peters JW, 

Boyd ES. 2014. Competition for ammonia influences the structure of 

chemotrophic communities in geothermal springs. Appl Environ Microbiol 

80:653–661. 

19.  Sunagawa S, Coelho LP, Chaffron S, Kultima JR, Labadie K, Salazar G, Djahanschiri 

B, Zeller G, Mende DR, Alberti A, Cornejo-Castillo FM, Costea PI, Cruaud C, 

D’Ovidio F, Engelen S, Ferrera I, Gasol JM, Guidi L, Hildebrand F, Kokoszka F, 

Lepoivre C, Lima-Mendez G, Poulain J, Poulos BT, Royo-Llonch M, Sarmento H, 



 

 

201 

Vieira-Silva S, Dimier C, Picheral M, Searson S, Kandels-Lewis S, Bowler C, de 

Vargas C, Gorsky G, Grimsley N, Hingamp P, Iudicone D, Jaillon O, Not F, Ogata H, 

Pesant S, Speich S, Stemmann L, Sullivan MB, Weissenbach J, Wincker P, Karsenti 

E, Raes J, Acinas SG, Bork P. 2015. Structure and function of the global ocean 

microbiome. Science 348:1261359. 

20.  Munson-McGee JH, Field EK, Bateson M, Rooney C, Stepanauskas R, Young MJ. 

2015. Nanoarchaeota, Their Sulfolobales Host, and Nanoarchaeota Virus 

Distribution across Yellowstone National Park Hot Springs. Appl Environ Microbiol 

81:7860–7868. 

21.  Inskeep WP, Rusch DB, Jay ZJ, Herrgard MJ, Kozubal MA, Richardson TH, Macur 

RE, Hamamura N, Jennings R deM, Fouke BW, Reysenbach A-L, Roberto F, Young 

M, Schwartz A, Boyd ES, Badger JH, Mathur EJ, Ortmann AC, Bateson M, Geesey 

G, Frazier M. 2010. Metagenomes from high-temperature chemotrophic systems 

reveal geochemical controls on microbial community structure and function. PLoS 

One 5:e9773. 

22.  Inskeep WP, Jay ZJ, Tringe SG, Herrgård MJ, Rusch DB. 2013. The YNP 

Metagenome Project: Environmental Parameters Responsible for Microbial 

Distribution in the Yellowstone Geothermal Ecosystem. Front Microbiol 4:67. 

23.  Fuhrman JA, McCallum K. 1992. Novel major archaebacterial group from marine 

plankton. Nature 356:148–149. 

24.  Delong EF. 1992. Archaea in coastal marine environments. Proc Natl Acad Sci USA 

89:5685–5689. 

25.  Kalanetra KM, Bano N, Hollibaugh JT. 2009. Ammonia-oxidizing archaea in the 

arctic ocean and antarctic coastal waters. Environ Microbiol 11:2434–2445. 

26.  Dridi B, Henry M, El Khéchine A, Raoult D, Drancourt M. 2009. High prevalence of 

Methanobrevibacter smithii and Methanosphaera stadtmanae detected in the 

human gut using an improved DNA detection protocol. PLoS One 4. 

27.  Samuel BS, Hansen EE, Manchester JK, Coutinho PM, Henrissat B, Fulton R, 

Latreille P, Kim K, Wilson RK, Gordon JI. 2007. Genomic and metabolic 

adaptations of Methanobrevibacter smithii to the human gut. Proc Natl Acad Sci 

104:10643–10648. 

28.  DeLong EF, Wu KY, Prézelin BB, Jovine RVM. 1994. High abundance of Archaea in 

Antarctic marine picoplankton. Nature. 

29.  Herndl GJ, Reinthaler T, Teira E, Aken H Van, Veth C, Pernthaler A, Pernthaler J. 



 

 

202 

2005. Contribution of Archaea to Total Prokaryotic Production in the Deep 

Atlantic Ocean. Appl Environ Microbiol 71:2303–2309. 

30.  Munson-McGee JH, Peng S, Dewerff S, Stepanauskas R, Whitaker RJ, Weitz JS, 

Young MJ. 2018. A virus or more in (nearly) every cell: ubiquitous networks of 

virus–host interactions in extreme environments. ISME J. Springer US. 

31.  Chien A, Edgar DB, Trela JM. 1976. Deoxyribonucleic acid polymerase from the 

extreme thermophile Deoxyribonucleic Acid Polymerase from the Extreme 

Thermophile Thermus aquaticus. J Bacteriol 127:1550–1557. 

32.  Colman DR, Poudel S, Hamilton TL, Havig JR, Selensky MJ, Shock EL, Boyd ES. 

2017. Geobiological feedbacks and the evolution of thermoacidophiles. ISME J 

2:1–12. 

33.  Valentine DL. 2007. Adaptations to energy stress dictate the ecology and 

evolution of the Archaea. Nat Rev Microbiol 5:316–323. 

34.  Menzel P, Contursi P, Kristjansson JK, Ravin N, Bonch-osmolovskaya E, Young M. 

Comparative Metagenomics of Eight Geographically Remote Terrestrial Hot 

Springs. 1–34. 

35.  Torsvik T, Dundas ID. 1974. Bacteriophage of Halobacterium salinarium. Nature 

248:680–681. 

36.  Munson-McGee JH, Snyder JC, Young MJ. 2018. Archaeal viruses from high-

temperature environments. Genes (Basel) 9. 

37.  Bize A, Karlsson EA, Ekefjard K, Quax TEF, Pina M, Prevost M, Forterre P, Tenaillon 

O, Bernander R, Prangishvili D. 2009. A unique virus release mechanism in the 

Archaea. Proc Natl Acad Sci 106:11306–11311. 

38.  Snyder JC, Brumfield SK, Kerchner KM, Quax TEF, Prangishvili D, Young MJ. 2013. 

Insights into a viral lytic pathway from an archaeal virus-host system. J Virol 

87:2186–92. 

39.  Snyder JC, Brumfield SK, Peng N, She Q, Young MJ. 2011. Sulfolobus Turreted 

Icosahedral Virus c92 Protein Responsible for the Formation of Pyramid-Like 

Cellular Lysis Structures. J Virol 85:6287–6292. 

40.  Dimaio F, Yu X, Rensen E, Krupovic M, Prangishvili D, Egelman EH. 2015. A virus 

that infects a hyperthermophile encapsidates A-form DNA. Science (80- ) 

348:914–917. 



 

 

203 

41.  Quemin ERJ, Chlanda P, Sachse M, Forterre P, Prangishvili D, Krupovic M. 2016. 

Eukaryotic-like virus budding in archaea. MBio 7:e01439-16. 

42.  Snyder JC, Young MJ. 2011. Potential role of cellular ESCRT proteins in the STIV 

life cycle. Biochem Soc Trans 39:107–10. 

43.  Snyder JC, Samson RY, Brumfield SK, Bell SD, Young MJ. 2013. Functional interplay 

between a virus and the ESCRT machinery in archaea. Proc Natl Acad Sci U S A 

110:10783–7. 

44.  Pietila MK, Laurinmaki P, Russell DA, Ko C-C, Jacobs-Sera D, Hendrix RW, Bamford 

DH, Butcher SJ. 2013. Structure of the archaeal head-tailed virus HSTV-1 

completes the HK97 fold story. Proc Natl Acad Sci 110:10604–10609. 

45.  Khayat R, Tang L, Larson ET, Lawrence CM, Young M, Johnson JE. 2005. Structure 

of an archaeal virus capsid protein reveals a common ancestry to eukaryotic and 

bacterial viruses. Proc Natl Acad Sci U S A 102:18944–9. 

46.  Rice G, Tang L, Stedman K, Roberto F, Spuhler J, Gillitzer E, Johnson JE, Douglas T, 

Young M. 2004. The structure of a thermophilic archaeal virus shows a double-

stranded DNA viral capsid type that spans all domains of life. Proc Natl Acad Sci U 

S A 101:7716–20. 

47.  Rachel R, Bettstetter M, Hedlund BP, Häring M, Kessler  a, Stetter KO, Prangishvili 

D. 2002. Remarkable morphological diversity of viruses and virus-like particles in 

hot terrestrial environments. Arch Virol 147:2419–29. 

48.  Prangishvili D, Bamford DH, Forterre P, Iranzo J, Koonin E V., Krupovic M. 2017. 

The enigmatic archaeal virosphere. Nat Rev Microbiol 15:724–739. 

49.  Krupovic M, Cvirkaite-Krupovic V, Iranzo J, Prangishvili D, Koonin E V. 2018. 

Viruses of archaea: Structural, functional, environmental and evolutionary 

genomics. Virus Res 244:181–193. 

50.  Suttle CA. 2005. Viruses in the sea. Nature 437:356–61. 

51.  Snyder JC, Bolduc B, Bateson MM, Young MJ. 2011. The Prevalence of STIV c92-

Like Proteins in Acidic Thermal Environments. Adv Virol 2011:650930. 

52.  Wirth JF, Snyder JC, Hochstein R a, Ortmann AC, Willits D a, Douglas T, Young MJ. 

2011. Development of a genetic system for the archaeal virus Sulfolobus turreted 

icosahedral virus (STIV). Virology 415:6–11. 

53.  Maaty WS, Steffens JD, Heinemann J, Ortmann AC, Reeves BD, Biswas SK, Dratz E 



 

 

204 

a, Grieco P a, Young MJ, Bothner B. 2012. Global analysis of viral infection in an 

archaeal model system. Front Microbiol 3:411. 

54.  Snyder JC, Young MJ. 2013. Lytic viruses infecting organisms from the three 

domains of life. Biochem Soc Trans 41:309–13. 

55.  Birkenbihl RP, Neef K, Prangishvili D, Kemper B. 2001. Holliday junction resolving 

enzymes of archaeal viruses SIRV1 and SIRV2. J Mol Biol 309:1067–76. 

56.  Oke M, Kerou M, Liu H, Peng X, Garrett RA, Prangishvili D, Naismith JH, White MF. 

2011. A Dimeric Rep Protein Initiates Replication of a Linear Archaeal Virus 

Genome: Implications for the Rep Mechanism and Viral Replication. J Virol 

85:925–931. 

57.  Quemin ERJ, Lucas S, Daum B, Quax TEF, Kuhlbrandt W, Forterre P, Albers S-V, 

Prangishvili D, Krupovic M. 2013. First Insights into the Entry Process of 

Hyperthermophilic Archaeal Viruses. J Virol 87:13379–13385. 

58.  Prangishvili D, Arnold HP, Götz D, Ziese U, Holz I, Kristjansson JK, Zillig W. 1999. A 

novel virus family, the Rudiviridae: Structure, virus-host interactions and genome 

variability of the sulfolobus viruses SIRV1 and SIRV2. Genetics 152:1387–1396. 

59.  Iverson EA, Goodman DA, Gorchels ME, Stedman KM. 2017. Genetic Analysis of 

the Major Capsid Protein of the Archaeal Fusellovirus SSV1: Mutational Flexibility 

and Conformational Change. Genes (Basel) 8:373. 

60.  Quemin ERJ, Pietilä MK, Oksanen HM, Forterre P, Rijpstra WIC, Schouten S, 

Bamford DH, Prangishvili D, Krupovic M. 2015. Sulfolobus spindle-shaped virus 1 

contains glycosylated capsid proteins, a cellular chromatin protein and host-

derived lipids. J Virol JVI.02270-15. 

61.  Zhang C, Cooper TE, Krause DJ, Whitaker RJ. 2013. Augmenting the genetic 

toolbox for Sulfolobus islandicus with a stringent positive selectable marker for 

agmatine prototrophy. Appl Environ Microbiol 79:5539–49. 

62.  Brum JR, Ignacio-Espinoza JC, Kim E-H, Trubl G, Jones RM, Roux S, VerBerkmoes 

NC, Rich VI, Sullivan MB. 2016. Illuminating structural proteins in viral “dark 

matter” with metaproteomics. Proc Natl Acad Sci 113:201525139. 

63.  Allers E, Moraru C, Duhaime MB, Beneze E, Solonenko N, Barrero-Canosa J, 

Amann R, Sullivan MB. 2013. Single-cell and population level viral infection 

dynamics revealed by phage FISH, a method to visualize intracellular and free 

viruses. Env Microbiol 15:2306–2318. 



 

 

205 

64.  Wagner C, Reddy V, Asturias F, Khoshouei M, Johnson JE, Manrique P, Munson-

McGee J, Baumeister W, Lawrence CM, Young MJ. 2017. Isolation and 

Characterization of Metallosphaera Turreted Icosahedral Virus, a Founding 

Member of a New Family of Archaeal Viruses. J Virol 91:e00925-17. 

65.  Hochstein R, Amenabar MJ, Munson-McGee JH, Boyd ES, Young MJ. 2016. 

Acidianus tailed spindle virus: a new archaeal large tailed spindle virus discovered 

by culture-independent methods. J Virol 90:3458–3468. 

66.  Goulet A, Pina M, Redder P, Prangishvili D, Vera L, Lichière J, Leulliot N, van 

Tilbeurgh H, Ortiz-Lombardia M, Campanacci V, Cambillau C. 2010. ORF157 from 

the archaeal virus Acidianus filamentous virus 1 defines a new class of nuclease. J 

Virol 84:5025–31. 

67.  Larson ET, Reiter D, Young M, Lawrence CM. 2006. Structure of A197 from 

Sulfolobus turreted icosahedral virus: a crenarchaeal viral glycosyltransferase 

exhibiting the GT-A fold. J Virol 80:7636–44. 

68.  Bolduc B, Wirth JF, Mazurie A, Young MJ. 2015. Viral assemblage composition in 

Yellowstone acidic hot springs assessed by network analysis. ISME J 9:2162–2177. 

69.  Brum JR, Ignacio-espinoza JC, Roux S, Doulcier G, Acinas SG, Alberti A, Chaffron S. 

2015. Patterns and ecological drivers of ocean viral communities. Science (80- ) 

348:1–10. 

70.  Gudbergsdóttir SR, Menzel P, Krogh A, Young M, Peng X. 2015. Novel viral 

genomes identified from six metagenomes reveal wide distribution of archaeal 

viruses and high viral diversity in terrestrial hot springs. Environ Microbiol n/a-

n/a. 

71.  Martinez Martinez J, Swan BK, Wilson WH. 2014. Marine viruses, a genetic 

reservoir revealed by targeted viromics. Isme J 8:1079–1088. 

72.  Hurwitz BL, Sullivan MB. 2013. The Pacific Ocean virome (POV): a marine viral 

metagenomic dataset and associated protein clusters for quantitative viral 

ecology. PLoS One 8:e57355. 

73.  Manrique P, Bolduc B, Walk ST, van der Oost J, de Vos WM, Young MJ. 2016. 

Healthy human gut phageome. Proc Natl Acad Sci 113:10400–10405. 

74.  Grazziotin AL, Koonin E V, Kristensen DM. 2017. Prokaryotic Virus Orthologous 

Groups (pVOGs): A resource for comparative genomics and protein family 

annotation. Nucleic Acids Res 45:D491–D498. 



 

 

206 

75.  Rascovan N, Maldonado J, Vazquez MP, Eugenia Farías M. 2015. Metagenomic 

study of red biofilms from Diamante Lake reveals ancient arsenic bioenergetics in 

haloarchaea. ISME J 299–309. 

76.  Howe AC, Jansson JK, Malfatti S a, Tringe SG, Tiedje JM, Brown CT. 2014. Tackling 

soil diversity with the assembly of large, complex metagenomes. Proc Natl Acad 

Sci U S A 111:4904–9. 

77.  Daly RA, Borton MA, Wilkins MJ, Hoyt DW, Kountz DJ, Wolfe RA, Welch SA, 

Marcus DN, Trexler R V., MacRae JD, Krzycki JA, Cole DR, Mouser PJ, Wrighton KC, 

Park SY, Liang Y, Ravot G, Casalot L, Ollivier B, Loison G, Magot M, Akob DM, 

Cozzarelli IM, Dunlap DS, Rowan EL, Cluff MA, Hartsock A, MacRae JD, Carter K, 

Mouser PJ, Davis JP, Struchtemeyer CG, Elshahed MS, Mohan AM, Waldron PJ, 

Petsch ST, Martini AM, Nüsslein K, Wuchter C, Banning E, Mincer TJ, Mohan AM, 

Bibby KJ, Lipus D, Hammack RW, Gregory KB, Miller CS, Baker BJ, Thomas BC, 

Singer SW, Banfield JF, Konstantinidis KT, Rosselló-Móra R, Vikram A, Lipus D, 

Bibby K, Gaston MA, Jiang R, Krzycki JA, Andreesen JR, Bicknell B, Owens JD, Levin 

I, Meiri G, Peretz M, Burstein Y, Frolow F, Kivisto A, Kang X-M, Wang F-F, Zhang H, 

Zhang Q, Qiana W, Liang R, Grizzle RS, Duncan KE, McInerney MJ, Suflita JM, 

Teske A, Fathepure BZ, Montes MJ, Bozal N, Mercadé E, Singer E, Nyyssonen M, 

Labonté JM, Barrangou R, Makarova KS, Burstein D, Emerson JB, Goris J, Chapman 

EC, Weljie AM, Newton J, Mercier P, Carlson E, Slupsky CM, Wrighton KC, Brown 

CT, Wrighton KC, Hug LA, Hyatt D, LoCascio PF, Hauser LJ, Uberbacher EC, Edgar 

RC, Quevillon E, Wu M, Scott AJ, Dick GJ, Darling AE, Mau B, Perna NT, Kearse M, 

Roux S, Tournayre J, Mahul A, Debroas D, Enault F, Langmead B, Salzberg SL, 

Brum JR, Skennerton CT, Imelfort M, Tyson GW, Makarova KS, Quast C. 2016. 

Microbial metabolisms in a 2.5-km-deep ecosystem created by hydraulic 

fracturing in shales. Nat Microbiol 1:16146. 

78.  Beam JP, Jay ZJ, Schmid MC, Rusch DB, Romine MF, M Jennings R De, Kozubal M 

a, Tringe SG, Wagner M, Inskeep WP, Jennings RDM, Kozubal M a, Tringe SG, 

Wagner M, Inskeep WP, M Jennings R De, Kozubal M a, Tringe SG, Wagner M, 

Inskeep WP. 2016. Ecophysiology of an uncultivated lineage of Aigarchaeota from 

an oxic, hot spring filamentous ‘streamer’ community. ISME J 10:210–224. 

79.  Liu Z, Klatt CG, Wood JM, Rusch DB, Ludwig M, Wittekindt N, Tomsho LP, Schuster 

SC, Ward DM, Bryant DA. 2011. Metatranscriptomic analyses of 

chlorophototrophs of a hot-spring microbial mat. ISME J 5:1279–1290. 

80.  Emerson JB, Roux S, Brum JR, Bolduc B, Woodcroft B., Jang HB, Singleton CM, 

Solden LM, Naas AE, Boyd JA, Hodgkins SB, Wilson RM, Trubl G, Li C, Frolking S, 

Pope PB, Wrighton KC, Crill PM, Chanton JP, Sullivan MB. 2018. Host-linked soil 

viral ecology along a permafrost thaw gradient. Nat Microbiol. 



 

 

207 

81.  Suttle C a. 2007. Marine viruses--major players in the global ecosystem. Nat Rev 

Microbiol 5:801–12. 

82.  Weitz JS, Wilhelm SW. 2012. Ocean viruses and their effects on microbial 

communities and biogeochemical cycles. F1000 Biol Rep 4:17. 

83.  Fridman S, Flores-Uribe J, Larom S, Alalouf O, Liran O, Yacoby I, Salama F, Bailleul 

B, Rappaport F, Ziv T, Sharon I, Cornejo-Castillo FM, Philosof A, Dupont CL, 

Sánchez P, Acinas SG, Rohwer FL, Lindell D, Béjà O. 2017. A myovirus encoding 

both photosystem i and II proteins enhances cyclic electron flow in infected 

Prochlorococcus cells. Nat Microbiol 2:1350–1357. 

84.  Lindell D, Sullivan MB, Johnson ZI, Tolonen AC, Rohwer F, Chisholm SW. 2004. 

Transfer of photosynthesis genes to and from Prochlorococcus viruses. Proc Natl 

Acad Sci U S A 101:11013–8. 

85.  Hurwitz BL, U’Ren JM. 2016. Viral metabolic reprogramming in marine 

ecosystems. Curr Opin Microbiol. Elsevier Ltd. 

86.  Hurwitz BL, Hallam SJ, Sullivan MB. 2013. Metabolic reprogramming by viruses in 

the sunlit and dark ocean. Genome Biol 14:R123. 

87.  Mann NH, Cook A, Bailey S, Clokie M, Amanullah A, Azam N, Balliet A, Hollander 

C, Hoffman B, Jr. AF, Liebermann D, Zazzeroni F, Papa S, Smaele E De, Franzoso G. 

2003. Bacterial photosynthesis genes in a virus. Nature 424:741–742. 

88.  Thompson LR, Zeng Q, Kelly L, Huang KH, Singer AU, Stubbe J, Chisholm SW. 2011. 

Phage auxiliary metabolic genes and the redirection of cyanobacterial host 

carbon metabolism. Proc Natl Acad Sci 108:E757–E764. 

89.  Enav H, Mandel-Gutfreund Y, Béjà O. 2014. Comparative metagenomic analyses 

reveal viral-induced shifts of host metabolism towards nucleotide biosynthesis. 

Microbiome 2:9. 

90.  Márquez LM, Redman RS, Rodriguez RJ, Roossinck MJ. 2007. A virus in a fungus in 

a plant: Three-way symbiosis required for thermal tolerance. Science (80- ) 

315:513–515. 

91.  Zahran HH. 1999. Rhizobium-legume symbiosis and nitrogen fixation under 

severe conditions and in an arid climate. Microbiol Mol Biol Rev 63:968–89, table 

of contents. 

92.  Flint HJ, Bayer EA. 2008. Plant cell wall breakdown by anaerobic microorganisms 

from the mammalian digestive tract. Ann N Y Acad Sci 1125:280–288. 



 

 

208 

93.  Purdy KJ, Nedwell DB, Embley TM. 2003. Analysis of the sulfate-reducing bacterial 

and methanogenic archaeal populations in contrasting antarctic sediments. Appl 

Environ Microbiol 69:3181–3191. 

94.  Huber H, Hohn MJ, Rachel R, Fuchs T, Wimmer VC, Stetter KO. 2002. A new 

phylum of Archaea represented by a nanosized hyperthermophilic symbiont. 

Nature 417:63–7. 

95.  Podar M, Makarova KS, Graham DE, Wolf YI, Koonin E V, Reysenbach A-L. 2013. 

Insights into archaeal evolution and symbiosis from the genomes of a 

nanoarchaeon and its inferred crenarchaeal host from Obsidian Pool, Yellowstone 

National Park. Biol Direct 8:9. 

96.  Clingenpeel S, Kan J, Macur RE, Woyke T, Lovalvo D, Varley J, Inskeep WP, 

Nealson K, McDermott TR. 2013. Yellowstone lake nanoarchaeota. Front 

Microbiol 4:274. 

97.  Casanueva A, Galada N, Baker GC, Grant WD, Heaphy S, Jones B, Yanhe M, 

Ventosa A, Blamey J, Cowan D a. 2008. Nanoarchaeal 16S rRNA gene sequences 

are widely dispersed in hyperthermophilic and mesophilic halophilic 

environments. Extremophiles 12:651–6. 

98.  Moraru C, Lam P, Fuchs BM, Kuypers MMM, Amann R. 2010. GeneFISH--an in situ 

technique for linking gene presence and cell identity in environmental 

microorganisms. Environ Microbiol 12:3057–73. 

99.  Barrero-Canosa J, Moraru C, Zeugner L, Fuchs BM, Amann R. 2017. Direct-

geneFISH: a simplified protocol for the simultaneous detection and quantification 

of genes and rRNA in microorganisms. Environ Microbiol 19:70–82. 

100.  Roux S, Hawley AK, Torres Beltran M, Scofield M, Schwientek P, Stepanauskas R, 

Woyke T, Hallam SJ, Sullivan MB. 2014. Ecology and evolution of viruses infecting 

uncultivated SUP05 bacteria as revealed by single-cell- and meta- genomics. Elife 

3. 

101.  Labonté JM, Field EK, Lau M, Chivian D, Van Heerden E, Wommack KE, Kieft TL, 

Onstott TC, Stepanauskas R. 2015. Single cell genomics indicates horizontal gene 

transfer and viral infections in a deep subsurface Firmicutes population. Front 

Microbiol 6. 

102.  Tripathi BM, Kim M, Lai-Hoe A, Shukor NAA, Rahim RA, Go R, Adams JM. 2013. PH 

dominates variation in tropical soil archaeal diversity and community structure. 

FEMS Microbiol Ecol 86:303–311. 



 

 

209 

103.  Karner MB, Delong EF, Karl DM. 2001. Archaeal dominance in the mesopelagic 

zone of the Pacific Ocean. Nature 409:507–510. 

104.  Vila-Costa M, Barberan A, Auguet JC, Sharma S, Moran MA, Casamayor EO. 2013. 

Bacterial and archaeal community structure in the surface microlayer of high 

mountain lakes examined under two atmospheric aerosol loading scenarios. 

FEMS Microbiol Ecol 84:387–397. 

105.  Sunagawa S, Coelho LP, Chaffron S, Kultima JR, Labadie K, Salazar G, Djahanschiri 

B, Zeller G, Mende DR, Alberti A, Cornejo-castillo FM, Costea PI, Cruaud C, Ovidio 

F, Engelen S, Ferrera I, Gasol JM, Guidi L, Hildebrand F, Kokoszka F, Lepoivre C. 

2015. Structure and function of the global ocean microbiome. Science (80- ) 348. 

106.  Jay ZJ, Rusch DB, Tringe SG, Bailey C, Jennings RM, Inskeep WP. 2014. 

Predominant acidilobus-like populations from geothermal environments in 

yellowstone national park exhibit similar metabolic potential in different hypoxic 

microbial communities. Appl Environ Microbiol 80:294–305. 

107.  Valentine D. 2007. Adaptations to energy stress dictate the ecology and evolution 

of the Archaea. Nat Rev Microbiol 5:1070–1077. 

108.  Schoenfeld T, Patterson M, Richardson PM, Wommack KE, Young M, Mead D. 

2008. Assembly of viral metagenomes from Yellowstone hot springs. Appl Environ 

Microbiol 74:4164–4174. 

109.  Bolduc B, Shaughnessy DP, Wolf YI, Koonin E V, Roberto FF, Young M. 2012. 

Identification of novel positive-strand RNA viruses by metagenomic analysis of 

archaea-dominated Yellowstone hot springs. J Virol 86:5562–73. 

110.  Dellas N, Snyder JC, Bolduc B, Young MJ. 2014. Archaeal Viruses: Diversity, 

Replication, and Structure. Annu Rev Virol 1:399–426. 

111.   International Committee on Taxonomy of Viruses. Available online: 

http://www.ictvonline.org (accessed on 06 December 2017). 

112.   NCBI taxonomy browser. Available online: 

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi (accessed on 09 

February 2018). 

113.  Nigro OD, Jungbluth SP, Lin HT, Hsieh CC, Miranda JA, Schvarcz CR, Rappé MS, 

Steward GF. 2017. Viruses in the oceanic basement. MBio 8:e02129-16. 

114.  Philosof A, Yutin N, Flores-Uribe J, Sharon I, Koonin E V, Béjà O. 2017. Novel 

Abundant Oceanic Viruses of Uncultured Marine Group II Euryarchaeota. Curr Biol 



 

 

210 

27:1362–1368. 

115.  Vik DR, Roux S, Brum JR, Bolduc B, Emerson JB, Padilla CC, Stewart FJ, Sullivan 

MB. 2017. Putative archaeal viruses from the mesopelagic ocean. PeerJ 5:e3428. 

116.  Martínez-García M, Santos F, Moreno-Paz M, Parro V, Antón J. 2014. Unveiling 

viral–host interactions within the ‘microbial dark matter.’ Nat Commun 5:1–8. 

117.  Roux S, Brum JR, Dutilh BE, Sunagawa S, Duhaime MB, Loy A, Poulos BT, 

Solonenko N, Lara E, Poulain J, Pesant S, Kandels-Lewis S, Dimier C, Picheral M, 

Searson S, Cruaud C, Alberti A, Duarte CMM, Gasol JMM, Vaqué D, Bork P, Acinas 

SG, Wincker P, Sullivan MB. 2016. Ecogenomics and biogeochemical impacts of 

uncultivated globally abundant ocean viruses. Nature 053090. 

118.   NCBI Viral Genomes. Available online: 

https://www.ncbi.nlm.nih.gov/genome/viruses/ (accessed 6 December 2017). 

119.  Fouqueau T, Blombach F, Hartman R, Cheung ACM, Young MJ, Werner F. 2017. 

The transcript cleavage factor paralogue TFS4 is a potent RNA polymerase 

inhibitor. Nat Commun 8:1914. 

120.  Campos-Olivas R, Louis JM, Clerot D, Gronenborn B, Gronenborn AM. 2002. The 

structure of a replication initiator unites diverse aspects of nucleic acid 

metabolism. Proc Natl Acad Sci U S A 99:10310–10315. 

121.  Erdmann S, Tschitschko B, Zhong L, Raftery MJ, Cavicchioli R. 2017. A plasmid 

from an Antarctic haloarchaeon uses specialized membrane vesicles to 

disseminate and infect plasmid-free cells. Nat Microbiol 2:1446–1455. 

122.  Forterre P, Da Cunha V, Catchpole R. 2017. Plasmid vesicles mimicking virions. 

Nat Microbiol. Springer US. 

123.  Pietila MK, Atanasova NS, Manole V, Liljeroos L, Butcher SJ, Oksanen HM, 

Bamford DH. 2012. Virion Architecture Unifies Globally Distributed 

Pleolipoviruses Infecting Halophilic Archaea. J Virol 86:5067–5079. 

124.  Bettstetter M, Peng X, Garrett RA, Prangishvili D. 2003. AFV1, a novel virus 

infecting hyperthermophilic archaea of the genus Acidianus. Virology 315:68–79. 

125.  Mochizuki T, Yoshida T, Tanaka R, Forterre P, Sako Y, Prangishvili D. 2010. 

Diversity of viruses of the hyperthermophilic archaeal genus Aeropyrum, and 

isolation of the Aeropyrum pernix bacilliform virus 1, APBV1, the first 

representative of the family Clavaviridae. Virology 402:347–354. 



 

 

211 

126.  Prangishvili D, Vestergaard G, Häring M, Aramayo R, Basta T, Rachel R, Garrett RA. 

2006. Structural and Genomic Properties of the Hyperthermophilic Archaeal Virus 

ATV with an Extracellular Stage of the Reproductive Cycle. J Mol Biol 359:1203–

1216. 

127.  Atanasova NS, Roine E, Oren A, Bamford DH, Oksanen HM. 2012. Global network 

of specific virus-host interactions in hypersaline environments. Environ Microbiol 

14:426–440. 

128.  Weidenbach K, Nickel L, Neve H, Alkhnbashi OS, Künzel S, Kupczok A, Bauersachs 

T, Cassidy L, Tholey A, Backofen R, Schmitz RA. 2017. MetSV, a novel archaeal lytic 

virus targeting Methanosarcina strains. J Virol 91:e00955-17. 

129.  Witte A, Baranyi U, Klein R, Sulzner M, Luo C, Wanner G, Krüger DH, Lubitz W. 

1997. Characterization of Natronobacterium magadii phage phi Ch1, a unique 

archaeal phage containing DNA and RNA. Mol Microbiol Microbiol 23:603–616. 

130.  Reisser W, Burbank DE, Meints SM, Meints RH, Becker B, Van Etten JL. 1988. A 

comparison of viruses infecting two different Chlorella-like green Algae. Virology 

167:143–149. 

131.  Olsen RH, Siak JS, Gray RH. 1974. Characteristics of PRD1, a plasmid-dependent 

broad host range DNA bacteriophage. J Virol 14:689–99. 

132.  Palm P, Schleper C, Grampp B, Yeats S, McWilliam P, Reiter WD, Zillig W. 1991. 

Complete nucleotide sequence of the virus SSV1 of the archaebacterium 

Sulfolobus shibatae. Virology 185:242–250. 

133.  Janekovic D, Wunderl S, Holz I, Zillig W, Gierl A, Neumann H. 1983. TTV1, TTV2 

and TTV3, a family of viruses of the extremely thermophilic, anaerobic, sulfur 

reducing archaebacterium Thermoproteus tenax. MGG Mol Gen Genet 192:39–

45. 

134.  Hurwitz BL, Brum JR, Sullivan MB. 2014. Depth-stratified functional and 

taxonomic niche specialization in the “core” and “flexible” Pacific Ocean Virome. 

ISME J 1–13. 

135.  Roux S, Chan LK, Egan R, Malmstrom RR, McMahon KD, Sullivan MB. 2017. 

Ecogenomics of virophages and their giant virus hosts assessed through time 

series metagenomics. Nat Commun 8. 

136.  Roux S, Hallam SJ, Woyke T, Sullivan MB. 2015. Viral dark matter and virus-host 

interactions resolved from publicly available microbial genomes. Elife 4:e08490. 



 

 

212 

137.  Frenkiel-Krispin D, Sack R, Englander J, Shimoni E, Eisenstein M, Bullitt E, 

Horowitz-Scherer R, Hayes CS, Setlow P, Minsky A, Wolf SG. 2004. Structure of 

the DNA-SspC Complex : Implications for DNA Packaging , Protection , and Repair 

in Bacterial Spores Structure of the DNA-SspC Complex : Implications for DNA 

Packaging , Protection , and Repair in Bacterial Spores. J Bacteriol 186:3525–3530. 

138.  Ptchelkine D, Gillum A, Mochizuki T, Lucas-Staat S, Liu Y, Krupovic M, Phillips SEV, 

Prangishvili D, Huiskonen JT. 2017. Unique architecture of thermophilic archaeal 

virus APBV1 and its genome packaging. Nat Commun 8:7–12. 

139.  Hartman R, Bollschweiler D, Young M, Lawrence MC. Insights into first 

attachment of an archaeal virus using cryo-electron tomography. Status 

(unpublished work, 2018). 

140.  Häring M, Vestergaard G, Rachel R, Chen L, Garrett R, Prangishvili D. 2005. 

Independent virus development outside a host. Nature 436:1102. 

141.  Prangishvili D, Forterre P, Garrett R a. 2006. Viruses of the Archaea: a unifying 

view. Nat Rev Microbiol 4:837–48. 

142.  Atanasova NS, Bamford DH, Oksanen HM. 2016. Virus-host interplay in high salt 

environments. Environ Microbiol Rep 8:431–444. 

143.  Demina TA, Pietilä MK, Svirskaitė J, Ravantti JJ, Atanasova NS, Bamford DH, 

Oksanen HM. 2017. HCIV-1 and other tailless icosahedral internal membrane-

containing viruses of the family Sphaerolipoviridae. Viruses 9. 

144.  Liu Y, Wang J, Liu Y, Wang Y, Zhang Z, Oksanen HM, Bamford DH, Chen X. 2015. 

Identification and characterization of SNJ2, the first temperate pleolipovirus 

integrating into the genome of the SNJ1-lysogenic archaeal strain. Mol Microbiol 

98:1002–1020. 

145.  Challberg MD, Kelly TJ. 1979. Adenovirus DNA replication in vitro: Origin and 

direction of daughter strand synthesis. J Mol Biol 135:999–1012. 

146.  Russo JJ, Bohenzky RA, Chien MC, Chen J, Yan M, Maddalena D, Parry JP, Peruzzi 

D, Edelman IS, Chang Y, Moore PS. 1996. Nucleotide sequence of the Kaposi 

sarcoma-associated herpesvirus (HHV8). Proc Natl Acad Sci U S A 93:14862–7. 

147.  Saren AM, Ravantti JJ, Benson SD, Burnett RM, Paulin L, Bamford DH, Bamford 

JKH. 2005. A snapshot of viral evolution from genome analysis of the Tectiviridae 

family. J Mol Biol 350:427–440. 

148.  Luo Y, Qiu J. 2005. Human parvovirus B19: a mechanistic overview of infection 



 

 

213 

and DNA replication. Future Virol 10:155–167. 

149.  Bertozzi Silva J, Storms Z, Sauvageau D. 2016. Host receptors for bacteriophage 

adsorption. FEMS Microbiol Lett 363:1–11. 

150.  Horvath P, Barrangou R. 2010. CRISPR/Cas, the immune system of bacteria and 

archaea. Science 327:167–70. 

151.  Erdmann S, Le S, Bauer M, Garrett RA. 2014. Inter-viral conflicts that exploit host 

CRISPR immune systems of Sulfolobus. Mol Microbiol 91:900–917. 

152.  Peng N, Han W, Li Y, Liang Y, She Q. 2017. Genetic technologies for extremely 

thermophilic microorganisms of Sulfolobus, the only genetically tractable genus 

of crenarchaea. Sci China Life Sci. 

153.  Stedman KM, Schleper C, Rumpf E, Zillig W. 1999. Genetic requirements for the 

function of the archaeal virus SSV1 in Sulfolobus solfataricus: Construction and 

testing of viral shuttle vectors. Genetics 152:1397–1405. 

154.  Iverson EA, Goodman DA, Gorchels ME, Stedman KM. 2017. Extreme Mutation 

Tolerance: Nearly Half of the Archaeal Fusellovirus Sulfolobus Spindle-Shaped 

Virus 1 Genes Are Not Required for Virus Function, Including the Minor Capsid 

Protein Gene vp3. J Virol 91:e02406-16. 

155.  Selb R, Derntl C, Klein R, Alte B, Hofbauer C, Kaufmann M, Beraha J, Schöner L, 

Witte A. 2017. The Viral Gene ORF79 Encodes a Repressor Regulating Induction of 

the Lytic Life Cycle in the Haloalkaliphilic Virus ϕCh1. J Virol 91:e00206-17. 

156.  Franco OL, Rigden DJ. 2003. Fold recognition analysis of glycosyltransferase 

families: Further members of structural superfamilies. Glycobiology 13:707–712. 

157.  Dellas N, Snyder JC, Dills M, Nicolay SJ, Kerchner KM, Brumfield SK, Lawrence CM, 

Young M. 2016. Structure-Based Mutagenesis of Sulfolobus Turreted Icosahedral 

Virus B204 Reveals Essential Residues in the Virion-Associated DNA-Packaging 

ATPase. J Virol 90:2729–2739. 

158.  Larson ET, Eilers B, Menon S, Reiter D, Ortmann A, Young MJ, Lawrence CM. 2007. 

A winged-helix protein from sulfolobus turreted icosahedral virus points toward 

stabilizing disulfide bonds in the intracellular proteins of a hyperthermophilic 

virus. Virology 368:249–261. 

159.  Larson ET, Eilers BJ, Reiter D, Ortmann AC, Young MJ, Lawrence CM. 2007. A new 

DNA binding protein highly conserved in diverse crenarchaeal viruses. Virology 

363:387–396. 



 

 

214 

160.  Lintner NG. Crenarchaeal virus-host systems: Structure-function studies of 

crenarchaeal viruses and prokaryotic adaptive immunity. Doctorate of 

Philosophy, Montana State University, Bozeman Montana, 59715, March 2011. 

161.  Veesler D, Ng T. 2013. Atomic structure of the 75 MDa extremophile Sulfolobus 

turreted icosahedral virus determined by CryoEM and X-ray crystallography. Proc 

Natl Acad Sci 110:5504–5509. 

162.  Hochstein R, Bollschweiler D, Engelhardt H, Lawrence CM, Young M. 2015. Large 

Tailed Spindle Viruses of Archaea: a New Way of Doing Viral Business. J Virol 

89:9146–9149. 

163.  Hochstein R, Bollschweiler D, Dharmavaram S, Lintner NG, Plitzko JM, Bruinsma R, 

Engelhardt H, Young MJ, Klug WS, Lawrence CM. 2018. Structural studies of 

Acidianus tailed spindle virus reveal a structural paradigm used in the assembly of 

spindle-shaped viruses. Proc Natl Acad Sci 201719180. 

164.  Deng L, Gregory A, Yilmaz S. 2013. Contrasting Life Strategies of Viruses that 

Infect Photo- and Heterotrophic Bacteria, as Revealed by Viral Tagging. MBio 

3:e00373-12. 

165.  Deng L, Ignacio-Espinoza JC, Gregory AC, Poulos BT, Weitz JS, Hugenholtz P, 

Sullivan MB. 2014. Viral tagging reveals discrete populations in Synechococcus 

viral genome sequence space. Nature 513:242–245. 

166.  Labonté JM, Swan BK, Poulos B, Luo H, Koren S, Hallam SJ, Sullivan MB, Woyke T, 

Eric Wommack K, Stepanauskas R. 2015. Single-cell genomics-based analysis of 

virus–host interactions in marine surface bacterioplankton. ISME J 9:2386–2399. 

167.  Roux S, Enault F, Hurwitz BL, Sullivan MB. 2015. VirSorter: mining viral signal from 

microbial genomic data. PeerJ 3:e985. 

168.  Ahlgren NA, Ren J, Lu YY, Fuhrman JA, Sun F. 2017. Alignment-free d2∗ 

oligonucleotide frequency dissimilarity measure improves prediction of hosts 

from metagenomically-derived viral sequences. Nucleic Acids Res 45:39–53. 

169.  Kawakami S, Hasegawa T, Imachi H, Yamaguchi T, Harada H, Ohashi A, Kubota K. 

2012. Detection of single-copy functional genes in prokaryotic cells by two-pass 

TSA-FISH with polynucleotide probes. J Microbiol Methods 88:218–223. 

170.  Auguet JC, Barberan A, Casamayor EO. 2010. Global ecological patterns in 

uncultured Archaea. ISME J 4:182–190. 

171.  Schloss PD, Handelsman J. 2004. Status of the Microbial Census. Microbiol Mol 



 

 

215 

Biol Rev 68:686–691. 

172.  Proctor LM, Fuhrman J a. 1990. Viral mortality of marine bacteria and 

cyanobacteria. Nature 343:60–62. 

173.  Kauffman KM, Hussain FA, Yang J, Arevalo P, Brown JM, Chang WK, Vaninsberghe 

D, Elsherbini J, Sharma RS, Cutler MB, Kelly L, Polz MF. 2018. A major lineage of 

non-tailed dsDNA viruses as unrecognized killers of marine bacteria. Nat Publ Gr. 

174.  Wood-Charlson EM, Weynberg KD, Suttle CA, Roux S, van Oppen MJH. 2015. 

Metagenomic characterization of viral communities in corals: mining biological 

signal from methodological noise. Environ Microbiol. 

175.  Djikeng A, Kuzmickas R, Anderson NG, Spiro DJ. 2009. Metagenomic analysis of 

RNA viruses in a fresh water lake. PLoS One 4. 

176.  Roux S, Enault F, Robin A, Ravet V, Personnic S, Theil S, Colombet J, Sime-Ngando 

T, Debroas D. 2012. Assessing the diversity and specificity of two freshwater viral 

communities through metagenomics. PLoS One 7. 

177.  Fierer N, Breitbart M, Nulton J, Salamon P, Lozupone C, Jones R, Robeson M, 

Edwards RA, Felts B, Rayhawk S, Knight R, Rohwer F, Jackson RB. 2007. 

Metagenomic and small-subunit rRNA analyses reveal the genetic diversity of 

bacteria, archaea, fungi, and viruses in soil. Appl Environ Microbiol 73:7059–7066. 

178.  Minot S, Sinha R, Chen J, Li H, Keilbaugh S a, Wu GD, Lewis JD, Bushman FD. 2011. 

The human gut virome: inter-individual variation and dynamic response to diet. 

Genome Res 21:1616–25. 

179.  Anderson RE, Brazelton WJ, Baross J a. 2011. Using CRISPRs as a metagenomic 

tool to identify microbial hosts of a diffuse flow hydrothermal vent viral 

assemblage. FEMS Microbiol Ecol 77:120–133. 

180.  Edwards RA, McNair K, Faust K, Raes J, Dutilh BE. 2016. Computational 

approaches to predict bacteriophage-host relationships. FEMS Microbiol Rev 

40:258–272. 

181.  Roux S, Enault F, Ravet V, Pereira O, Sullivan MB. 2015. Genomic characteristics 

and environmental distributions of the uncultivated Far-T4 phages. Front 

Microbiol 6:1–13. 

182.  Ren J, Ahlgren NA, Lu YY, Fuhrman JA, Sun F. 2017. VirFinder: a novel k-mer based 

tool for identifying viral sequences from assembled metagenomic data. 

Microbiome 5:69. 



 

 

216 

183.  Tithi SS, Aylward FO, Jensen R V., Zhang L. 2018. FastViromeExplorer: a pipeline 

for virus and phage identification and abundance profiling in metagenomics data. 

PeerJ 6:e4227. 

184.  Wommack KE, Colwell RR. 2000. Virioplankton: viruses in aquatic ecosystems. 

Microbiol Mol Biol Rev 64:69–114. 

185.  Dang VT, Sullivan MB. 2014. Emerging methods to study bacteriophage infection 

at the single-cell level. Front Microbiol 5:724. 

186.  Neufeld JD. 2016. Direct-geneFISH: tuning up microscopic and molecular 

methodologies for targeted cell visualization. Environ Microbiol 1–23. 

187.  John SG, Mendez CB, Deng L, Poulos B, Kauffman AKM, Kern S, Brum J, Polz MF, 

Boyle E a, Sullivan MB. 2011. A simple and efficient method for concentration of 

ocean viruses by chemical flocculation. Environ Microbiol Rep 3:195–202. 

188.  Ortmann AC, Brumfield SK, Walther J, McInnerney K, Brouns SJJ, van de Werken 

HJG, Bothner B, Douglas T, van de Oost J, Young MJ. 2008. Transcriptome analysis 

of infection of the archaeon Sulfolobus solfataricus with Sulfolobus turreted 

icosahedral virus. J Virol 82:4874–83. 

189.  Moraru C, Moraru G, Fuchs BM, Amann R. 2011. Concepts and software for a 

rational design of polynucleotide probes. Environ Microbiol Rep 3:69–78. 

190.  Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm M, Rozen SG. 

2012. Primer3-new capabilities and interfaces. Nucleic Acids Res 40:1–12. 

191.  Petitjean C, Deschamps P, López-garcía P. 2014. Rooting the Domain Archaea by 

Phylogenomic Analysis Supports the Foundation of the New Kingdom 

Proteoarchaeota. Genome Biol Evol 7:191–204. 

192.  Brochier C, Gribaldo S, Zivanovic Y, Confalonieri F, Forterre P. 2005. Nanoarchaea: 

representatives of a novel archaeal phylum or a fast-evolving euryarchaeal 

lineage related to Thermococcales? Genome Biol 6:R42. 

193.  Hohn MJ, Hedlund BP, Huber H. 2002. Detection of 16S rDNA sequences 

representing the novel phylum “Nanoarchaeota”: indication for a wide 

distribution in high temperature biotopes. Syst Appl Microbiol 25:551–4. 

194.  Stepanauskas R, Sieracki ME. 2007. Matching phylogeny and metabolism in the 

uncultured marine bacteria, one cell at a time. Proc Natl Acad Sci o 104:9052–

9057. 



 

 

217 

195.  Swan BK, Martinez-Garcia M, Preston CM, Sczyrba A, Woyke T, Lamy D, 

Reinthaler T, Poulton NJ, Masland EDP, Gomez ML, Sieracki ME, DeLong EF, 

Herndl GJ, Stepanauskas R. 2011. Potential for chemolithoautotrophy among 

ubiquitous bacteria lineages in the dark ocean. Science 333:1296–300. 

196.  Bankevich A, Nurk S, Antipov D, Gurevich A a, Dvorkin M, Kulikov AS, Lesin VM, 

Nikolenko SI, Pham S, Prjibelski AD, Pyshkin A V, Sirotkin A V, Vyahhi N, Tesler G, 

Alekseyev M a, Pevzner P a. 2012. SPAdes: a new genome assembly algorithm 

and its applications to single-cell sequencing. J Comput Biol 19:455–77. 

197.  Wilkins MJ, Kennedy DW, Castelle CJ, Field EK, Stepanauskas R, Fredrickson JK, 

Konopka AE. 2014. Single-cell genomics reveals metabolic strategies for microbial 

growth and survival in an oligotrophic aquifer. Microbiol (United Kingdom) 

160:362–372. 

198.  Woyke T, Xie G, Copeland A, González JM, Han C, Kiss H, Saw JH, Senin P, Yang C, 

Chatterji S, Cheng J-F, Eisen J a, Sieracki ME, Stepanauskas R. 2009. Assembling 

the marine metagenome, one cell at a time. PLoS One 4:e5299. 

199.  Field EK, Sczyrba A, Lyman AE, Harris CC, Woyke T, Stepanauskas R, Emerson D. 

2014. Genomic insights into the uncultivated marine Zetaproteobacteria at Loihi 

Seamount. ISME J 9:857–870. 

200.  Wolf YI, Makarova KS, Yutin N, Koonin E V. 2012. Updated clusters of orthologous 

genes for Archaea: a complex ancestor of the Archaea and the byways of 

horizontal gene transfer. Biol Direct 7:46. 

201.  Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. 2015. CheckM: 

assessing the quality of microbial genomes recovered from isolates, single cells, 

and metagenomes. Genome Res 25:1043–55. 

202.  Snyder JC, Bateson MM, Lavin M, Young MJ. 2010. Use of cellular CRISPR (clusters 

of regularly interspaced short palindromic repeats) spacer-based microarrays for 

detection of viruses in environmental samples. Appl Environ Microbiol 76:7251–8. 

203.  Edgar RC. 2004. MUSCLE: a multiple sequence alignment method with reduced 

time and space complexity. BMC Bioinformatics 5:113. 

204.  Huelsenbeck JP, Ronquist F. 2001. MRBAYES: Bayesian inference of phylogenetic 

trees. Bioinformatics 17:754–755. 

205.  Loy A, Maixner F, Wagner M, Horn M. 2007. probeBase--an online resource for 

rRNA-targeted oligonucleotide probes: new features 2007. Nucleic Acids Res 

35:D800-4. 



 

 

218 

206.  Brileya KA, Camilleri LB, Fields MW. 2014. 3D-Fluorescence In Situ Hybridization 

of Intact, Anaerobic Biofi lm, p. 189–197. In Sun, L, Shou, W (eds.), Engineering 

and Analyzing Multicellular Systems. Springer New York, New York, NY. 

207.  Pernthaler  a, Pernthaler J. 2004. Sensitive multi-color fluorescence in situ 

hybridization for the identification of environmental microorganisms. Mol Microb 

Ecol Man 3:711–726. 

208.  Lasken RS, Stockwell TB. 2007. Mechanism of chimera formation during the 

Multiple Displacement Amplification reaction. BMC Biotechnol 7:19. 

209.  Abulencia CB, Wyborski DL, Garcia J a, Podar M, Chen W, Chang SH, Hwai W, 

Watson D, Brodie EL, Hazen TC, Chang HW, Keller M. 2006. Environmental Whole-

Genome Amplification To Access Microbial Populations in Contaminated 

Sediments Environmental Whole-Genome Amplification To Access Microbial 

Populations in Contaminated Sediments. Appl Environ Microbiol 72:3291–3301. 

210.  Yilmaz S, Allgaier M, Hugenholtz P. 2010. Multiple displacement amplification 

compromises quantitative analysis of metagenomes. Nat Methods. 

211.  Delmont TO, Robe P, Clark I, Simonet P, Vogel TM. 2011. Metagenomic 

comparison of direct and indirect soil DNA extraction approaches. J Microbiol 

Methods 86:397–400. 

212.  Abbai NS, Govender A, Shaik R, Pillay B. 2012. Pyrosequence analysis of 

unamplified and whole genome amplified DNA from hydrocarbon-contaminated 

groundwater. Mol Biotechnol 50:39–48. 

213.  Darling ACE, Mau B, Blattner FR, Perna NT. 2004. Mauve : Multiple Alignment of 

Conserved Genomic Sequence With Rearrangements Mauve : Multiple Alignment 

of Conserved Genomic Sequence With Rearrangements 1394–1403. 

214.  Randau L, Schröder I, Söll D. 2008. Life without RNase P. Nature 453:120–3. 

215.  Lowe TM, Eddy SR. 1997. tRNAscan-SE: a program for improved detection of 

transfer RNA genes in genomic sequence. Nucleic Acids Res 25:955–64. 

216.  Makarova KS, Sorokin A V, Novichkov PS, Wolf YI, Koonin E V. 2007. Clusters of 

orthologous genes for 41 archaeal genomes and implications for evolutionary 

genomics of archaea. Biol Direct 2:33. 

217.  Jahn U, Gallenberger M, Paper W, Junglas B, Eisenreich W, Stetter KO, Rachel R, 

Huber H. 2008. Nanoarchaeum equitans and Ignicoccus hospitalis: new insights 

into a unique, intimate association of two archaea. J Bacteriol 190:1743–50. 



 

 

219 

218.  Randau L. 2012. RNA processing in the minimal organism Nanoarchaeum 

equitans. Genome Biol 13:R63. 

219.  Thompson CC, Chimetto L, Edwards R a, Swings J, Stackebrandt E, Thompson FL. 

2013. Microbial genomic taxonomy. BMC Genomics 14:913. 

220.  Reno ML, Held NL, Fields CJ, Burke P V, Whitaker RJ. 2009. Biogeography of the 

Sulfolobus islandicus pan-genome. Proc Natl Acad Sci 106:8605–8610. 

221.  Lillestøl RK, Redder P, Garrett R a, Brügger K. 2006. A putative viral defence 

mechanism in archaeal cells. Archaea 2:59–72. 

222.  Di Giulio M. 2013. Is Nanoarchaeum equitans a paleokaryote? J Biol Res 19:83–

88. 

223.  She Q, Shen B, Chen L. 2004. Archaeal integrases and mechanisms of gene 

capture. Biochem Soc Trans 32:222–226. 

224.  Jarett JK, Nayfach S, Podar M, Inskeep W, Ivanova NN, Munson-mcgee J, Schulz F, 

Young M, Jay ZJ, Beam JP, Kyrpides NC, Malmstrom RR, Stepanauskas R, Woyke T. 

2018. Single-cell genomics of co-sorted Nanoarchaeota suggests novel putative 

host associations and diversification of proteins involved in symbiosis. 

Microbiome 6:1–14. 

225.  Smith JA, Nevin KP, Lovley DR. 2015. Syntrophic growth via quinone-mediated 

interspecies electron transfer. Front Microbiol 6:1–8. 

226.  Dutilh BE, Cassman N, McNair K, Sanchez SE, Silva GGZ, Boling L, Barr JJ, Speth DR, 

Seguritan V, Aziz RK, Felts B, Dinsdale EA, Mokili JL, Edwards RA. 2014. A highly 

abundant bacteriophage discovered in the unknown sequences of human faecal 

metagenomes. Nat Commun 5:1–11. 

227.  Simmonds P, Adams MJ, Benk M, Breitbart M, Brister JR, Carstens EB, Davison AJ, 

Delwart E, Gorbalenya AE, Harrach B, Hull R, King AMQ, Koonin E V., Krupovic M, 

Kuhn JH, Lefkowitz EJ, Nibert ML, Orton R, Roossinck MJ, Sabanadzovic S, Sullivan 

MB, Suttle CA, Tesh RB, Van Der Vlugt RA, Varsani A, Zerbini FM. 2017. Consensus 

statement: Virus taxonomy in the age of metagenomics. Nat Rev Microbiol 

15:161–168. 

228.  Roux S, Adriaenssens EM, Dutilh BE, Koonin E V., Kropinski AM, Krupovic M, Kuhn 

JH, Lavigne R, Brister JR, Varsani A, Amid C, Aziz RK, Bordenstein SR, Bork P, 

Breitbart M, Cochrane GR, A. RD, Desnues C, Duhaime MB, Emerson JB, Enault F, 

A. JF, Hingamp P, Hugenholtz P, Hurwitz BL, Ivanova NN, Jessica, Labonté M, Lee 

K-B, Malmstrom RR, Manuel Martinez-Garcia, Karsch I, Mizrachi, Ogata H, , David 



 

 

220 

Páez-Espino M-AP, Putonti C, Thomas, Rattei, Reyes A, Rodriguez-Valera F, 

Rosario K, Schriml L, Frederik, Schulz, Steward GF, Sullivan MB, Sunagawa S, Suttle 

CA, Temperton B, Tringe SG, Thurber RV, Webster NS, L. K, Whiteson, Wilhelm 

SW, Wommack KE, Woyke T, Wrighton K, Pelin Yilmaz, Yoshida T, Young MJ, Yutin 

N, Allen LZ, C. N, Kyrpides, Eloe-Fadrosh EA. 2018. Minimum Information about 

an Uncultivated Virus Genome (MIUViG): a community consensus on standards 

and best practices for describing genome sequences from uncultivated viruses. 

Nat Biotechnol. 

229.  Delcher AL, Douglas H, Kasif S, White O, Slazberg SL. 1999. Improved microbial 

gene identification with GLIMMER, p. 4636–4641. In Nucleic acids research. 

230.  Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with Bowtie 2. Nat 

Methods 9:357–359. 

231.  Edgar RC. 2007. PILER-CR: fast and accurate identification of CRISPR repeats. BMC 

Bioinformatics 8:18. 

232.  Roux S, Hallam SJ, Woyke T, Sullivan MB. 2015. Viral dark matter and virus – host 

interactions resolved from publicly available microbial genomes. Elife 4:1–20. 

233.  Paez-Espino D, Eloe-Fadrosh EA, Pavlopoulos GA, Thomas AD, Huntemann M, 

Mikhailova N, Rubin E, Ivanova NN, Kyrpides NC. 2016. Uncovering Earth’s 

virome. Nature 536:425–430. 

234.  Fuhrman JA, Schwalbach M. 2003. Viral influence on aquatic bacterial 

communities. Biol Bull 204:192–195. 

235.  Rohwer F, Thurber RV. 2009. Viruses manipulate the marine environment. Nature 

459:207–12. 

236.  Breitbart M. 2012. Marine viruses: truth or dare. Ann Rev Mar Sci 4:425–48. 

237.  Needham DM, Chow C-ET, Cram J a, Sachdeva R, Parada A, Fuhrman J a. 2013. 

Short-term observations of marine bacterial and viral communities: patterns, 

connections and resilience. ISME J 7:1274–85. 

238.  Sullivan MB, Weitz JS, Wilhelm S. 2017. Viral ecology comes of age. Environ 

Microbiol Rep 9:33–35. 

239.  Malki K, Kula A, Bruder K, Sible E, Hatzopoulos T, Steidel S, Watkins SC, Putonti C. 

2015. Bacteriophages isolated from Lake Michigan demonstrate broad host-range 

across several bacterial phyla. Virol J 12:164–168. 



 

 

221 

240.  Comeau AM, Buenaventura E, Curtis  a, Comeau M, Suttle C a. 2005. A Persistent , 

Productive , and Seasonally Dynamic Vibriophage Population within Pacific 

Oysters ( Crassostrea gigas ) A Persistent , Productive , and Seasonally Dynamic 

Vibriophage Population within Pacific Oysters ( Crassostrea gigas ) 71:5324–5331. 

241.  Flores CO, Meyer JR, Valverde S, Farr L, Weitz JS. 2011. Statistical structure of 

host – phage interactions. Proc Natl Acad Sci 108:E288-297. 

242.  Weitz JS, Poisot T, Meyer JR, Flores CO, Valverde S, Sullivan MB, Hochberg ME. 

2013. Phage-bacteria infection networks. Trends Microbiol 21:82–91. 

243.  Winstanley C, Langille MGI, Fothergill JL, Kukavica-Ibrulj I, Paradis-Bleau C, 

Sanschagrin F, Thomson NR, Winsor GL, Quail MA, Lennard N, Bignell A, Clarke L, 

Seeger K, Saunders D, Harris D, Parkhill J, Hancock REW, Brinkman FSL, Levesque 

RC. 2009. Newly introduced genomic prophage islands are critical determinants 

of in vivo competitiveness in the liverpool epidemic strain of pseudomonas 

aeruginosa. Genome Res 19:12–23. 

244.  Edwards RA, McNair K, Faust K, Raes J, Dutilh BE. 2016. Computational 

approaches to predict bacteriophage-host relationships. FEMS Microbiol Rev 

40:258–272. 

245.  Brum JR, Sullivan MB. 2015. Rising to the challenge : accelerated pace of 

discovery transforms marine virology. Nat Rev Microbiol 13:147–159. 

246.  Berg Miller ME, Yeoman CJ, Chia N, Tringe SG, Angly FE, Edwards R a., Flint HJ, 

Lamed R, Bayer E a., White B a. 2012. Phage-bacteria relationships and CRISPR 

elements revealed by a metagenomic survey of the rumen microbiome. Environ 

Microbiol 14:207–227. 

247.  Tadmor AD, Ottesen E a, Leadbetter JR, Phillips R. 2011. Probing individual 

environmental bacteria for viruses by using microfluidic digital PCR. Science 

333:58–62. 

248.  Stepanauskas R. 2012. Single cell genomics: An individual look at microbes. Curr 

Opin Microbiol. Elsevier Ltd. 

249.  Wilson WH, Gilg IC, Moniruzzaman M, Field EK, Koren S, Lecleir GR, Martínez 

Martínez J, Poulton NJ, Swan BK, Stepanauskas R, Wilhelm SW. 2017. Genomic 

exploration of individual giant ocean viruses. ISME J 11:1736–1745. 

250.  Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: A flexible trimmer for 

Illumina sequence data. Bioinformatics 30:2114–2120. 



 

 

222 

251.  Richter M, Rossello R. 2009. Shifting the genomic gold standard for the 

prokaryotic species definition. Proc Natl Acad Sci 106:19126–19131. 

252.  Neubeck M Von, Huptas C, Glu C, Krewinkel M, Stoeckel M, Stressler T, Fischer L, 

Hinrichs J, Scherer S, Wenning M. 2016. Pseudomonas helleri sp. nov. and 

Pseudomonas weihenstephanensis sp. nov., isolated from raw cow’s milk. Int J 

Syst Evol Microbiol 66:1163–1173. 

253.  Flores CO, Poisot T, Valverde S, Weitz JS. 2015. BiMat: A MATLAB package to 

facilitate the analysis of bipartite networks. Methods Ecol Evol 7:127–132. 

254.  Shelford EJ, Middelboe M, Møller EF, Suttle CA. 2012. Virus-driven nitrogen 

cycling enhances phytoplankton growth. Aquat Microb Ecol 66:41–46. 

255.  Dell’Anno A, Corinaldesi C, Danovaro R. 2015. Virus decomposition provides an 

important contribution to benthic deep-sea ecosystem functioning. Proc Natl 

Acad Sci 112:E2014–E2019. 

256.  Breitbart M, Felts B, Kelley S, Mahaffy JM, Nulton J, Salamon P, Rohwer F. 2004. 

Diversity and population structure of a near-shore marine-sediment viral 

community. Proc Biol Sci 271:565–574. 

257.  Antunes A, Alam I, Simões MF, Daniels C, Ferreira AJS, Siam R, El-Dorry H, Bajic 

VB. 2015. First Insights into the Viral Communities of the Deep-sea Anoxic Brines 

of the Red Sea. Genomics, Proteomics Bioinforma 13:304–309. 

258.  Adriaenssens EM, Kramer R, Van Goethem MW, Makhalanyane TP, Hogg I, Cowan 

DA. 2017. Environmental drivers of viral community composition in Antarctic soils 

identified by viromics. Microbiome 5:83. 

259.  López-López O, Cerdán M, González-Siso M. 2013. Hot Spring Metagenomics. Life 

3:308–320. 

260.  Schattner P, Brooks AN, Lowe TM. 2005. The tRNAscan-SE, snoscan and snoGPS 

web servers for the detection of tRNAs and snoRNAs. Nucleic Acids Res 33:W686-

9. 

 

  



 

 

223 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDICIES 

  



 

 

224 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX A: 

SUPPLEMENTAL TABLES AND FIGURES FROM CHAPTER 3 

  



 

 

225 

Supplemental table 3.1: Hot Spring Sampling date and 

geochemistry   

Hot Spring 
Sample 
date pH 

Temperature 
˚C Conductivity Latitude Longitude 

NL01 8/14/13 3.1 77 NA 44.75187 -110.7288 

NL01 6/9/14 4.5 83.5 415uS 44.75187 -110.7288 

NL01 4/19/18    44.75187 -110.7288 

NL01 7/31/18 4.12 86.6 410uS 44.75187 -110.7288 

CHAS 7/31/18 1.65 80.5 1.066mS 44.65329 -110.4847 

GG20 7/31/18 1.55 81.5 1.648mS 44.69035 -110.7293 

GG21 7/31/18 2.49 80.7 578uS 44.69048 -110.72936 
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Supplemental Table 3.2: PCR primers  

Primer name Sequence 
VP002-qPCR_F CGCTTGGAGTTTCTGTCCCT 

VP002-qPCR_R AGCCCAACCCTGTCCATTTT 

VP004-qPCR_F TGAGGACGTTGTCTTCAGGC 

VP004-qPCR_R GTCGTTTCCGCTTTCACGTC 

VP005-qPCR_F AGAACTTTTTGGGGTGACTGGA 

VP005-qPCR_R TCTTCTCCTCAATGGGAACTCTG 

VP010-qPCR_F ACGCTGGTAAGTTCCGTGAG 

VP010-qPCR_R AAGTGGCCAGCGTTGACTTA 

VP015_qPCR_F TGGCGACGCGAGAAATATGA 

VP015_qPCR_R CGACCCTGCCTTCCTCTAGA 

VP021-FqPCR_ ACCTGCCGCGATCAAAACTA 

VP021-RqPCR_ TTCGCTTCAGCTACTGCCTC 

VP024-FqPCR_ ACAGTTGAAGGCTACCACTGA 

VP024-qPCR_R CAGACGAGATACCTGCGGAT 

Topo_TA_5R TTGGGTAACGCCAGGGTTTT 

Topo_TA_5F CGGATCCACTAGTAACGGCC 

Topo_TA_4R CAGTGCTGCAATGATACCGC 

Topo_TA_4F GTGACACCACGATGCCTGTA 

Topo_TA_3R AGTTGGCCGCAGTGTTATCA 

Topo_TA_3F TCCTTGAGAGTTTTCGCCCC 

Topo_TA_2R AAAAGCGGCCATTTTCCACC 

Topo_TA_2F CGACCACCAAGCGAAACATC 

Topo_TA_1R TTCAGTGACAACGTCGAGCA 

Topo_TA_1F GATGGATTGCACGCAGGTTC 

VP002-5R TGGTCCCATCGGTAGAGGAG 

VP002-5F GCATGTCAATGTCGCAACCA 

VP002-4R TCCTCCGCTTTCACTTCCAC 

VP002-4F TAGGTGGCGGTAGTGCTAGT 

VP002-3R TGAGCTCGTTAGGTTCCCAA 

VP002-3F CCCCAGCTTCCTACAGGTTC 

VP002-2R TGCTACTGGGTTGTTCGTCC 

VP002-2F GATTGTTGCCAGTGCTGCAA 

VP002-1R AAGAAGGGGAATGAGCCACG 

VP002-1F ACCAGTTCAGGAGGAGAGCT 

VP004_6R GCAAATTTTGAGCGACGGGT 

VP004_6F TACTTCCAGGCGATCCAGGA 

VP004_5R TGTGCCTTCTGTAACACGCT 

VP004_5F CAACCCGTCGCACAACAATT 

VP004_4R CCCTAAGGGCTTCGGCATAA 

VP004_4F ATGGAAAGCACTGCGAAACA 

VP004_3R CAACTGGAGGGCTTGCGATA 
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VP004_3F TGCAGTCAGTCCAAGGTGAC 

VP004_2R TCCCATTTCCTGCTTCCTGC 

VP004_2F CGCACAGAACACTGCAGAAC 

VP004_1R GAAGCTGAGAAGCGACCTGT 

VP004_1F ACCAGTACCTTCAGCAAGCC 
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Supplemental Table 3.3: Fluorescent Probe yield and 

labeling efficienccy 

Probe Yield ng base:dye ratio  

VP002-1 130.13 14.55 
 

VP002-2 168.1225 17.70 
 

VP002-3 127.8725 13.46 
 

VP002-4 164.8325 13.21 
 

VP002-5 143.64 17.52 
 

VP004-1 (alexa 594) 100.45 12.13 
 

VP004-2 (alexa 594) 98.3 9.25 
 

VP004-3 (alexa 594) 122.4 15.21 
 

VP004-4 (alexa 594) 111.1 9.91 
 

VP004-5 (alexa 594) 125.3 11.95 
 

VP004-1 (alexa488) 33.3 56.80 
 

VP004-2 (alexa488) 47.5 127.48 
 

VP004-3 (alexa488) 23.5 21.01 
 

VP004-4 (alexa488) 45.5 34.88 
 

VP004-5 (alexa488) 21.5 10.48 
 

TopoTA-1 66.5 51.60 
 

TopoTA-2 74.55 45.78 
 

TopoTA-3 52.5 43.80 
 

TopoTA-4 63 65.23 
 

TopoTA-5 73.5 50.50 
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Supplemental Figure 3.1: Pictures of hot springs sampled in this study. A. NL01 B. CHAS 

C. GG20 D. GG21 

C D

A B



 

 

230 

 

Supplemental Figure 3.2. qPCR detection of eight uncharacterized viruses in the NL01 

hot spring. All DNA samples were collected from triplicate samples taken at the same 

timepoint and normalized back to the number of genomes per ml of hot spring water.  

  



 

 

231 

VP002 

 
 

VP004

 
Supplemental Figure 3.3 Consensus sequence of uncharacterized viruses for which vFISH 

was performed. Top VP002 Bottom VP004 with the location of PCR primers used for 

probes indicated  

  



 

 

232 

 
Supplemental Figure 3.4. Graph of % of fluorescent events in GG21 cells mixed together 

with unlabeled GG21 cells at 100/0, 90/10/ 75/25, 50/50, 25/75, 10/90, 0/100 

(VP004/unlabeled) with the limit of detection indicated  
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Supplemental Table 4.1. Sampling sites locations and dates along with the pH and 

temperature at the time of sampling. 

Name Latitude Longitude Date sampled pH Temperature ˚C 
Crater Hills Alice 
Spring (CH09)  

44.65329 -110.4847 2007-09 

(Metagenome) 

2.2 82˚C 

   2009-09-10 

(Metagenome) 

1.8 ~80˚C 

   2011-02 -11 

(Metagenome) 

1.8 79˚C 

   2012-01-14  

(Cells for CARD-

FISH) 

2.1 75˚C 

   2013-05-03  

(Cells for CARD-

FISH) 

2 78˚C 

Nymph Lake 01 
(NL01) 

44.75187 -110.7288 2007-08 

(Metagenome) 

3.5 91˚C 

   2008-08 

(Metagenome) 

3.9 90˚C 

   2009-08 

(Metagenome) 

4.5 93˚C 

   2011-10-11 

(Single cells) 

2.3 83˚C 

   2012-09-20 

(Single Cells) 

3.5 85˚C 

   2013-08-14  

(Cells for CARD-

FISH) 

3.1 77˚C 

   2014-09-12 

(Cells for CARD 

FISH and 

Metagenome) 

2.3 83˚C 

 



 
 

Supplemental Table 4.2. 16S rDNA CARD-FISH Probes (1-10) and PCR Primer sequences (10-20). 
 Name Sequence Target  Use 

1 Acidicryptum Host Probe GGCCTAGTAAGGGTCCCAACCA 
AB_777_J03, AB_777_K09, 
AB_777_K20 FISH 

2 Sulfolobus sp GGCCAAGTAAGCACCCCAACCA AB_777_L09, AB_777_G05 FISH 
3 Sulfolobus sp GGCCCAGTAAGCGCCCCGACCA AB_777_G06 FISH 
4 Sulfolobus. islandicus GGCCCAGTAAGAGTCCCGACCA AB_777_J04 FISH 
5 Acidianus. hospitalis AGCCCAGTAAGCGTCCCGACCA AB_742_N10 FISH 
6 Acidlolbus sp GGCCCAGCAAGAGTCCCGACCA AB_742_E05, AB_742_M15 FISH 
7 Vulcanisaeta sp GGCCCAGTAAGCACCCCGACCA AB_777_J10 FISH 
8 Nanoarchaea Probe GGCCCAATAACCGAGGCCATCG AB_777_F03, AB_777_O03 FISH 
9 Cren537 TGACCACTTGAGGTGCTG Crenarchaea FISH 
10 pB-02228 GCAGCTTCCCAGACATTACT E. coli FISH 
11 Arc_344F ACGGGGYGCAGCAGGCGCGA  Archaea  16S sequencing 
12 Arch_915R GTGCTCCCCCGCCAATTCCT Archaea 16S sequencing 
13 27F AGRGTTYGATYMTGGCTCAG Bacteria 16S sequencing 
14 907R CCGTCAATTCMTTTRAGTTT Bacteria 16S sequencing 
15 Nano Virus F ATGTTAACCCACCAAACATCAC Conserved viral gene PCR 
16 Nano Virus R CACACCCCGCACCTTTC Conserved viral gene PCR 
17 Sulfolobus Cell F AGCCCAGCCAGATCAGACGGA Acidicryptum genome PCR 
18 Sulfolobus Cell R CAGAACGCGAAGCCCGCGT Acidicryptum genome PCR 
19 Nano Cell F TGCATCAGGTACAACAGCATCCCA Nanobsidianus genome PCR 
20 Nano Cell R CCCATGGTTTATCAGCATCCGCCA Nanobsidianus genome PCR 
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Supplemental Table 4.3. The 7 genes that were used to determine the phylogenetic relationship Nanoarchaea in YNP and N. 
equitans. Included is the annotated name of the gene, O03 contig, start position and length of the 7 genes conserved in O03, F03, N. 
stetteri, N. equitans, and the CH09 metagenomes that were used to create the Nanoarchaea phylogenetic tree. 

Name 
O03 
Contig Start bp Length 

Archaeal histone 135 14510 232 
DNA-directed RNA polymerase subunit E, RpoE2 166 19366 204 
LSU ribosomal protein L10Ae (L1p) 135 8510 654 
LSU ribosomal protein L23p (L23Ae) 145 22654 221 
SSU ribosomal protein S20e (S10p) 163 2149 309 
Transcription initiation factor IIB (TFIIB) 155 20673 927 
Translation initiation factor 1A (aIF-1A) 165 43775 306 
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Supplemental Table 4.4. Thirteen single cell PCR amplicons generated using primers Arc_344F and Arch_915R that were selected for 
sequencing. 

PCR 
amplicon Source Date Hot Spring Size Best match in nr database 

Coverage 
% % match  

AB_742_
E15 Single cell 2012-09 NL01 390 Uncultured Archaeon clone KOZ139 99 100 

AB_777_
F03 Single cell 2011-10 NL01 564 Uncultured Nanoarchaeote clone 97 99 

AB_777_
G05 Single cell 2011-10 NL01 569 Uncultured archaeon clone NasHA57 95 95 

AB_777_
G06 Single cell 2011-10 NL01 568 Uncultured Archaeon clone K20aMs90 96 99 

AB_777_
J03 Single cell 2011-10 NL01 578 Uncultured archaeaon clone HS3wa 93 98 

AB_777_
J04 Single cell 2011-10 NL01 563 S. islandicus Lal14/1 97 99 

AB_777_
J10 Single cell 2011-10 NL01 576 Uncultured Vulcanisaeta sp. clone SK409 95 99 

AB_777_
K09 Single cell 2011-10 NL01 579 Uncultured archaeaon clone HS3wa 95 98 

AB_777_
K20 Single cell 2011-10 NL01 571 Uncultured archaeaon clone HS3wa 95 97 

AB_777_
L09 Single cell 2011-10 NL01 550 Uncultured archaeon clone NasHA57 96 95 

AB_742_
M05 Single cell 2012-09 NL01 391 Uncultured Archaeon clone KOZ139 99 99 

AB_742_
N10 Single cell 2012-09 NL01 514 A. hospitalis 98 100 

AB_777_
O03 Single cell 2011-10 NL01 583 Uncultured Nanoarchaeote clone 95 98 
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Supplemental Table 4.5. Single cell sequencing assembly statistics and genome information of thirteen partial single cell genomes 
sequenced. Single cells were MDA amplified and sequenced using an Illumina HiSeq 150x2 paired end sequencer. Nanoarchaeal 
genome completeness was calculated based on the number of or arCOG’s present in all Archaea (95) while the genome size for the 
other eleven cells was calculated based on the number of arCOG’s present in all Crenarchaeota (325) Genome calculations including 
upper and lower limits at 95% confidence were performed as described in Podar et al. 2013 (95). Genome size for F03 Acidicryptum 
contigs was not calculated due to the reduced amount of sequence data. 

Single 
Cell Cell type 

Number 
of 

contigs 

Min 
length 

(bp) 

Max 
length 
(Bp) 

Average 
contig 
length 
(Bp) 

Total 
length 

Lower 
limit 
(kbp) 

Estimated 
size (kbp) 

Upper 
limit 
(kbp) 

Estimated 
Genome 

Completeness 

Lower 
Limit 
ORF’s 

Estimated 
ORF’s 

Upper 
Limit 
ORF’s 

AB_777
_F03 Nanobsidianus 20 2128 95,961 19,993 449,832 530 576 644 77.90% 602 655 731 

AB_777
_F03 Acidicryptum 5 4,689 25,632 10,091 50,456 - - - - - - - 

AB_777
_O03 Nanobsidianus 47 2019 44534 11685 549214 635 686 762 80.0% 709 766 850 

AB_777
_J03 Acidicryptum 43 2118 130735 19909 856079 1024 1070 1126 80.0 1158 1210 1274 

AB_777
_K09 Acidicryptum 21 2264 40460 10154 210860 834 1034 1216 20.3 908 1088 1323 

AB_777
_K20 Acidicryptum 24 2012 131907 21729 521500 983 1078 1194 48.3 1119 1228 1359 

AB_777
_L09 Sulfolobus 86 2001 57934 10258 882143 1952 2060 2179 42.8% 2262 2387 2525 

AB_777
_G05 Sulfolobus 46 2140 22455 5646 259693 1293 1429 1585 18.2% 1602 1770 1963 

AB_777
_G06 Sulfolobus 83 2051 50849 12393 1028630 1750 1823 1903 56.4% 2036 2120 2213 

AB_777
_J04 Sulfolobus 124 2010 173127 15436 1914064 2206 2248 2296 85.1% 2412 2458 2511 

AB_742
_N10 Acidianus 237 1996 59123 6686 1584632 2108 2230 2377 71.1% 2319 2454 2616 

AB_742
_E15 Acidilobus 132 1979 26185 4794 632822 1154 1262 1392 50.2% 1176 1286 1419 

AB_742
_M05 Acidilobus 50 2017 26991 4853 242641 696 798 926 30.5% 790 906 1051 

AB_777
_J10 Vulcanisaeta 71 2000 104320 12492 886931 1673 1836 2033 48.3% 1860 2041 2260 
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Supplemental Table 4.6. Twenty-three publically available metagenomes from Yellowstone National Park hot springs as well as their 
pH and temperature. Each of the metagenome contigs were recruited onto the partial O03 Nanobsidianus genome with a seed of 
50bp at 95% homology, the number of contigs recruited onto the genome and the percentage of contigs recruited are reported. 

Hot Spring Metagenome statistics O03 
  pH Temp °C Collected # contigs Contigs % 
Alice Spring Crater Hills 2.1 70-80 9/20/07 4816 177 3.68 
Bath Lake Vista Annex 6.2 57.6 9/27/07 33605 1 0.00 
Bath Lake Vista Annex Purple sulfur mats 6.25 52-56 5/13/08 46060 0 0.00 
Beowulf Spring D 2.85 68 7/15/10 112550 1474 1.31 
Beowulf Spring E 2.84 62 7/15/10 138777 1670 1.20 
Calcite Springs Tower Falls region 7.8 74-76 8/22/07 11927 0 0.00 
Chocolate Pots 6 52.9 10/24/07 25796 0 0.00 
Cistern Spring 4.4 76 11/7/07 11738 103 0.88 
Dragon Spring 3.1 68-72 1/20/07 12925 4 0.03 
Fairy Springs Red Layer 9.0-9.2 33.3-36 10/24/07 39308 0 0.00 
Josephs Coat 6.1 76-80 8/3/07 11336 114 1.01 
Monarch Geyser Norris geyser Basin 4 81-82 10/3/07 10227 45 0.44 
Mushroom Spring 8.2 59.9 12/13/07 41170 0 0.00 
Narrow Gauge 6.5 70 8/23/07 1407 0 0.00 
NL10 3.75 90 8/20/07 6030 300 4.98 
Obsidian Pool Prime 5.7 56 8/14/07 25507 0 0.00 
Octopus Springs 8 80-84 8/23/07 23959 4 0.02 
One Hndred Springs Plain B 3.63 72 7/15/10 64494 962 1.49 
One Hndred Springs Plain C 3.63 72 7/15/10 56447 827 1.47 
One Hndred Springs Plain D 3.63 72 1/22/10 98941 872 0.88 
Osp Spring YNP14 3.5 73 11/7/07 12564 198 1.58 
Osp Spring YNP8 3.3 72-75 8/30/07 16825 273 1.62 
Washburn springs #1 6.4 76 7/2/08 39294 0 0.00 
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Supplemental Table 4.7. Nanoarchaeal 16S rDNA sequences detected in YNP metagenomes that assembled at 97% similarity to 
Nanobsidianus stetteri O03 16S rDNA  

Metagenome Contig name 
Contig 
length Closest nr Match 

% 
coverage Identity E. Value 

Beowulf Spring D 
BSDYNP_contig14327__len
gth_504___numreads_5 504 Uncultured nanoarchaeote clone YLNA050 100 98 

0.0 

Beowulf Spring D 
BSDYNP_GPD50D201CAQ6
U 481 Uncultured nanoarchaeote clone YLNA002 99 97 

0.0 

Beowulf Spring D BSDYNP_GPD50D201B119X 435 Uncultured nanoarchaeote clone YLNA081 100 97 0.0 

Beowulf Spring E 
BSEYNP_contig04412__len
gth_1486___numreads_39 1486 Uncultured nanoarchaeote clone YLNA095 92 98 

0.0 

Beowulf Spring E BSEYNP_GPCIY2J01AVGW9 318 Uncultured nanoarchaeote clone YLNA081 100 97 3e-147 
Beowulf Spring E BSEYNP_GPCIY2J01CUGP7 479 Uncultured nanoarchaeote clone YLNA034 100 98 0.0 
Joseph's Coat YNP4_C3038 3795 Uncultured nanoarchaeote Clone OP-9 11 98 0.0 

Monarch Geyser 
YNP3A_GFAO12797_c1_10
00_100_1 509 Uncultured nanoarchaeote clone YLNA034 99 98 

0.0 

One Hundred 
Springs Plain B OSPB_contig03578 1086 Uncultured nanoarchaeote Clone OP-9 94 97 

0.0 
 

One Hundred 
Springs Plain C OSPC_GN81VBF02HWACG 309 Uncultured nanoarchaeote clone YLNA034  100 98 

3e-157 

One Hundred 
Springs Plain C OSPC_GN81VBF02GPG5B 289 Uncultured nanoarchaeote clone YLNA044 100 99 

1e-141 

One Hundred 
Springs Plain D GOCTFRE02G5T8Z 195 Uncultured nanoarchaeote clone YLNA043 100 96 

2e-83 

One Hundred 
Springs Plain D GOCTFRE02JRUPL 460 Uncultured nanoarchaeote clone YLNA028 100 98 

0.0 

One Hundred 
Springs Plain D GOCTFRE02GI47D 398 Uncultured nanoarchaeote clone YLNA036 100 97 

0.0 

One Hundred 
Springs Plain D GOCTFRE02INHVL 541 Uncultured nanoarchaeote clone YLNA028 100 96 

0.0 

One Hundred 
Springs Plain D contig05965 798 Uncultured nanoarchaeote Clone OP-9 83 96 

0.0 

OSP YNP14 YNP14_C3661 1851 Uncultured nanoarchaeote clone YLNA095 50 97 0.0 
OSP YNP8 YNP8_FUBN29447_g1 801 Uncultured nanoarchaeote clone YLNA095 71 97 0.0 
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Supplemental Table 4.8. Comparison of 12 genes previously described to be split in either N. stetteri, N. equitans or both numbers 
indicate the ORF’s that make up the gene in N. equitans and N. stetteri. 

Split Proteins N. equitans N. stetteri F03 O03 

Reverse gyrase NEQ 318-434 
N. stetteri 
337-402 - Same split as N. stetteri 

Glu-tRNAGln 
amidotransferase  NEQ 245-396 

N. stetteri 
197-449 Same split as N. stetteri 

only 449 found same split as N. 
stetteri 

Predicted RNA-binding 
protein NEQ 438-506 

N. stetteri 
176-251 Same split as N. stetteri 

251 missing 291 nt at front 
otherwise same as N. stetteri 

Archaeosine tRNA-
guanine transglycosylase  NEQ 124-305 

N. stetteri 
096-232 Same split as N. stetteri 

Only 096 found same split as N. 
stetteri 

RNA polymerase subunit 
B  NEQ 156-173 

N. stetteri 
632-633 Same split as N. stetteri - 

Large helicase-related 
protein NEQ 003-409 

N. stetteri 
172-239 Same split as N. stetteri Same split as N. stetteri 

 DNA polymerase I  NEQ 068-528 
N. stetteri 

417 Not Split Missing 207 nt at start Not Split 

Topoisomerase I NEQ 045-324 
N. stetteri 

174 Not split Not Split 
P-loop ATPase-
acetyltransferase fusion 
protein NEQ 096-495 

N. stetteri 
401 - - 

 Alanyl-tRNA synthetase NEQ 211-547 
N. stetteri 

054 Not split Not split 
Diphthamide synthase 
sub. DPH2 - 

N. stetteri 
222-440 Same split as N. stetteri 

222 missing 4 nt at end 
atherwise same as N. stetteri 

 Uncharacterized 
conserved protein 
(arCOG04253) - 

N. stetteri 
474-480 

474 missing 14nt at end 
otherwise same as N. 

stetteri 
474 missing 14nt at end 

otherwise same as N. stetteri 
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Supplemental Table 4.9 Presence of tRNA genes in four Nanoarchaeal genomes by tRNA scan (260) 
    Number in: Features 

Amino Acid Anticodon 
AB_777-

F03 
AB_777-

O03 
N. 

stetteri 
N. 
Equitans AB_777_F03 AB_777_O03 N. stetteri N. 

equitans 
Ala CGC 0 1 1 1         

  GGC 0 1 1 1         
  TGC 1 0 1 1         

Arg CCT 1 1 1 1         
  GCG 1 1 1 1         
  TCG 1 1 1 1         
  TCT 0 0 1 1         

Asn GTT 0 1 1 1         
Asp GTC 0 1 1 1         
Cys GCA 1 1 1 1         
Gln CTG 0 0 1 1         

  TTG 1 0 1 0         
Glu CTC 1 0 1 0         

  TTC 0 0 1 0         
Gly CCC 0 0 0 1         

  GCC 1 1 1 1         
  TCC 0 1 1 1         

His GTG 1 1 1 0         
Ile GAT 1 1 1 1         

  TAT 1 1 1 1 Intron 37-54 
(17bp) 

Intron 37-54 
(17bp) 

Intron 37-
54 (17bp) 

Intron 39-
57 (18bp) 

Leu CAA 1 0 1 1         
  CAG 1 1 1 0         
  GAG 1 1 1 1         

  TAA 1 2 0 1 Intron 39-55 
(16bp) 

Intron in both 
tRNA's 39-55 

(16bp) 

Not 
detected Not Split 

  TAG 1 1 1 1         
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Lys CTT 1 1 0 0         
  TTT 0 1 2 1         

Met CAT 2 3 1 1 Intron 38-65 
(27bp) 

Intron in 1 tRNA 
38-65 (27bp)   Intron 38-

103 (65bp) 
Phe GAA 1 1 0 1         
Pro CGG 0 0 0 1         

  GGG 1 1 1 1         
  TGG 0 0 1 1         

Ser CGA 0 0 1 2 Not detected Not detected Not spilt Intron 39-
51 (12bp) 

  GCT 1 1 1 1         
  GGA 1 1 1 1         
  TGA 0 1 1 1         

Thr CGT 1 1 1 1         
  GGT 1 1 1 1         
  TGT 0 1 1 1         

Trp CCA 1 1 1 0         

Tyr GTA 1 0 1 1 Intron 40-59 
(19bp) Not detected Intron 40-

59 (19bp) 
Intron 37-
49 (12bp) 

Val CAC 0 0 1 1         
  GAC 1 1 1 1         
  TAC 1 0 2 1         
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Supplemental Table 4.10. Cell counts of Acidocryptum and N. stetteri associations determined by CARD FISH analysis co-probed with 
Acidocryptum and N. stetteri specific 16S rRNA probes. 

Hot 
Spring Date # cells 

# 
Acidocryptum 

cells 

Acidocryptum cells 
associated with N. 

stetteri 

% 
Acidocryptum 

cells 

% of Acidocryptum 
cells associated with 

N. stetteri 
NL10 8/14/13 289 132 88 45.67 66.67 
NL10 9/12/14 667 118 75 17.69 63.56 
CHAS 1/14/12 6023 1041 784 17.28 75.31 
CHAS 5/3/13 2786 222 118 7.97 53.15 
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Supplemental Figure 4.1. Pictures of the two hot springs selected for this study. Top 
NL01 bottom CH09 
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Supplemental Figure 4.2. Maximum likelihood phylogenetic tree based on partial 16S 
rRNA sequences from single cell and metagenomic datasets spanning a seven year time 
period from the NL01 hot spring. The color indicates the dataset source, 3 NL01 
metagenomes (red), single cell amplicon NL01 2011-10-11 (blue), single cell amplicon 
NL01 2012-09-20 (green), sequenced reference genomes are included (black). Thick bars 
denote nodes with posterior probabilities >0.95, while thin bars denote nodes with 
posterior probabilities <0.95. The scale bar is in substitutions per site, and 
Acidthiobacillus caldus ATCC 51756 served as the outgroup. An asterisk after the label 
denotes single cell amplicons that were selected for single cell genome sequencing in 
this study 
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Supplemental Figure 4.3. The number of metagenome contigs recruited to nanoarchaeal 
O03 16S sequence is represented by the size of the solid black circle, while open circles 
indicate hot spring metagenomes with no 16S nanoarchaeal sequences. 
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Supplemental Figure 4.4. A. Comparison of nanoarchaeal ORF’s determined by RAST 
analysis (http://rast.nmpdr.org/) from cells collected from NL01 to N. equitans (outer 
circle) and N. stetteri (inner circle). B. Percent amino acid identity of ORF’s from three 
the nanoarchaeal species compared to O03 from YNP. 
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Supplemental Figure 4.5. A. A comparison of host ORF’s determined by RAST analysis of 
cells collected from NL01 to N. stetteri. B. Percentage amino acid identity of genes in J03 
to K09, K20 (SCG), and Acd1. 
 

A

B

K09 Outer circle
K20 Middle circle

A. nanophilum inner circle
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Supplemental Figure 4.6. A viral contig to the suspected virus replicating within N. 
stetteri. This contig was assembled from contigs present in a single viral cluster (cluster 
50) identified by network analysis of the Nl01 viral community structure (68) and using 
the SMV1 like sequence (green) identified in the N stetteri single cell genome. A second 
archaeal virus-like protein (pink) is also present on this contig. Putative ORF’s are 
indicated in red. Triangles (black) indicate the location of the PCR primers (Table S2) 
used to detect this ORF in the purified viral fractions (Fig 4). 
  



 
 

251 

 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX C: 

SUPPLEMENTAL TABLES AND FIGURES FROM CHAPTER 5  

Supplemental table 5.2 is available online at the Montana State University Library 
Scholarworks repository 

Link: https://scholarworks.montana.edu/xmlui/handle/1/733 
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Supplemental Table 5.1 Hot spring meta data 

Hot Spring Collection 
Date pH Temperature 

˚C 
Concentration and 

Purification methods Use 

Crater 
Hills Alice 

spring 
2/1/16 2 75 

0.2um filtration, FeCl 
flocculation, 

PowerViral DNA 
extraction 

virome for 
initial 

assembly 

Crater 
Hills Alice 

spring 
2/1/16 2 75 

0.2um filtration, FeCl 
flocculation, CsCl 
density gradient, 
PowerViral DNA 

extraction 

virome for 
initial 

assembly 

Crater 
Hills Alice 

spring 
7/31/18 1.65 80.5 

0.2um filtration, FeCl 
flocculation, 

PowerViral DNA 
extraction 

virome for 
relative 

abundance 

Nymph 
Lake 01 7/31/18 86.6 4.12 

0.2um filtration, FeCl 
flocculation, 

PowerViral DNA 
extraction 

virome for 
relative 

abundance 

Gibbon 
Geyser 08 6/11/18 45.4 2.9 

0.2um filtration, FeCl 
flocculation, 

PowerViral DNA 
extraction 

virome for 
relative 

abundance 

Gibbon 
Geyser 20 7/31/18 81.5 1.55 

0.2um filtration, FeCl 
flocculation, 

PowerViral DNA 
extraction 

virome for 
relative 

abundance 

Gibbon 
Geyser 21 7/31/18 80.7 2.49 

0.2um filtration, FeCl 
flocculation, 

PowerViral DNA 
extraction 

virome for 
relative 

abundance 
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Supplemental Table 5.3 Additional MIUViG metadata 
 

size fraction selected <0.2um 

virus enrichment approach  
FeCl flocculation and CsCl density 

purification+ Dnase 
nucleic acid extraction AllPrep PowerViral DNA/RNA kit 

vOTU sequence comparison 
approach blastn, blastx, e-value cutoff 1E-5 

vOTU database ncbi nr  

host prediction approach 

combination, kmer similarity, 
Single cell genome analysis, host 

sequence similarity 

host prediction estimated 
accuracy 

genetic homology (38.5%) 
Edwards et al 2016 

doi:10.1093/femsre/fuv048,  
kmer analysis (40% genus, 80% 

class) Ahlgren et al 2017 
doi:10.1093/nar/gkw1002 
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Supplemental Figure 5.1 Pictures of hot springs from this study. A NL01, B. CHAS, C. 
GG20, D. GG21, E. GG08. 
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Supplemental Figure 5.2. TEM analysis of the CsCl density gradient with qPCR signal for 
the viral genome. Possible viral morphologies are shown with the rod-shaped virus in 
the upper left, one spindle tailed virus in the upper right, the large spherical virus in the 
lower left, the second tailed spindle tailed virus in the lower right and the small 
spherical viral like particle is in all TEM images. Scale bar is 200nm for all images 
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APPENDIX D: 

SUPPLEMENTAL TABLES AND FIGURES FROM CHAPTER 6  

Supplemental tables 6.2-6.6, and 6.8 are available online with the associated paper at 
the International Society for Microbial Ecology website 

Link: https://www.nature.com/articles/s41396-018-0071-7#Sec11 
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Supplemental Table 6.1: Reference genomes used in this study and a reference 
for each. The GenBank assembly is provided where available and another 
reference number is provided where it is not available 
Reference Genome Reference    
Hydrogenobaculum sp. 3684 GCA_000213785.1   
Metallosphaera yellowstonensis MK1 GCA_000243315.1   
Nanoarchaeum equitans GCA_000008085.1   
Nanodsidianus stetteri GCA_000387965.1   
Sulfolobus acidocaldarius DSM 639 GCA_000012285.1   
Sulfolobus islandicus HVE10/4 GCA_000189575.1   
Sulfolobus solfataricus P2 GCA_000007005.1   
Sulfolobus tokodaii str. 7  GCA_000011205.1   
Vulcanisaeta distributa DSM 14429 GCA_000148385.1   
Vulcanisaeta moutnovskia 768-28 GCA_000190315.1   
Nanoarchaeota archaeon 7A GCA_001552015.1   
Acidilobus sp. 7A CP010515.1   
Ignicoccus hospitalis KIN4/I GCA_000017945.1   
Acidilobus sulfurireducans 636559880   
Acidilobus saccharovorans 345-15 GCA_000144915.1   
Acidianus hospitalis W1 GCA_000213215.1   
Acidocryptum nanophilium GCA_000389735.1   
Escherichia coli str. K-12 substr. MDS42 GCA_000350185.1   
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Supplemental Table 6.7. Recruitment of reads from publicly available SAGs 
onto the NL01 viral dataset 

SAG  # reads 
% 
GC 

Max 
read 

Length 

# reads 
match 
NL10 
viral 

 % of 
reads that 

match 
NL10 viral 
network  

# major 
partitions 

hit 

# reads 
mapping 
to major 

partitions 
Acidobacteria_bacterium_S

CGC_AAA001-I23 24558598 49 157 349 1.42E-03 0 0 
Acidobacteria_bacterium_S

CGC_AAA003-J17 17423082 56 157 14 8.04E-05 0 0 
actinobacterium SCGC 

AAA027-D23 28218510 46 150 1 3.54E-06 0 0 
alpha proteobacterium 

SCGC AAA027-C06 32051398 27 150 0 0.00E+00 0 0 
Bacteroidetes_bacterium_S

CGC_AD-308-D03v2 15207438 34 150 0 0.00E+00 0 0 
Bacteroidetes_bacterium_S

CGC_AD-311-C03v2 28743844 32 150 0 0.00E+00 0 0 
beta proteobacterium SCGC 

AAA024-K11 33398800 48 150 1 2.99E-06 0 0 
candidate division OP8 

bacterium SCGC AC-335-L06 28508108 35 150 0 0.00E+00 0 0 
Chloroflexi_bacterium_SCG

C_AC-312_J06v2 18122298 51 150 0 0.00E+00 0 0 
Colwellia_sp_SCGC_AC281-

C22 20007424 35 150 2 1.00E-05 0 0 
Deferribacteres_bacterium_

SCGC_AC-312_E04v2 20664154 40 146 0 0.00E+00 0 0 
Deltaproteobacteria_bacteri

um SCGC_AC-312_D19v2 28601930 40 151 0 0.00E+00 0 0 
Desulfovibrionales_bacteriu

m_SCGC_AC-335-L09 28069186 41 150 0 0.00E+00 0 0 
Epsilonproteobacteria_bact
erium_SCGC_AD-305-P03v2 73384752 37 146 0 0.00E+00 0 0 

Eudoraea_sp_SCGC_5250 30067226 37 150 1 3.33E-06 0 0 
Euryarchaeota_archaeon_S

CGC_AB-633-I06 31597216 34 157 0 0.00E+00 0 0 
Firmicutes_bacterium_SCGC

_AC-699-C23 26355166 49 150 55 2.09E-04 0 0 
Firmicutes_bacterium_SCGC

_AC-699-M18 29592720 48 150 0 0.00E+00 0 0 
Gammaproteobacteria_bact

erium_SCGC_AAA003-E02 23779320 45 150 48 2.02E-04 0 0 
Gemmatimonadetes_bacter

ium_SCGC_AAA007-L19 30129182 52 157 22 7.30E-05 0 0 
Halothiobacillaceae_bacteri

um_SCGC_AB-674-E03 30027042 46 150 1 3.33E-06 0 0 
Ignavibacteriaceae_bacteriu

m_SCGC_AB-674-D06 29949740 27 150 58 1.94E-04 0 0 
Lentisphaerae_bacterium_S

CGC_AAA283-D08 22829088 44 150 0 0.00E+00 0 0 
Nitrospirae_bacterium_SCG

C_AB-219-C22 29809482 46 157 0 0.00E+00 0 0 
Thaumarchaeota_archaeon

_SCGC_AAA287-E17 22559998 34 150 0 0.00E+00 0 0 

Total 703655702   552 7.84E-05 0 0 

Average 28146228.08 41  22.08  0 0 
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Supplemental Figure 6.1. Picture of the Yellowstone National Park NL01 hot spring from 
which cells were collected. 
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Supplemental Figure 6.2. Heatmap of the percent of the SAG genome used to calculate 
ANI for all classified SAGs against 32 reference genomes. SAGs are in the same order as 
Figure 1. Matches where less then 5% of the SAG genome was used were removed as 
were matches with a corresponding ANI <70%.  
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Supplemental Figure 6.3. Schematic overview of the logic pipeline used to classify single 
amplified genomes (SAG). The average nucleotide identity (ANI) was calculated using 
the script provided here (https://github.com/chjp/ANI) and the base pair coverage (BPC) 
was calculated using a custom perl script. Numbers in parenthesis indicate the number 
of SAGs at each step of the pipeline. 
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Supplemental Figure 6.4. Graphical representation showing the ratio of viral reads to 
assembled cellular contigs. The boxes showing expected biasis were calculated using 
30kb as the average size of thermophilic Archaeal viral genomes and an average 
thermophilic Archaeal genome size of 1.5-2Mbp. On all graphs different read cutoff 
levels from 1-10 150bp are shown. A. The number of infected SAGs, B. the percentage of 
infected SAGs with two or more viral types present, and C. the average number of viral 
partitions present per infected SAG.  
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A 

 
B 

 
 
Supplemental Figure 6.5. Receiver operating characteristic (ROC) curves assuming A. 5 
viral sequence reads (750bp) or B. 2 viral sequence reads (300bp). Optimal 
hexanucleotide analysis cut off values are indicated. 


