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ABSTRACT

Viruses infecting the Archaea — the third domaitifef— are the least understood
of all viruses. Despite only 100 archaeal viruseisdp described, work on these viruses
revealed a remarkable level of morphological amiegie diversity unmatched by their
bacterial and eukaryotic counterparts, whose nusitzgrge over 6000. Study of these
archaeal viruses could gain insight into fundanleagpects of biology and reveal
underlying evolutionary connections spanning thieg¢ldomains of life, including the
origin of life. In addition, we understand verytlgtabout their community structures in
natural environments. To address these dauntikg,tasviral metagenomics approach
was undertaken using next generation sequencihgdémies. Despite this, only a
fragmented view of the viral communities is possiiol natural ecosystems. Therefore,
this dissertation sought to apply a network-baggma@ach in combination with viral
metagenomics to not only describe natural viral momities, but to find and characterize
the first RNA viruses out of acidic, high-temperatihot springs in Yellowstone National
Park, USA. These hot springs harbor low comples@jular communities dominated by
several species of hyperthermophilic Archaea. Bselts of this dissertation show that
this approach can identify distinct viral populascand provide insights into the viral
community. Furthermore, the viral communities adg hot springs are relatively stable
over the course of the sampling time period. Initaald a number of viral clusters — each
representing a viral family at the taxonomic levelre likely previously uncharacterized
DNA viruses infecting archaeal hosts. This apprad@tmonstrates the utility of
combining viral community sequencing with a netwarlalysis to understand viral
community structures in natural ecosystems. Adadgi@nalysis of these viral
metagenomes led to the identification of novel RNl genome segments. Since no
RNA virus infectingArchaeais known to exist, this dissertation also soughtore fully
characterize these sequences. Genes for RNA-depteRNA polymerases, a hallmark
of positive-strand RNA viruses were identified, gagting the existence of novel
positive-strand RNA viruses likely replicating iggerthermophilic archaeal hosts and
are highly divergent from RNA viruses infecting eawkotes and are even more distant
from known bacterial RNA viruses.
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INTRODUCTION

Archaea

The Archaea represent the third domain of life.SEherganisms were originally
classified alongside bacteria based on cellulaamegtion (i.e. lacking a nucleus or
organelles) and not until the use of rRNA sequéadédo the re-classification into the
three kingdoms (265), separating bacteria EubacteriaandArchaebacteriaand
subsequently the three domainsho€haea Bacterig andEukarya(266). Since then, a
great deal of research has focused on multiplectéspé theArchaea including the
biochemistry, molecular biology, physiology, micialogy, and evolution. This wealth
of information has revealed a number of broad sinties compared to the other
domains. In terms of their cellular architectuegking a nucleus or membrane-bound
organellesArchaearesemble bacteria. The two domains also share matgbolic
pathways (131) and similar genome organization \.ZbdeArchaeaalso share a number
of similarities with theEukarya including their DNA replication (28), transcripti (113,
256), and translation machineries (5, 86). Not @héng aboutArchaeais shared
between the other domains; their ether-linked angrienoid-containing membranes (4,
36, 164) and their diverse energy-utilization patisv(245), particularly
methanogenesis, are all unique to Archaea. Numeevissns have been published on
this subject (86, 87) and will not be reviewed here

Since their classification, thirchaeawere believed to be exclusively

extremophiles — organisms surviving in the mosteare environments. At the time all
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knownArchaeafell into one of two groups; 1) the methanogeissisting of extreme
halophiles, sulfate-reduces and thermophiles, atkde2‘thermoacidophiles,” who were
entirely thermophilic (263). These groups were ndtheEuryarchaeotaand
Crenarchaeotarespectively (266). The belief thatchaeawere solely found in extreme
conditions changed when a number of studies reddalchaeato be widespread in the
world’s oceans (65, 90Archaeaare now found to contribute up to 20% of the total
biomass on Earth (67) and represent roughly 30%eoprokaryotic diversity in the
ocean’s mesopelagic zone, and possibly the ocsarge most abundant cell type (123).
TheArchaeahave also been implicated in global biogeochenugeling and may play a
significant role in carbon and nitrogen cycling (886). They are far more widespread
than simply the ocean environments, inhabitinghiwester lakes, desert soils, Antarctic
lakes, sewage, rumen, hydrothermal vents, hotggrand salterns (reviewed
extensively in (48, 66)). It is safe to say thaimbers of theArchaeahave thus far
defined the boundaries for life on Earth, as thelg lthe record for both the highest
growth temperatures and the highest salt concémsa(48).

As more archaeal genomes were isolated, the dJai& sequencing leading
Woese and colleagues to suggest the three-donmtamscalso revealed several
additional archaeal phyla. Recent discoveries lexvéo a number of proposed phyla,
such as th&orarchaeotaisolated from a hot springs in Yellowstone Na#ibRark,

USA (21), the ultra-small sizedanoarchaeotg111) and the thermophilic ammonia-

oxidizing Thaumarchaeotf46). Each of these phyla is clearly monophyletiihin the
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Archaeain terms of their lipid composition and rRNA sequamg. A figure presenting

the recognized and proposed phyla is shown in Eigut

Bacteroides

Escherichia
Bacillus

Thermotoga Bacteria

Aquifex Synechococcus

Deinococcus

Uncultured archaea Korarchaeota
,~Nanoarchaeum Nanoarchaeota
Pyrobaculum Crenarchaeota
Aeropyrum

Sulfolobus

Pyrococcus Euryarchaeota
Archaea

Methanococcus

Methanothermobacter

Archaeoglobus
Halobacterium
Haloferax

Methanosarcina

Homo

Zea
Saccharomyces
Paramecium

Eukarya

Giardia Trypanosoma

Microsporidia
Figure 1.1. An overview of the three domains @,lthcluding the recognized phyla of
the Archaea Figure taken from (5).

Crenarchaeota

The Crenarchaeotgfrom the Greekcrenos of origin) are a largely
hyperthermophilic phylum historically known for messing most of the record-breaking
species (34, 230), including an archaeum isolatad & hydrothermal vent which
actively reproduces at 121°C (124). They are fonrelwide variety of

hyperthermophilic environments, including hot sganacid mine drainages, marine
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hydrothermal vents and even near volcanic aregs 4y are of particular evolutionary
interest due to their deep-rooted location in rDpl#ylogenetic trees (86) and the

possibility that the last common archaeal ances#as also a thermophile (16).

Euryarchaeota

Alongside theCrenarchaeotatheEuryarchaeotavere one of the two original
phyla, then including the known methanogens ancemé halophiles (266). They are the
most diverse of the archaeal phyla, including atikn methanogens, many of the
halophiles, some thermophilic and psychrophilicceg® as well as mesophilic ones (5,
48). They are most noted for some members’ methamogapabilities by reducing a
variety of carbon compounds to methane (47) anid ¢éixeeedingly high salt tolerances,
often approaching saturation (37). Tieryarchaeotehave been found in an exceedingly
diverse array of environments, including the hurbady, varieties of soil types, lakes,

hot springs, the deep subsurface and polar regsaiterns, and even the Dead Sea (48).

Thaumarchaeota

Once classified as mesophilizenarchaea (65, 90}he phylumrhaumarchaeota
(from the Greekthaumasfor wonder) was suggested when a more robussabal
protein analysis was performed Genarchaeum symbiosui@a marine archaeon
inhabiting the tissue of a temperate water spot§8)j and a well-represented selection
of archaeal and bacterial sequences. This analgeiwed mesophili€renarchaeota
likely diverged from théArchaeabefore the speciation &uryarchaeotaand

hyperthermophilicCrenarchaeotg46). Additional work by this group showed the
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presence of a number of euryarchaeal-specific m®tnd an absence of proteins
specific to Crenarchaeota, further supporting tleipus conclusions. This re-
classification included all the currently known @ubphic ammonia-oxidizingrchaea
(63, 88, 130, 165). This process is critical imifidation, as the first and rate-limiting
step, and is the only biological process that aavert reduced nitrogen to a
biologically-accessible oxidized form (97), makimgmbers of th&hauarchaeotanajor

players in global nitrogen cycling (88).

Nanoarchaeota

TheNanoarchaeotdfrom the Greek ‘nano’ for dwarf) are a phylumubtra
small, obligate symbionts, originally discoveredaihydrothermal vent (111). Since their
discovery, similar sequences have been found ierdtydrothermal areas and the hot
springs of YNP (109), with another strain recemgljated from another hot spring in
YNP (182) Unable to survive without direct contadth its hosts, the cultured isolates
entirely lack genes for the biosynthesis of amicids nucleotides, cofactors and lipids
(254). The more recently culturdthnoarchaeotaloes appear to possess the enzymes
responsible for the oxidative TCA cycle and glysidy unlike the initial isolate (182).
TheNanoarchaeotalo appear to contain all the necessary compomm@ntsplication,
transcription, translation, and completion of tled cycle with an unusually high
percentage of its genome coding for proteins aablstRNA molecules (95%) (254). Its
position as a phylum, and not as a fast-evolvingachaeal lineage, is a hotly debated
topic in recent years (74, 145, 244). The additbthe second nanoarchaeon genome,

whose features clearly contain affinities to Eneyarchaeotastrongly supports a deep-



6
branching clade of tharchaea(182). Additional sequences from tNanoarchaeotavill

be necessary to resolve this issue.

Korarchaeota

TheKorarchaeota(from the GreekKoros/koréfor young man/woman) are a
phylum argued to be one of the most ancient ar¢hiaeages diverging before the
speciation of th€renarchaeotandEuryarchaeotg21). Their genomes are a mosaic of
crenarchaeal and euryarchaeal sequences, wittontagroteins and RNA polymerase
subunits representing the former, and DNA replaatDNA repair, and cell division
components representing the latter (82). The sexpaemembers dforarchaeotaalso
lack a number of biosynthetic pathways and are lertabuse electron acceptors such as
oxygen, nitrate, iron, or sulfur (112). Based on@ee analysis, they are believed to use
peptides as the principal carbon and energy souiite a strictly anaerobic,
heterotrophic lifestyle — which might explain whynaplex enrichment cultures were able
to support growth rather than pure cultures, alhgrgenomic characterization (82).
Their members are believed to be widespread amgpgrthermophilic environments,
and have been found in both deep-sea hydrotheremé$ (236) and terrestrial hot springs

(15, 22, 199).

Viruses and their Diversity

Viruses are infectious biological agents infectoagjular life, with at least all
cellular organisms studied to have a virus or vlikes element associated with them

(246). They are considered the “most abundant gicéb entities on the planet” (42),
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exceeding 1Y particles in the oceans and outhumbeAnchaeaandBacteriacombined
by at least 15-fold (233). This staggering numhesrdmes higher as viral abundance is
often greater in soil (52). Viruses make up 5%hef hiomass in the oceans, yet comprise
94% of the nucleic acid-containing particles (233)e to their extraordinary numbers,
viruses are responsible for lysing up to 20% ofdbean’s prokaryotes each day (234)
and are believed to play a major role in globaboarcycling through the viral shunt
(259). This moves material (i.e. carbon) from lyiorganisms (prokaryotes in the ocean)
into dissolved organic carbon and particulate oigearbon available to other organisms
for processes such as photosynthesis. In addaigiobal carbon cycling, viruses are
believed to be major players in the nitrogen cygl(i233, 259), underscoring their
importance on a global level outside of human-bgsgkogenicity.

Viruses are an incredibly source of genetic ditgrarguably the largest
untapped reservoir on Earth (233). Regardlessmpbag location, the number of virus
genotypes found is staggering. There were apprdrign&000 different genotypes in
near-shore marine environments, 1000 in human &zgaples, and 10000 to possibly 1
million in marine sediment samples (40, 41, 43)efall, there are a predicted 100-
million phage species with at least 2.5 billion g&a&ncoded open reading frames yet to
be discovered (203). Drawing from these values, abvious the “that majority of viral
diversity remains unknown” (42). Viruses are alsowkn to serve as a means of
horizontal gene transfer between organisms, paténaffecting microbial diversity and

evolution (215).
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Unlike all cellular organisms, viruses do not haveniversal marker by which
they can be classified and taxonomically organiddils is compounded by an incredibly
array of diverse morphologies, genetic types, anden of reproduction. Even if large
groups of viruses shared genetically similar eleisyanany viruses have mutation rates
so high that any similarities they once had tortbe2thren would be lost (71). Early
taxonomies used the physical properties of thewnjrbased on the genome type, capsid
symmetry, enveloped vs. non-enveloped capsidsdeamdeter of the virion (144). This
led to the Baltimore classification system, whislbased on the viral genome type and
mode of replication (18). A more recent classifimatsystem, maintained by the ICTV,
organizes viruses in a similar fashion to celltiéa®tonomy, through orders, families,
genera and species (129). It is based on sequengaacison and argues for an
organizational scheme where virus families likalplged from a common ancestor.

In recent years a number of studies have revesitgdhgly similar structural and
assembly principles of virions (96, 197, 200), iegdo the question of whether or not
viruses formed lineages across different domairigenf19). This possibility offers
higher-level organization and classification ofuges rooted in phylogeny and evolution,
rather than sequence similarities limited to clpsklerging species (i.e. on short
evolutionary timescales) or genome-based, offdritlg information beyond the
strandedness and nucleic acid type of a virus. Wighdiscovery of the archaeal virus
STIV (detailed below) and cryo-EM reconstructiorstauctural similarity spanning all
three domains of life was discovered (202). Stnadtconservation, was while all

sequence similarities were abolished, createddpalility of classifying viruses
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considered to share an ancestor and bring ordbetairal universe (133). It is believed
the viral “nonself” elements (opposed to the “seifed to determine the lineages) are the

result of viral adaptation allowing the virus toaciye host systems or environments.

Archaeal Viruses

There are nearly 6300 prokaryotic viruses desdriberphologically; but, of
these, only about 100 infeatchaea(l). They were first described in 1974 (240) in
cultures infecting an extreme halophile, beforeAhghaeawere classified alongside
Eukaryaand Bacteria in the three domains. The findingrafther head-tail “phage” was
unremarkable, as 96.3% of all prokaryotic virusispldy this morphology (1). This
changed in the early 1980s when Zillig and collesgdiscovered filamentous and
spindle-shaped viruses in Icelandic/Japanese hioigspwith dsDNA genomes, unseen in
bacterial viruses (120). Later expeditions in thd &®90s found a wide assortment of
other filamentous and spindle-shaped viruses frmardiyperthermophilic environments
(277, 278). Since then a remarkable amount of elfffas been undertaken to not only find
new archaeal viruses, but to understand theirioalship to viruses from the other
domains, between other archaeal viruses, andriglaironships to their hosts.

Several factors contribute to the dramatic diffie=in viruses found from
bacterial and archaeal domains. The first is tharee on culturing of infected hosts to
establish virus-host systems. Since it is estimttatiess than 1% of microorganisms
can be cultured (7, 80, 125), the vast majoritihaists” and by extension their viruses,

cannot be cultured. The second, albeit relatebdditst, is the difficulty of reproducing
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many of the extreme conditions required for Anehaea Viruses are known to infect 15
archaeal genera, compared to 179 of bacteriaikg)y lillustrating the two challenges
mentioned above. Of the archaeal viruses, theyyneaclusively infect
hyperthermophiles or extreme halophiles.

Despite the relatively few numbers, archaeal @susave been found to display
an enormous diversity of virion morphologies (reweel in (75, 187, 189)), including
droplets, bottle-shaped, fusiform, bacilliform,dar, spherical, and icosahedral. It is
noteworthy that the head-tail morphotype, seehéndarliest archaeal viruses, has only
been seen in members of the Euryachaeota, whe@stiofithe unusual morphologies
occur within the Crenarchaeota (1). This is intengsconsidering head-tails are a
minority of the observed morphologies in the hypéne environment, and other unusual
shapes predominate (224).

The following section organizes archaeal virusegross morphology and seeks
to describe their genomic and structural properttesr relationship to other archaeal
viruses and to viruses outside the domfichaea A comprehensive table of all known

archaeal viruses is included in Table 1.1, at tiekd this chapter.

Spindle-Shaped Viruses

Also known as fusiform viruses, these spindle-sHaprises are common and
exclusive to thé\rchaeadominating in environments where tAechaeaare known to
predominate (189, 195, 201, 278). Shaped like lanihre vast majority of these viruses

have circular, dsDNA genomes, and many have bemarsto integrate into their host
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genomes (117, 257). The only exception is virusHisfecting the Euryarchaeota, which

has a linear dsDNA genome and does not appeactaleran integrase (25, 187).

Fuselloviridae There are currently nine members of Buselloviridaefamily
infecting two aerobic, hyperthermophilic speci®alfolobusandAcidianus The virions
average 60 nm wide x 100 nm long, with short ibigffs that likely take part during virus
attachment to its host (198, 229, 257).

The type virus of th&uselloviridaeis SSV1, first discovered in 1984 (then
known as SAV 1) in Wolfram Zillig’s lab (149). Itovalently-closed, circular genome is
positively supercoiled (161) and 15.4-kb in lengthughly average for a member of the
Fuselloviridae Like many of this family, SSV1 can integrate iit®host genome’s
tRNA gene, leaving a functionally intact gene upaegration (159). It does this through
a site-specific recombinase, virally encoded, ana inember of the tyrosine recombinase
family (257). Viral infection does not cause hgsti$ nor is the traditional lysogenic state
established. Unlike many other archaeal virusestrimscriptional patterns for SSV1
have been studied, with many of its transcriptsstitutively expressed during its “carrier
state” (89). This has led to the hypothesis thesé¢hviruses exist in this carrier state,
balancing viral replication and cell division, r@éng minimal amounts of infectious
virions to the external environment, providing aame of protection against the harsh
environment (190). SSV1 is a UV- and mytomycin @tiaible virus, temporarily
slowing cell growth of the infected cultures whileducing virions, but does not cause

lysis (89, 217). This induction reveals early, Jated UV-inducible transcripts (89).
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Figure 1.2. Th&uselloviridae From left-to-right, SSV1, SSV2, SSV7 and ASV. tjaa
for SSV1 and SSV2 taken from (229), SSV7 and ARéafrom (198).

Bicaudaviridae The sole current member of this family is AT\fsfidiscovered

in 2006 infectingAcidianus(192). The most remarkable aspect of this virutsis
extracellular tail development, occurring entirelytside of, and independent to its host.
This development results in an 2X increase in va@wand slightly diminished surface
ratio, occurring at temperatures above 75°C (192)ile several viruses do undergo
structural changes upon binding to their host @), none occur entirely independent of
host. The mechanism for this morphological chasgeknown, but analysis of its
genome reveal a potential protein modified in the-tailed versions of the virus that
likely contributes to the change (192). It is bedid this development is a survival
strategy for environments with low cell density. YATs also one of the few archaeal
viruses that can lyse its host.

The 62.7-kb ATV genome is the second largest cofraaal virus genome,
behind STSV1, another spindle-shaped virus. Themencontains very little similarity
to other known archaeal viruses, but does contairral putative ORFs for which
functions have been identified. Its genome contiinstransposase genes, unique even

compared to other archaeal viruses. ATV also erkadéantegrase, and maintains a
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functional gene upon integration (222). The intégpldorm is only detected in cells
growing at 85°C, not at 75°C, suggesting inductioder stressful conditions (192).

Two additional members have been proposed for snmfuinto the
Bicaudaviridag STSV1 and the induced-provirus APSV1. STSV1 wagrlly isolated
in a high temperature, acidic hot spring in Chiaghibiting a large 230 nm long x 107
nm wide spindle with a variable length tail (68 nmaverage), STSV1 also contains the
largest dsDNA genome (75.2-kb) among the crenasthaises (272). Similar to other
members, its genome lacks similarity to other ageh&irus genomes. Unlike others, it is
a nonlytic virus and does not appear to integratieits host genome, despite encoding a
tyrosine recombinase (272). The genome of STSVeagmheavily modified, with a
large degree of methylation as well as modifieasyte residues. These modifications
may grant a degree of protection against enzyna#tiick (272). The second proposed
member, APSV1, was isolated in 2011 though indaatiban integrated provirus
revealed in the genome Agropyrum perniX155). Upon analysis of the host
chromosome, the authors noticed a recombinasetfiertyrosine recombinase family
and modified their culturing conditions to indudeal/production. The APSV1 patrticle is
a pleomorphic, spindle-shaped virion roughly 200080 nm width with single or
double-tailed forms that range from 20 to 50 nmpavards of 700 nm (155). Like
several of théuselloviridag APSV1 has been seen to form rosette-like strastur
through interaction of their tail fibers. The APS¥&nome is a circular, double-stranded,

and 38.0-kb in length. Being a provirus, an integrgene was also found (155).
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Figure 1.3. Théicaudaviridae From left-to-right, AT, STSV an APSV1. Ige for
ATV taken from (192), STSV from (272) and APSV1rfr¢155).

SalterprovirusThe only member of this genus, Hisl, infectsakigemely
halophilicEuryarchaeota Haloarcul25). This genus originally contained His2, but
recent analyses have shown His2 to be member mfugo @f pleomorphic viruses instead
(177). His1 was also shown to be a non-lytic viygyosed to previous reports of its
potentially Iytic nature (24). The virions are 4@ vide by 74 nm long.

Hisl is a linear, dsDNA, 14.4-kb genome, showititelisimilarity to other
archaeal viruses, including those of thayarchaeotaThe only significant similarity is
the putative DNA polymerase of His1, showing hongglto His2. Unlike other spindle-
shaped viruses, Hisl does not encode an integ2&¥el(he major structural protein,

VP21 is a lipid-modified protein (178), unlike His@ntaining a lipid bilayer (177).
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Figure 1.4. The Salterprovirus, Hisl. Image takemf(25)

Unclassified To date, there are two spindle-shaped virusdgdnaain
unclassified, PAV1 and TPV1, isolated from sepadaiep-sea hydrothermal vents.
PAV1 was the first VLP isolated from a thermoph#igryarchaeote (93). A spindle-
shape of 120 nm long x 60 nm wide with 15 nm taiéfs, PAV1 did not lyse its host or
inhibit its growth. Initial work revealed a covatBnclosed, dsDNA genome of
approximately 18-kb that exists as an extrachromas@lement (seen in other viruses
such as phage P4 (45)) in a carrier state, contsly@roducing virions (93). Attempts to
induce viral product through UV irradiation, mitoomy C-treatment, or physiological
stress were unsuccessful. Genome analysis of PA¥dated an 18.0-kb genome with
nearly all the predicted genes on the same sti@2)d The second unclassified, spindle-
shaped virus is TPV1, the second virus isolateoh faceuryarchaeal thermophile (94). Its
morphology is consistent with other spindle-shageases, roughly 140 nm long x 80
nm wide with a 15 nm tail. The TPV1 genome is deicudsDNA of approximately 21.5-
kb. Like PAV1, it exists as an episomal elementhwoughly 20 copies per host

chromosome (94). As with PAV1, viruses are releasedinuously and do not cause



16
host cell lysis, but unlike PAV1, UV irradiationdaces viral production. Although TPV1

encodes a putative tyrosine recombinase and isvgglito integrate into its host (94),

sites of integration remain to be seen.

'
o

Flgurells" The UhCIé;ﬁed Spindle-S'H;o.I \)iqu’@SJ and TPV1. Image for PAV
taken from (93) and TPV1 from (94).
Linear Viruses

Linear virus particles are the most abundant mdggyoobserved in
hyperthermophilic environments (189, 195). Classifinto two families, the flexible,
filamentousLipothrixviridae (13, 31, 103, 120) and the stiff, rod-liReidiviridae(174,
188, 248), all members contain linear, dsSDNA geroarad infect members of the
Crenarchaeotaln addition, several studies have found a latgalrer of shared genes
such as glycosyl transferases and transcriptia@gallators, as well as genome
architecture, likely indicating a relatively recemtcestor diverged into the two families

(191). Recent work also found members of each fatnitontain an identical four-helix

bundle fold in its MCP, despite low sequence sintilg95). For these reasons the
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families Lipothrixviridae andRudiviridaehave been classified into the order

Ligamenviraleg189), owing to their common evolutionary history.

Lipothrixviridae There are currently eleven members ofltipothrixviridae,

infecting SulfolobusAcidianus andThermoproteus (1)Except for TTV1, all members
of theLipothrixviridae are non-lytic, exist in stable carrier states whitbir host, and are
not induced by UV irradiation or mytomycin C treatm (31, 104, 247, 278). Virions
range dramatically in length and width, from 400 tomearly 2,000 nm in length, and
from 24 nm to 40 nm in width. Their long, flexuoparticles are composed of dsDNA
bound to globular subunits in a helical fold, wragpn a lipid shell derived from host
lipids (13, 247, 278). Structural modeling of AFViBions shows a strong agreement
between the length of the particle and its genoaee(247). While structurally very
similar, members of thkipothrixviridae have been subdivided into four genekipha,
Beta, Gamma andDeltalipothrixvirug based on their unique terminal structures (190).
Genomes of theipothrixviridaerange in size from 15.9-kb (TTV1) to 41.1-kb
(AFV9). While few genes are conserved between #merp, such as the MCP, members
of theBetalipothrixviruscontain a high degree of conservation and gener oBibth gene
content and order are conserved for the ‘left F&lle€ AFV3, 6-8, and SIFV while the
right halves are variable in order for AFV7 and6|Buggesting a recombination event
between genera sharing little sequence simila2idy’). The most conserved genes within
theLipothrixviridae are among members of tBetalipothrixivirus including
transcriptional regulators, helicases, a methy#ifense, glycosyltransferase, and a

nuclease (247). Also remarkable are the long ITiRsgnt at the termini of each genome,
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ranging from 11 bp in AFV1 to more than 800 bp IR\& In each AFV genome, these
consist of terminal repeats repeated 2-3 times gatistant spacing and a conserved

sequence near the terminus, whereas in SIRV eathasists of 6-7 27-bp perfect

direct repeats (174).

F|guré 1.6. Thé;iptriirfdae AFVand a ixture of AFV6-8. Image for AFV1 take
from (31) and AFV6-8 from (247).

Rudiviridae There are four members of tRediviridaefamily, infecting
Sulfolobus StygiolobusandAcidianus As with theLipothrixviridage, theRudiviridaeare
non-lytic and are present in their hosts in a eastate (188). They are distinguished
from their sister family by possessing non-envethsiff rods. Particles range in size
from 610 nm to 900 nm in length and 25 nm in widthe length correlates to the size of
the genome (174, 188). In a similar fashion toltip@thrixviridae, virions are formed
through the binding of a highly glycosylated pratés the dsDNA and the creation of a
filament, which in turn creates a helical body (L8&is overall architecture is shared by
SSRNA viruses of th¥irgaviridae and loosely with sSDNA viruses of theoviridae but

has not been previously observed in dsDNA viruses.
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As members of theigamenviralesRudiviridaegenomes contain linear, dsSDNA
ranging in size from 24.6-kb (ARV1) to 35.4-kb (MB). At their ends are large ITRs,
ranging from 1-kb (SRV) to 1.6-kb (SIRV2), with SRSIRV1, -2 having 4-5 copies of a
direct repeat and ARV1 multiple degenerate copiegieer diverse repeats (249).
Conserved in alRudiviridaeis a 21-bp sequence located at the termini, thiolaghe a
Holliday junction resolvase binding site (248). dlsniversally conserved are 17
predicted ORFs, including the major and minor capsoteins, glycosyl transferases, a
nuclease, Holliday junction resolvase, and trapsiomal regulators (248, 249). Another
10 ORFs conserved in some, but not all genomede\tie unique sequences are
generally located at the end of each genome (4% genomes themselves are
covalently closed, forming hairpin ends (188). Gstesnt with the presence of a Holliday
junction resolvase and conserved terminal endsy Sieplication produced head-to-

head and tail-to-tail replicative intermediates4)l 7eading to the proposal that a self-

priming mechanism is used during replication (187).

Figure 1.7. Th&udiviridae Pictured top left is SIRV2, bottom left is ARVAnd right
SRV. Images for SIRV2 taken from (188), ARV1 froB#8) and SRV from (249).
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Spherical Viruses

The six spherical viruses infect members of@nenarchaeotggenus
ThermoproteusSulfolobu$ and theEuryarchaeotggenusHaloarculd and are classified
into families according to the presence/absencelipid envelope and structurally

unique features.

Globulaviridae There are currently two members of Giebulaviridag PSV1

and TTSV1, both infecting anaerobic hyperthermagshiPSV1, discovered in 2004 out
of an enrichment culture of a terrestrial hot spiim YNP, USA, was the first proposed
member of th&lobulaviridae Its spherical virion is approximately 100 nm iardeter,
with spherical protrusions about 15 nm in diamétél). TTSV1, also isolated from
enrichments of a terrestrial hot springs, has amQdiameter sphere lacking the
protrusions seen in PSV (3). Morphologically similaoth virions consist of tightly
packed nucleoproteins arranged in a superheligdgbomation encased within an
envelope of host-derived lipids (3, 101). Neitheus causes lysis in its host strain.
Genomic analysis of th@lobulaviridaemirror their shared morphologies - both possess
linear, dsDNA genomes with nearly all ORFs locaiacne strand of the genome,
exceptional for dsDNA viruses. Fifteen of the 38SML ORFs were homologous with
PSV, ranging from 20 — 49% identity while no ORFatahed to existing databases (3).
In addition, the PSV genome encodes 190-bp ITRiseatt termini, with covalently

closed ends of their genome, not unlike ltigamenviraleg101).
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Figure 1.8. Thelobulaviridae Pictured left, PIV;;nd:rmlmage fohPS
taken from (101) and TTSV1 from (3).

Turriviridae. The two members of the proposkdtriviridae, STIV and STIV2,
infect members of the thermoacidophBalfolobus STIV virions possess pseudo T=31
icosahedral symmetry with a diameter of 74 nm,ra@rnal lipid membrane and
exceptionally unique “turret-like” structures athaof the 12 5-fold vertices (202). Most
remarkably, the doublg-barrel fold of the STIV MCP closely resembles tbheukaryal
PBCV-1, adenovirus and bacteriophage PRD1, suggeatcommon ancestry extending
across all three domains of life (29, 127, 202)I\&Tis structurally quite similar to
STIV1, with cryo-EM image reconstructions nearldistinguishable between the two
virions, except for the loss of petal-like decayas on the turrets of STIV2 (100, 126).
Both Turriviridae genomes are circular, dsDNA of approximately IkbgSTIV1) and
16.6-kb (STIV2). A large number of annotated ORFesteomologous between the two
viruses, with some regions over 70% nucleotidetithe(L00). There is some
disagreement over the presence and absence odtidle pn the turret structure, as some
propose that the decorated particles are a higpdeature form of the virus, while the

undecorated result from morphological changesvatiémperature (126).
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F|‘gure 1.9. The proposél'rrlwrldaewruses | STIV(Ieft) and STIV2 (rlght) Image for
STIV taken from (64) and STIV2 from (100).

HalosphaerovirusA very recently proposed group, thalosphaeroviruses

include the remaining spherical viruses and areprm®d of three extremely halophilic
euryarchaeal viruses, SH1, PH1, and HHIV-2. SH4 fitist archaeal spherical virus
isolated (75) was the first described of this gr@L§4). Initial characterization revealed
strong similarities with STIV in virion architecei(as both contain icosahedral
symmetry and an internal lipid layer) and structofréheir MCPs, suggesting a common
evolutionary heritage (119). This extends to al tlalosphaeroviruses, as they all possess
a spherical morphology, with 70-nm (SH1), 80-nm (M#2), 51-nm (PH1) in diameter
particles with an internal lipid layer (118, 18486). Unique to SH1 is the geometry of its
capsid with T = 28 dextro, the first example ofoanplex capsid from singlg-barrels
(119). All members of this group contain linea88\ genomes ranging from 28.0-kb
to 30.8-kb with ITRs of 305-bp to 337-bp. Genomgamization between the three

members is highly similar, with a large number ofrfologous genes and overall



23
nucleotide similarities approaching 60% (118, 18®)e nucleotide identities are so high
that a detailed picture for the reasons of themogeic differences can be hypothesized
(186). Recently an additional virus, SNJ1, has Isemgested for inclusion into
halosphaeroviruses. Originally identified as plaspiHH205 of Natrinema J7-1 (150),
SNJ1 is now believed to be not a member ofSlphoviridae but instead
halosphaerovirus (276). Like other members of ghesip, SNJ1 also possesses a
spherical morphology, internal lipid layer and eiéved to contain a PRD1-specific
ATPase packaging motif conserved among the menabéralosphaerovirus and
Turriviridae. Unlike others in the group, SNJ1 has a circdahNA genome, likely

supporting a different replication mechanism (276).

SN ' ’ 100nm
Figure 1.10. The proposéthlosphaerovirusFrom left-to-right, SH1, HHIV2 and PH1.
Image from SH1 from (184), HHIV-2 from (118) and Pfom (186).

Pleomorphic Viruses

Originally consisting of only a single species, HRR179), the pleomorphic
viruses have recently added 5 members and rectabsifs2 (formerly Salterprovirus),

now being tentatively placed into the pleolipovesgroup (177, 221). Members of this
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group possess pleomorphic virions consisting of-desived lipids and two major
structural proteins facing opposite sides of teavelope (177). Genomic
characterization has revealed a high degree oésynwith a collinear cluster of
conserved genes. All the pleomorphic viruses enbodeologous major structural
proteins as well as those involved in viral assgn(®21). The most remarkable aspect of
the pleolipoviruses is the nature of their genoares the resulting differences in their
replication strategy, despite possessing regiomxwéordinarily high similarity. HRPV-
1, HRPV-2, HRPV-6 are ssDNA genomes with identified proteins, HGPV-1 and

HRPV-3 are dsDNA genomes, and His2 is a linear dsDkely using protein-primed

replication (221).

Figure 1.11. A panel of pleomorphic viruses. Plegshi viruses and a close up of
HRPVL1. Panel of images taken from (177) and HRRgif(206).

Head-Tail Viruses

Archaeal head-tail viruses are found exclusivelpagitheEuryarchaeota
infecting extreme halophiles or anaerobic methansd&81). Their morphologies are
characteristic of bacterial phage, with non-envetbpirions containing icosahedral
heads and various length tails. Surprisingly, thadatail morphology is rarely observed

in hypersaline environments, instead of spindke;, ahd linear shapes despite
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representing the majority of known haloviruses (@5, 216). It is believed this
misrepresentation results from biased approachasdiation, due to the common
method of screening through production of plaguesell lawns (224). More than 43
head-tail viruses have been reported, with martii@h not studied beyond basic
description. Regardless, all of them have beemasdito the bacteriophage families
MyoviridaeandSiphoviridaewith a single member of tHe@odoviridae(1, 14, 181). Due
to the relatively large number of euryarchaeal sésiclassified into thdyoviridaeand

Siphoviridaeand the high degree of similarity that exists leswthem at both genomic

and proteomic levels, they will be discussed togeth

&

Figure 1.12. The head-tailed viruses of kygoviridae SiphoviridaeandPodoviridae T4
(left) image from (211), T5 (center) from (79) ad2 (right) from (49).

Myoviridae/SiphoviridaeMyoviridaeare non-enveloped head-tail viruses with a

“collar” separating the head and contractile fBile Siphoviridaeare characterized by a
non-enveloped virion with non-contractile tails. Mdhan 30 euryarchaeal viruses have
been reported out of thmyoviridaewhile about 10 have been reported for the

siphoviridae(14). Of those that have been subsequently cleizetl, they show
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incredible similarities to those of the bacteriopés Though distant, a large number of
putative genes are homologus to bacteriophagdading genes related to DNA
synthesis, modification, replication and virus askly (220, 237, 238). Both
morphological and genetic similarities suggest tjerexchange betweeirchaeaand

Bacteriain hypersaline environments (185).

Podoviridae Thepodoviridaeare non-enveloped, head-tail viruses with short,
non-contractile tails. The sole archaeal virus bgilog to this formerly bacterial-only
group is HSTV-1, a lytic virus whose circular, dsBl§enome contains several putative
genes homologous to DNA replication, nucleotideabelism, and structural proteins of
tailed phages (14, 180). Analysis of the MCP revéa® canonical HK97-like fold, found
in phage HK97 (258) as well other phage and herpesas (17, 79), supporting an
evolutionary lineage of head-tail viruses evolvbejore the split of the three domains

(180).

Other Unigue Morphologies

Requiring novel families due to their truly exceptal viral morphology, these
viral architectures are found exclusively in theenarchaeotaThey are the bottle-shaped
Ampullaviridaewith ABV (102), the bacilliformClavaviridaewith APBV1 (156), and
the droplet-shape@uttaviridaeconsisting of SNDV and APOV1 (11, 155). Virusesnfr
these three families possess circular (except ABSIPNA genomes and do not lyse their

hosts.
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FAi‘g e 1.13. Archaeal viruses with exotic morphadsgLeft-to-right, ABV, SNDV,
APBV1, APBV1 close-up (inset) and APOV1. ImagesA@V taken from (102), SNDV
from (12), APBV1 from (156) and APOV1 from (155).

ABYV virions appear bottle-shaped, with an overafigth of 230-nm and a 75-nm
width at its widest (the “bottom” of the bottleqpering to a point of approximately 4-
nm. The virion structure contains no icosahedgdigsical, or helical symmetry. The
bottom is covered with a number of thin filamerhtattreadily bind to other virions but do
not appear to be involved in adsorption (102). magow ends can form rosette-like
structures and readily attach to membrane vesigldsir host cells. An envelope covers
a funnel-shaped core formed by “a torroidally sepéed nucleoprotein filament” (102,
189). It is hypothesized that changes in the pmatere could be involved in injecting or
transporting the genome into the host cell. Genanadysis of ABV revealed long ITRs
with 3 of 57 ORFs assignable to a function. Of h@ ORFs, one was to a DNA
polymerase family entirely consisting of linear d&®genomes with IRFs and covalent-
linked terminal proteins (173). In agreement with DNA polymerase family, the
genome also revealed a putative RNA molecule essént packaging linear dsDNA in

the phi29 capsid (50, 51).
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APBVL1 is a rigid bacilliform, roughly 140-nm x 2Gmwith one pointy end and
one rounded end, lacking any distinctive surfaeguies or inner structures (156). The
genome is 5278-bp, the smallest prokaryotic dsDMAagne known and rivals the
smallest eukaryal dsDNA viruses, such as SV40 (8#:1385)) of thepolyomaviridae
APBV1 contains 14 ORFs located on the same stratidnene of them matching
sequences in extant databases (156). It does atéeigito its host, but exists as a pseudo-
stable carrier state.

The Guttaviridaés SNDV was first observed fromSulfolobussolate from New
Zealand in 1996 out of Wolfram Zillig’s lab. Itsapilet-like morphology was densely
covered by thin, long fibers with a helical strueton its surface (278). Further work
revealed virion sizes ranging from 110-nm to 185+innength and 95-nm to 70-nm in
width. The beehive-like ribbed pattern on its scefecovered with the long tail fibers are
suspected to preferentially bind to breaks or fahdhe S-layer of its host (11). Its 15.5-
kb, heavily methylated circular genome does nagrdte into its host, but persists as a
pseudo-stable carrier state. This state depentisedmalance between host and virus
replication, and if disturbed, the host can beconred of the virus (11). The second
virus of theGuttaviridag APOV1, was found through induction of a proviragion in
Aeropyrum pernixAPOVL1 is a regular oval-shaped virion 80-nm byn®0 with no
observed surface structures or tail. It has a kB.genome containing 21 ORFs, 5 of
which showed sequence similarities to other seqgerihree of these were to putative
genes in hyperthermophiles, with the remaining taBuselloviridaeintegrase and

DnaA-like proteins (155).
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Spiraviridae The recently proposesbiraviridaefamily consists of one member,
ACV, isolated fromA. pernix(154). Its virion is non-enveloped and cylindridarmed
by a coiling fiber of a single nucleoprotein. Thi@rphology has never been seen before
in any virus. Equally exceptional is the naturét®igenome, a single-stranded, circular
genome of 24.9-kb (154). This is the first singlessded genome isolated from the
crenarchaeota, the second of A&rehaea and is twice as large as the previously largest
ssDNA genome, Pf4 (255). The architecture of thglsinucleoprotein allows for
multiple levels of helical organization, with twaicleoprotein strands containing SSDNA
that are in turn intertwined into a helical fornoati This allows for “a unique

architectural solution” for a sSDNA genome thatagptly does not impose a constraint

on genome size (154).

e ACV. Image taken from (154).
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Viral Metagenomics

Environmental virology (and virology in generafshlong been dependent on

culturing potential hosts in order to study viruaesl their virus-host interactions.
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Cultivation-dependent methods, however, suffer feogerious limitation — not all
organisms can be successfully cultured in laboegoCulture-dependent methods are
limited by a number of factors that essentiallyl bloiwn to culturing conditions — the
inability to perfectly mimic all environmental coitidns appropriate for every
microorganism in a laboratory. This bias that 999®% has been estimated from a
variety of diverse habitats of microorganisms arahle to be cultured (7, 59, 241).
Metagenomics, a term first used in 1998 (99), wasetbped to overcome the limitations
of culture-dependent approaches by directly seqngmuoicrobial communities from
their environments. It was later applied to virahonunities, bypassing the need for
culturing the host of a virus and directly sequeagatiral genomes (43). It has been
estimated that viruses outnumber cells by 10-18078, 233); and is believed that,
coupled with the inability to culture their hostise viral world is not only extraordinarily
rich (in genotypes), but also essentially unknown.

In recent years, many groups have turned to @sthaependent viral
metagenomic approaches to investigate viral dityensidiverse natural environments.
Since the advent of viral metagenomics, hundregspérs have been published from
differing environments, from marine to freshwatsbil and air (43, 107, 212, 226, 242,
260). These studies have revealed a number ofiexciiscoveries, but also a similar
trend — between 50-70% of all sequences do not &danatch to any sequence of viral or
cellular origins (reviewed in (210)). In one studgarly 99% of all phage sequences did
not match to any extant database (68). Despitecttent development of cheaper, next-

generation sequencing, (152, 219), these numbeesaapo be holding constant. Of the
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matching viral sequences in environmental samghessequence identities are low, often
below 50% identity (210).

One of the main challenges in viral metagenons@ddressing the vast number
of sequences without significant sequence simiégitThese likely represent completely
novel viruses, underscoring our lack of understagdh the viral sequence space (210).
Analysis of these unknown sequences is often pargelue to differences between
researchers on the types of sequence search higenised, databases searched against,
the sample type, and methods of processing thelasav(157). Depending on any one of
these factors, the actual number of “unknown” seqas can vary greatly. Several other
issues complicate the analysis of viral metagenoswesh as the presence of GTAs (81,
137, 227) and other “contaminating” cellular sequeen These gene transfer agents can
appear as tailed bacteriophages, but transfer nafidmgments of host DNA. Further
complicating the GTA issue are the findings thahynaruses carry metabolic genes
(AMGs) and can even transfer an entire metabolibvpay (44, 158). In an analysis of
ocean viral communities, viral-encoded genes fergynand carbohydrate metabolism,
Fe-S cluster synthesis and photosystem were fotid Recent advances in preparatory
methods, as well as the advent of next-generaggnencing, alleviate, but do not
entirely eliminate these issues (described belowgyeneral, there are three phases to any
viral metagenomic study — sample preparation, sefjng, and post-sequencing analysis

(commonly known as bioinformatics) (157).
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Sample Preparation

While extensive work has been done to further géase, the most critical step
is sample generation. Each sample type poses iisuowjue challenges for which
separate protocols are often empirically determitieel all serve the same function —
isolation of viral nucleic acid from its native eronment. The earliest viral
metagenomes (marine) required large volume coretganrsteps, such as tangential flow
filtration (TFF) and subsequent purification ofaliparticles through the use of cesium
density gradients (43). Despite their large numpt@iesse concentration and purification
steps are often necessary to ensure that suffigienttities and purity of genetic material
is available for sequencing. Unfortunately this Imoek suffers from being unable to
isolate large eukaryotic viruses, SSRNA virusesséhsensitive to CsCl, or any viruses
too large or too small to pass through the filoatsteps (43, 78, 269). This basic method
was developed due to the “contamination” potemidhe isolation. Inherent to any
concentration or filtration steps is the possipitt non-target nucleic acid being isolated
(and thus amplified) alongside viral. At ~2.5 Mbe thverage microbial genome (225) is
50 times larger than the average 50-kb DNA viraiagee (231, 232, 268). In
environments where viruses outnumber cells (digmiabove) 10:1 or 100:1, any
numerical advantage the viral material would havguickly overwhelmed by the larger
microbial genomes. Free DNA in these environmehi®(171) further reduces the
target to noise ratio. For these reasons most sapnpparations incorporate DNase- and
RNase-treatment steps to remove free nucleic &oltbwing removal, purification of

viruses from cells using cesium density gradientsfien employed (ref), or an additional
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filtration step to microorganisms larger than tkerage virus size (269). More recent
sample preparation methods employ the use of FH@€tipitation that captures nearly
100% of SYBR-stainable viruses, is more quantigathan TFF and a substantially
greater virus-to-cell ratio (122). One study exasdithe reproducibility and quantitative
nature of this method and found it was not onlyrgisative and reproducible, but that it
“maximized inter-comparability and biological inégrce” (73). Following isolation and
purification, viral nucleic acids can be extractebugh a number of different methods,
such as chroloform and phenol-chloroform, formamagyltrimethylammonium
bromide (CTAB) extractions, and silica-based colan®election of the extraction
method is highly dependent on the sample type lamdesearch questions with the
ultimate goal of generating viral nucleic acid aflhpurity and quantity. Despite the
concentration of several orders of magnitude, maray samples (especially those of
marine) must subsequently be amplified to genevaftecient sequencing material.
Traditional approaches used linker-amplified shotljoraries (LASLS) (43, 239) and
random amplified shotgun libraries (RASLs) (205)rteet the sequencing requirements
from as little as 1 — 100 ng of input material @ndduce a relatively unbiased,
representative sample containing fragments prapuatito their concentration in the
original sample (205). Later on, phi29-based anwatifon strategies were employed to
further increase the amount of sequenceable mbagwiallow for even lower starting
input (9). These cloning-dependent methods, howewsfer from being both expensive
and time-consuming (239). In the case of phi29y #re liable to systematic biases

towards circular and ssDNA (128), the formatiorcloimeras (139) as well as stochastic
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biases that skew taxonomic representation (274, Vh the advent of massively
parallel sequencing, dramatically increasing thigaug and reducing costs per base
(described below), a shift in sample preparatiavatal cloning-independent approaches
(98) has occurred. Instead of preparing nucleid & cloning, DNA is (potentially)
amplified and fragmented to a size amendable toyihe of sequencing employed. This
dramatically changed the field of environmentablogy by enabling research to focus
on amplification and relying on the sequencingfplat to generate massive amounts of
data rather than sacrifice amplification improveisdn the bottleneck inherent in
cloning coupled with Sanger sequencing. To this saderal new amplification
strategies have been developed such as linker fazapbn (106, 108) and Nextera.
Recent improvements to the linker strategy hasvaltbfor sub-nanogram quantities of

DNA to amplify into 1 — 5ug of nearly quantitative, sequence-ready materi2y. (

Sequencing

The second step in any viral metagenomes pipeditigei selection of the
sequencing platform. Prior to the last decade,Ilpadrsequencing was performed
through capillary-based application of the Sangectemistry (214, 235) — the so-called
“first-generation” technology. The first viral mag (43), gut (41), marine sediment (40),
and viral RNA metagenomes (57, 58) all utilized thiatform. The later onset of
studying RNA viruses is attributed to methodoloyzallenges in amplifying viral RNA
out of environmental samples and through the uskegénerate primers (57) as well as
random amplification (56). Through improvement othex decades, the Sanger-based

technology can generate single read lengths of b@80-bp and raw-base accuracies
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approaching 99.999% (223). After the completiothef Human Genome Project, it
became clear that the cost and time required frang& biochemistry was insufficient
for sequencing larger numbers of human genomesadtnot until the high-throughput
and high parallelization of pyrosequencing, a pplecused for genotyping since the mid
1990s (207, 209), that the cost and time requirachdtically decreased and the era of
“next-generation sequencing” (NGS) began. A nunab@xtensive reviews on the
history, chemistry and advancement of many NGSnteldgies have been published
elsewhere (152, 223) and will not be reiterate@hexcept for the two most widespread
in use and relevant to the advancement of virahgetomics. These two NGS
technologies are 454 pyrosequencing and lllumiohrtelogy (also known as Solexa).
Both utilize the principle of sequencing by synikea process in which a polymerase or
ligase extends a large number of DNA strands ialf@r(91). Nucleotides can be
provided one at a time and read at the end of eatem cycle, or labeled with an
identifying tag so they can be added all at ondé Wwoth 454 and lllumina using the
former method. While their basic principles havesed for decades, it was not until
technological improvements in surface chemistryicspcomputation, microscopy and
engineering, among others (223), allowed for adapivancement into a post-NGS
world. In many aspects, advances in NGS techndagjie proceeding so quickly that
reviews on the subject are outdated by the timg &ne published.

Early adopters of 454 technology were interestesequencing and diagnosis of
novel viruses in human disease (32, 162, 168) &mt9(132). Continuing the trend,

recent use of the technology has been applieddagaostics tool in virology, enabling
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testing on an individualized scale and detectionltwh-low-abundance of antiviral drug-
resistance as well as a means of studying genonabildy, discovery of new
pathogens, and studying viral communities in hgadtid diseased individuals (23, 196).
Least surprising is the driving force behind tlapid conversion — human clinical
significance — with 17 of the top 20 sequencedsasucausing human disease (196). 454
pyrosequencing begins with library constructiongvehtarget DNA molecules are
fragmented to a desired size and linkers containmgersal priming sites are ligated to
each end. These adapter-ligated sequences arsubjeated to emulsion PCR (70), a
process in which each molecule of DNA is separatida single strand, bound to the
surface of a single 28m bead and clonally amplified using PCR. Each Weé&dn
numbering in the millions) is then bound to Picefilate wells (142) and then
sequenced via the pyrosequencing method (208, 20@Ye cyclic rounds of specific
nucleotides are added and nucleotide incorporagmerates a signal of light, whose
position and intensity is recorded via CDD. Curréb4 pyrosequencing on the GS FLX+
platform can generate up to 1,000-bp reads andMitO less than a day with a
consensus accuracy of 99.997%.

454 technology, in addition to being the first coernialized product on the
market, has become tlde factosequencing technology after its emergence in 200V
longer read lengths and lower error rates verdes NGS technologies. A number of
novel viruses have been discovered through its@mn, including those associated
with colony collapse disorder and potential resgs/for animal-to-human transmissions,

as well as proventricular dilatation disease (PCEjjsease characterized by ataxia and
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seizures (55, 110, 140, 147). Additionally, the o06é54 pyrosequencing has allowed
researchers to directly detect human pathogensutighpriori genetic information
(162). Viruses have not been only discovered thnetigft pyrosequencing but fully
assembled as well, without the need for host dalgui35, 69).

lllumina (still commonly referred to its originehme, Solexa) technology was
developed internally (30) and is based on revezgilgk-terminators and engineered
polymerases (83, 243). The objective was to craaequencing platform of very high
throughput and low cost, capable of delivering tho@ whole human genome
sequencing” (30). As with 454 pyrosequencing, thet tep in the sequencing process is
target fragmentation and subsequent ligation optatanolecules with universal priming
sites attached to each end. These DNA moleculehaneattached to a solid substrate via
a flexible linker complementary to the priming sitend amplified using bridge PCR (2,
83). This generates amplicons identical to theahiemplate that are both tethered to,
and immobilized to a single physical location oa #olid substrate. Following bridge
PCR, each “location” consists of ~1,000 clonal aoggis, with several million total
clusters. Afterward, the amplicons are linearizstjuencing primers are hybridized to
the universal priming site and the sequencing conue® During the sequencing
process, four nucleotides are chemically modifeeddcome “reversible terminators”
containing a chemically-cleavable fluorescent tag modified in such a way that only
one nucleotide can be incorporated during eaclecyid¢iese nucleotides are added to the
linearized amplicons, single-base extension octhesentire physical surface is captured

in four channels, and the nucleotides are clea¥é¢loked fluorescent tag and the 3’
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hydroxyl position is unblocked to allow for additial extension. This cycle then
continues with the next round of nucleotides arateeds until the desired number of
cycles is attained. As improvements in technologgdme available, the read length
(originally 36-bp single reads) has dramaticallyprmwved (currently 300-bp, paired-end
reads).

The single most important impact is one of costle&s than $0.07/Mb, Illumina
sequencing is almost 40,000X cheaper than Sangéd(®#Gb) and 150X cheaper than
454 ($10) (143). Improvement in the near futurd vause the price to drop to less than
$0.01/Mb, allowing for the sequencing of an enlivenan genome for less than $1000
(115). With throughput approaching 1 Tb, lllumieahnology allows for not only
discovery of novel viruses, but the ability to disanate within-host variants of highly
diverse pathogens (26), rhinovirus evolution duhmgnan infection (54), and RNA virus
replication fidelity (76). The ultra-deep coverggevided by lllumina sequencing can
even allow the detection of ultra-low abundancesas (~100 copies) from heavily host-
contaminated clinical samples (146) and can be tesddtect rare, drug-resistant HIV
mutations (141).

The main drawback of Illumina sequencing is dowewtr analysis (detailed
below). Ultra-deep coverage, extraordinarily langenber of reads and read quality (219,
223) in addition to large computational resouregs,often required to process such vast
sums of data. 454 pyrosequencing has longer reathie, but suffers from
homopolymers and being the most expensive (perMG&S$ technology. Nevertheless,

improvements in NGS sequencing technology are axtéig faster than Moore’s Law.
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Bioinformatic Analysis

The final step in any viral metagenomics projegiast-sequence analysis; a
process in which sequence data collected fromiloe $tage is assembled and analyzed.
The ultimate objective of any project is full chetexization of the community —
essentiallywho is thereandwhat are they doingSpecifically, these questions refer to
the composition of community members, the contidyubf each member towards the
total community (also referred to as a “populatjoarid intra- and inter-species
heterogeneity of their genes/genomes (219). Indexfwiral metagenomics, this
translates to assembly of viral genomes, viral comity composition, viral
biogeography and virus-host interactions. To angh&se questions, sequence data is
often, but not always assembled. Before the adveENGS, these fundamental questions
about the nature of the community and its memberg \Wmited in scope, owin to the
limitations of the sequencing technology and ditinequire assembly. The earliest viral
metagenomics projects were pre-NGS with sequererdged entirely from Sanger
sequencing (see above) (39, 41, 43, 57, 84). Biomdtic analyses of the sequences
were often read-based, using BLAST (6) or other dlogy search tools against
previously identified public and private databatsesstablish taxonomic and functional
identification. While groundbreaking and offerirgsearchers their first glimpses into
environmental viral communities, the results frdrage works were essentially
classification into known verses unknown sequeng8egquences either matched to one of
the three major phage familiepedo; myo-or sipho-viridaeor were classified as

unknown (40, 43). During this “first generation” wifal metagenomes it was found that
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>50% of viral sequences were unable to be clads(fi8) and only the most abundant
viruses were sampled (261), exposing a clear g#peifield’s understanding of viruses
and their communities. Around this time, the fialds beginning to see the vast levels of
diversity within the viral world — with more thannillion different genotypes within 1-
kg of marine sediment (40) and possibly up to 1@0an globally (203). In response,
tools such as the Phage Proteomic Tree (204) adCI$ (8) were developed. The
Phage Proteomic Tree is a first-of-its-kind, gendmsed taxonomy for phage. PHACCS
(Phage Communities from Contig Spectrum) builds e®df potential community
structures until they match experimental inputeoffg the first such measure of viral
community structure — including their richness,rewess, and overall diversity. It soon
became clear that the current era’s sequencingodadly could not keep pace with other
advances in the field. Despite the enormous costedp” Sanger-based, metagenomic
studies, it was revealed that only the most abundamses were sampled, that significant
evolution of viruses can occur rapidly, and thatises play a substantial role in
metabolic processes (261). At this point few towdse available to understand/analyze
any unknown sequences and all diversity measurenpamted to continually increasing
signs of under-sampling wherever a viral commuwi&g analyzed. The arrival of NGS,
with its massive throughput and low cost, providedpportunity to analyze the viral
community without cloning biases, with minimal sdey@nd the ability to sequence
deep enough to “reach past” the most abundantesrudnfortunately, as with any
technological advancement and its ability to ovare@revious obstacles, is not without

its own set of shortcomings. In the case of NGS sequence assembly. The single
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greatest challenge to any sequencing project ialtliy to correctly put together (i.e.
“assemble”) fragments from numerously diverse amdlar species. This challenge is
confounded by uneven community composition and daoeces (273) with some regions
of many genomes receiving poor or uneven covenaigle some receiving none at all
(219). Coverage variation can be due to chancaging target abundance or biases in
amplification and sequencing, none of which arelyessolved (153). Sanger
sequencing with its few, but longer, reads is neddy easily assembled. However, for
millions (even billions) of reads ranging from 36 to 700-800 bp an entirely different
approach is required. A number of complex assermalgigrithms, requiring
computationally expensive, high-performance conmgugilatforms, have been developed
to overcome this problem (153, 219, 223). Whileehe no “silver bullet” algorithm,
nearly all are based on graph structures. The thiager graph types are Overlap-Layout-
Consensus (OLC), which rely on overlap graphs, dgiBGraphs (DBG), based on K-
mers, and greedy graphs, using either or botheoptbvious (153). While these
assembler algorithms are described in detail elseavfl43, 152, 219, 223), a brief
description of each will be mentioned here. Samig¢a-and 454-data typically use OLC
algorithms and are generally optimized for largem@mes, such as bacteria and Archaea.
There are a number of programs invoking the OL®ralgm, but the most notable are
454 Life Technologies’ Newbler (148), Celera (LBOMAP/PCAP and Arachne (27). OLC
assemblers work in three phases: find all overia@s all-verses-all pairwise
comparison, construct a read layout with all oyes)aand finally a multiple sequence

alignment based on the read layout (153). The mxqstnsive step of this process is the
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first stage, where all possible overlaps must lo@do Due to this fact, most programs
institute a “seed” and extension heuristic, whexg/\short fragments from each sequence
are compared against each other. Comparing langdbers of short sequences is less
memory intensive than comparing whole reads atiteisnost frequently applied
efficiency. Each of the above OLC-based programgleys different strategies within
each of the three phases, generating a range ®fpmbcons for researchers to select
depending on their data and particular researobctibes. Greedy-based algorithms, such
as those employed by SSAKE (253) and VCAKE (12inpsy extend any initial contig
or read by adding the next highest-scoring ovealgginst any other contigs or reads
(153). The graph built through these programsasndtically simplified due to only
examining the highest-scoring overlap. While eéfiti these assemblers suffer most
heavily from “short-sightedness” — by selecting tighest-scoring match at each step-
wise extension, they may not generate the besab\w&quence. For example, they may
extend one contig while sacrificing other contigsieh could have grown larger (153).
The de Bruijn graph assemblers (k-mer based spaltyfj below) are the most widely
used for NGS sequencing, owing to their avoidari@mputationally intensive all-
verses-all overlaps, compressing redundant segsiérexucing memory costs) and
possessing the ability to deal with the vast am®ohtata generated from lllumina
sequencing. On the other hand, these graphs s®@ctual sequence, potentially
consuming all available memory (153). K-mer grapfesa subset of de Bruijn graphs,
where reads aiia silico fragmented into shorter fragments (called k-mesiff) their

suffix and prefixes representing nodes on a grayheglges connecting them are k-mers
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with that suffix and prefix (53). “Solving” the g is simply finding a path that
traverses each edge exactly once, also known d&ulleeian cycle. Unfortunately
repeats, palindromes, and sequencing error congliba graph transversal, introducing
multiple potential paths (153).

Despite the significant advances in assembly algms, most are not optimized
for small, highly heterogeneous sequences sudmoae from a viral population, nor are
most designed to handle metagenomic sequencescAstly as 2011, there warede
novometagenome-specific assemblers available untiaN@BA was released (176).
Until this release, single-genome assemblers wsed in metagenomic studies (270,
271). By 2012, additional assemblers, such as Metaet (163) and IDBA-UD (175) —
both extensions of their original programming -wetl as MAP (136) and Genovo (138),
were developed. Still, wide ranges of target abnndand population heterogeneity can
introduce unresolvable graph structures in metaggnseequences (219).

Following NGS assembly of viral metagenomes, fealysis tools are available
to annotate and characterize the resulting assensblguences (known as contigs). As
viral sequences lack a single gene shared amonrgukes (i.e. the 16S rRNA gene),
molecular phylogenetic analysis is impossible (1&8nilarity analyses such as BLAST
often fail to find homologous relationships (andglannotation) with around 90% of
sequences from viral metagenomics projects lackimgarity to any extant sequence
databases (114). There are, however, two annotpipp@tines developed recently for
analysis of viral metagenomes; Viral Informaticss&@rce for Metagenome Exploration

(VIROME) (267) and Metavir (213). Metavir is an@nactive web server that
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characterizes a metavirome using a suite of foyomntaols. It uses the GAAS tool (10),
which compares viral contigs against viral sequemeéNCBI's Refseq database (194)
for taxonomic classification. It then uses markengs — viral sequences associated with
specific viral families — and aligns them agaif& input sequences. This alignment is
then used to generate phylogenetic trees. Firmaltgfaction curves are generated for the
viral metagenomes through the clustering programdii¢77). Sequences are rarefied by
subsampling different numbers of inputs sequenodshistering, the resulting number
of clusters can be plotted against the number qiieseces sampled, allowing for a plot of
the rarefaction curves (213). Unfortunately, thganbmitation of Metavir lies in its
dependence on homology searches against previchagcterized viral genomes
present in the RefSeq database and its reliancemserved marker genes. While
unknown sequences cannot be classified, they camcbgorated into the rarefaction
analysis. VIROME, developed shortly after Metaisran analysis pipeline comparing
viral sequences against UniRef and five annotatetkim databases, as well as predicted
protein sequences from environmental database$.(26ig allows for taxonomic and/or
environmental characterization and functional aation for every predicted ORF in the
input viral metagenome. Additionally, environmerttaims and metadata associated with
the various protein libraries also serves to furtireup sequences relationships into
features such as nucleic acid types, ecosystemes{favetland, ocean, coastal, etc.) and
physio-chemical (acidic, alkaline, saline, low-higimp, etc.), among others. Finally,
VIROME pre-filters sequences based on sequencé&yyarforms a tRNA scan, and

identifies rRNA sequences — all known to increas@gutational overhead and interfere
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with downstream sequence analysis (267). At presahy Metavir and VIROME offer a
user-friendly, web-based viral metagenomics woskftiesigned to perform comparative
analysis that does not require the researchene aaedicated bioinformatics
infrastructure in place. The only limitation of VIME is not one of analysis, but one of
CPU time and cost. A full plate of 454 sequencsge(above explanation) is
approximately 1 million reads (500-bp average Headth) and generates 500 Mb. With
the shift towards lllumina sequencing, the avemagput can range from 50 to 1000 Gb
increasing the minimum CPU time to 100,000 CPU &aund $50,000, far more than the

VIROME infrastructure was designed to handle.

Research Directions

Over the past decade, advancements in sequercngalogy and improvements
in methodologies allow researchers to study theemsnd essentially uncharacterized
virosphere. These culture- and sequence-indepeagenvaches enable the study of both
low and highly abundant viruses, entirely noveuses, and uncovered the incredible
diversity of viruses within several ecosystems. t\generation sequencing has not only
allowed for the completde novare-assembly of viruses from metagenomic sampges, a
by-product in many cases, but also probed bothlges broadly into the place of viral
communities within the virus-host dynamics of ategs For all these significant
advances, little work has been done in studyingatichaeal viruses. Despite
groundbreaking work revealing exotic particle mafolgies and genomes with no

homology to extant databases, only 40 archaeatesrwere known at the beginning of
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this work — compared to the more than 5500 virusiestingBacteriaandEukarya
More incredible is the absence of an archaeal RM#svinitial work searching for RNA
viruses in environmental samples from a metager®pecspective found a high
diversity of picorna-like viruses; upwards of 98%&all the sequences belonging to
positive-sense sSRNA viruses. Other work focusmd@dIA viruses found similar
results, but none were able to identify an archhesl.

The hot springs of Yellowstone National Park (YNIR)s provided a unique
opportunity to study an archaeal rich environmertt search for the first archaeal RNA
viruses. These hot springs had previously showsetdominated by th&rchaea In
addition, preliminary work in virus-host isolatiamd biogeochemical characterization of
many springs in YNP had laid the fundamental framdwio allow an exhaustive RNA

virus-centric investigation.



Table 1.1 List of Known Archaeal Viruses. Archaealises are colored by phylum they infe€tenarchaeotgblue),Euryarchaeota
(red) andThaumarchaeotggreen)

Morphology Family/genus

Spindle

Bottle
Bacilliform

Droplet

Fuselloviridae

Bicaudaviridae
Salterprovirus
"Spiraviridae"

Unclassified

Ampullaviridae

Clavaridae

Guttaviridae

Virus Name

Sulfolobus spindle-shaped virus 1
Sulfolobus spindle-shaped virus 2
Sulfolobus spindle-shaped virus 3
Sulfolobus spindle-shaped virus 4
Sulfolobus spindle-shaped virus 5
Sulfolobus spindle-shaped virus 6
Sulfolobus spindle-shaped virus 7
Sulfolobus spindle-shaped virus 8
Sulfolobus spindle-shaped virus 9
Acidianus spindle-shaped virus 1
Acidianus two-tailed virus

His virus 1

Aeropyrum pernix coil-shaped virus
Pyrococccus abyssi virus 1
Thermococcus prieurii virus 1
Aeropyrum pernix spindle-shaped virus
Sulfolobus tengchongensis spindle-
shaped virus 1

Acidianus bottle-shaped virus
Aeropyrum pernix bacilliform virus 1
Sulfolobus neozealandicus droplet-shay
virus

Aeropyrum pernix ovoid virus 1

Abbreviation
SSV1
SSv2
SSV3
SSv4
SSV5
SSV6
SSV7
SSv8
SSV9
ASV1
ATV
His 1
ACV
PAV1
TPV1
APSV1

STSV1
ABV
APBV1

SNDV
APOV1

Hos$
Sulfolobus
Sulfolobus
Sulfolobus
Sulfolobus
Sulfolobus
Sulfolobus
Sulfolobus
Sulfolobus
Sulfolobus
Acidianus
Acidianus
Haloarcula
Aeropyrum
Pyrococcus
Thermococcus
Aeropyrum

Sulfolobus
Acidianus
Aeropyrum

Sulfolobus
Aeropyrum

Genome
Size (kb)
15.4

14.7

15

15.1

15.3

15.6

17.6

16.4

17.3

24.1
62.7
14.4
24.9

18

21.5

38

75.2
23.8
5.2

20
13.7

Genome
Type
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
ssDNA
dsDNA
dsDNA
dsDNA

dsDNA
dsDNA
dsDNA

dsDNA
dsDNA

OO0 Or0O 0000OF 000000000000

Ref

(169)
(229)
(228)
(33)

(198)

(257)

(198)
(105)
(25)
(154)
(93)
(94)
(155)

(272)

(102)
(156)

(11)
(155)

Ly



Table 1.1 — Continued

Linear

Spherical

Lipothrixviridae

Rudiviridae

Globulaviridae

"Turriviridae"

"Halosphaerovirus"

Desulfurolobus ambivalens filamentous
virus

Acidianus filamentous virus 1
Acidianus filamentous virus 2
Acidianus filamentous virus 3
Acidianus filamentous virus 6
Acidianus filamentous virus 7
Acidianus filamentous virus 8
Acidianus filamentous virus 9
Sulfolobus islandicus filamentous virus
Thermoproteus tenax virus 1
Thermoproteus tenax virus 2
Thermoproteus tenax virus 3
Thermoproteus tenax virus 4

Sulfolobus islandicus rod-shaped virus :
Sulfolobus islandicus rod-shaped virus :

Stygiolobus rod-shaped virus
Acidianus rod-shaped virus 1
Pyrobaculum spherical virus 1
Thermoproteus texax spherical virus 1
Sulfolobus turreted icosahedral virus
Sulfolobus turreted icosahedral virus 2

Spherical halovirus 1
PH1

Haloarcula hispanica icosahedral virus :

SNJ1

DAFV
AFV1
AFV2
AFV3
AFV6
AFRV7
AFV8
AFV9
SIFV
TTV1
TTV2
TTV3
TTV4
SIRV1
SIRV2
SRV
ARV1
PSV1
TTSV1
STIV
STIV2

SH1
PH1
HHIV-2
SNJ1

Acidianus
Acidianus
Acidianus
Acidianus
Acidianus
Acidianus
Acidianus
Acidianus
Sulfolobus
Thermoproteus
Thermoproteus
Thermoproteus
Thermoproteus
Sulfolobus
Sulfolobus
Stygiolobus4
Acidianus
Pyrobaculum
Thermoproteus
Sulfolobus
Sulfolobus
Haloarcula
Haloferax
Halorubrum
Haloarcula
Haloarcula
Natrinema

56

21
31.7
40.4
39.5
36.8
38.1
41.1
40.8
15.9

16

27

17
32.3
35.4

28
24.6
28.3
21.6
17.6
16.6

30.9

28
30.5
16.3

dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA
dsDNA

dsDNA
dsDNA
dsDNA
dsDNA

oorrrrOrOOOOO OO O

O r—

(277)

(31)
(103)

(247)

(33)
(13)

(120)

(278)
(277)
(174)
(249)
(248)
(101)
®3)
(202)
(100)

(184)

(186)
(14)

1%



Table 1.1 — Continued

Pleomorphic

Head-tail

Pleolipoviruses

Myoviridae

His virus 2
Haloarcula hispanica pleomorphic viru:
1

Halorubrum pleomorphic virus 1
Halorubrum pleomorphic virus 2
Halorubrum pleomorphic virus 3
Halogeometricum pleomorphic virus 1
Halorubrum pleomorphic virus 6

HF1

HF2

phiH

phiChl

Halorubrum sodomense head-tail virus
Halorubrum head-tail virus 1
Halorubrum head-tail virus 2
Halorubrum head-tail virus 3
Halorubrum head-tail virus 5
Halorubrum head-tail virus 6
Halorubrum head-tail virus 7
Haloarcula japonica head-tail virus 1
Haloarcula japonica head-tail virus 2
Halorubrum head-tail virus 8
Halogranum head-tail virus 1
Haloarcula head-tail virus 1
Halorubrum sodomense head-tail virus
Halorubrum head-tail virus 9
Halorubrum head-tail virus 10
Haloarcula head-tail virus 2

His 2

HHPV-1
HRPV-1
HRPV-2
HRPV-3
HGPV-1
HRPV-6

HF1
HF2
phiH
phiChl
HSTV-2
HRTV-1
HRTV-2
HRTV-3
HRTV-5
HRTV-6
HRTV-7
HJITV-1
HJITV-2
HRTV-8
HGTV-1
HATV-1
HSTV-3
HRTV-9
HRTV-10
HATV-2

Haloarcula

Haloarcula
Halorubrum
Halorubrum
Halorubrum
Halogeometricum

Halorubrum
Halobrum
Haloferax

Halorubrum
Halobacterium
Natrialba
Halorubrum
Halorubrum
Halorubrum
Halorubrum
Halorubrum
Halorubrum
Halorubrum
Haloarcula
Haloarcula
Halorubrum
Halogranum
Haloarcula
Halorubrum
Halorubrum
Halorubrum
Haloarcula

16

10.6
8.7
9.7
8.5

7.7
75.9

59
58.5
68.2

dsDNA

dsDNA
ssDNA
ssDNA
dsDNA
dsDNA
ssDNA

dsDNA
dsDNA
dsDNA
dsDNA
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

000

Cint
Cint

@)

| i i

(24)
(179)
(206)

(14)
177)
(166)
(218)
(262)

(14)
(135)

(14)

6v



Table 1.1 — Continued

Head-Tail

Myoviridae

Siphoviridae

Podoviridae
provirus

Halophilic head-tail virus 1
Halorubrum head-tail virus 11
Halorubrum head-tail virus 12
Halobacterium halobium virus 1
Halobacterium halobium virus 3
Halophage Ja. 1

Halobacterium salinarium virus 1
Halobacterial phage phiN

Halophage S45

Bacteriophage S5100

Halobacterium phage B10

psiM1

BJ1

Haloarcula vallismortis head-tail virus :
Halorubrum head-tail virus 4
Haloarcula hispanica head-tail virus 1
Haloarcula californiae head-tail virus 1
Halorcula californiae head-tail virus 2
Halorcula californiae head-tail virus 5
Haloarcula vallismortis head-tail virus :
Haloarcula hispanica head-tail virus 2
Haloarcula sinaiiensis head-tail virus 1
Nvi-prol

HTV-1
HRTV-11
HRTV-12
Hhl
Hh3
Ja.l
Hs1
phiN
S45
S5100
B10
psiM1
BJ1
HVTV-1
HRTV-4
HHTV-1
HCTV-1
HCTV-2
HCTV-5
HVTV-2
HHTV-2
HSTV-1
Nvi-prol

E200-7
Halorubrum
Halorubrum
Halobacterium
Halobacterium
Halobacterium
Halobacterium
Halobacterium
Halobacterium
Halobacterium
Halobacterium
Methanobacterium
Halorubrum
Haloarcula
Halorubrum
Haloarcula
Haloarcula
Haloarcula
Haloarcula
Haloarcula
Haloarcula
Haloarcula
Nitrosophaera

37.6
29.6
230

56

30.4
43
101.3

32.2
24

nd

nd

nd
dsDNA
dsDNA
dsDNA

nd

dsDNA

nd

nd

dsDNA

dsDNA
nd

nd

nd

nd

nd

nd

nd

nd

dsDNA

(14)

(172)

(252)
(240)
(250)
(61)
(60)
(251)
(151)
(167)
(14)
(14)
(135)
(135)
(14)

(14)

(134)

0S



Table 1.1 — Continued

Unclassified

(o))
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Abstract

There are no known RNA viruses that infect Arch&elling this gap in our
knowledge of viruses will enhance our understandinipe relationships between RNA
viruses from the three domains of cellular lifeglam particular could shed light on the
origin of the enormous diversity of RNA virusesdaaofing eukaryotes. We describe here
identification of novel RNA viral genome segmentsnh high temperature acidic hot
springs in Yellowstone National Park, USA. Thesedprings harbor low complexity
cellular communities dominated by several specids/perthermophilic Archaea. A viral
metagenomics approach was taken to assemble segaiehése RNA virus genomes
from viral populations directly isolated from hqirgig samples. Analysis of these RNA
metagenomes demonstrated unique gene contens that generally related to known
RNA viruses of Bacteria and Eukarya. However, géaeRNA-dependent RNA
polymerase (RdRp), a hallmark of positive-stranddRiNuses, were identified in two
contigs. One of these contigs is approximately G @@cleotides in length and encodes a
polyprotein that also contains a region homologouse capsid protein of nodaviruses,
tetraviruses and birnaviruses. Phylogenetic analgséhe RdRps encoded in these
contigs indicate that the putative archaeal virdegs a unique group distinct from the
RdRps of RNA viruses of Eukarya and Bacteria. @tiNely, our findings suggest the
existence of novel positive-strand RNA viruses thkely replicate in hyperthermophilic
archaeal hosts and are highly divergent from RNAse@s that infect eukaryotes and even
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more distant from known bacterial RNA viruses. Thpssitive-strand RNA viruses
might be direct ancestors of RNA viruses of euksyo

Introduction

In contrast to viruses that infect Bacteria andd&tyaé, little is known about the
viruses that infect Archaea. Fewer than 50 archadaaes have been discovered
compared to more than 5,500 viruses known to irtfexhosts from the other two
domains of life (2). Of the few archaeal virusest thave been characterized, mainly
those infecting members of the phylum Crenarchaeoéay have revealed both unusual
gene content (55) and unique virion morphologies 8, 54, 66). To date, all archaeal
viruses possess dsDNA genomes with the exception@ssDNA virus infecting
Achaea of the genudalorubrum(60). No RNA viruses infecting Archaea have been
described. Eukaryotic RNA viruses are a dominaral ¥orm: they are numerous,
diverse, and widespread, found to infect animdés)tp, and many unicellular forms (17,
28, 38, 40, 71). Only two narrow groups of bacteRiA viruses are known, and these
do not show a close relationship with the virusdsdting eukaryotes (38, 40). Thus, the
origin of the RNA viruses of eukaryotes remainsaimgma. In this context, the search
for RNA viruses infecting Archaea appears to bepefcial interest because the discovery
of such viruses would have the potential to shed light on the origin of viruses of
eukaryotes.

One factor limiting the discovery of archaeal vasifias been the reliance on
culture-dependent approaches for virus isolatioanArchaea inhabit extreme

environments, such as high temperature and highitgatonditions, making culture-
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dependent approaches for virus discovery diffidDiter the past decade, direct
sequencing of viral communities from environmesthples (viral metagenomics) has
been used to more fully understand viral diversitgatural environments, including
marine (13), sedimentary (10), human and animadé¢t1, 14, 33), gut (23) and
freshwater (59) environments. Viral metagenomiosroemes many of the limitations of
traditional culture-based approaches for deteafamew viruses. In general, viral
metagenomics studies have revealed enormous divargl abundance of viruses. For
example, more than 5,000 different viral genotypwese identified in 200 liters of sea
water (12). Although most viral metagenomics stsdiiave focused primarily on dsDNA
viruses (5, 73), recent advances in methodologg lemabled the implementation of
RNA viral metagenomics as an approach for investigeRNA viral communities.
Studies in marine environments have revealed asBveommunity of RNA viruses
broadly distributed throughout multiple viral tafde, 17). In these metagenomic studies,
RNA viruses infecting Bacteria or Archaea havelveen identified, supporting the view
that the major hosts for RNA viruses in the maengironment are unicellular
eukaryotes (74). Metagenomic analyses of RNA veusdresh water have shown that
the majority of sequences did not show significamntilarity to known viruses in public
databases, following the trend of marine environisierhose sequences that did match,
were broadly distributed to nearly 30 families oliges infecting a variety of eukaryotes
but did not include the few groups of identified RMiruses infecting Bacteria or
putative RNA viruses of Archaea (19). The abser@vmlence of RNA viruses infecting

Archaea in both marine and freshwater environm@nt$3, 17, 19) appears surprising in
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light of the indications that Archaea comprise a@9% of the planet’s microbial
biomass and up to one-third of the ocean’s prokasy(34).

The recently describedl@tered Rgularly hterspaced I$rt Palindromic
Repeats (CRISPR) adaptive immunity system can be tasknk viral genome sequences
to cellular hosts. The CRISPR system appears tmlative defense mechanism against
invading nucleic acids, including viruses, throwggenetic interference pathway (7, 29,
44, 45, 69). The CRISPR system is present in ~4086-80% of sequenced bacterial
and archaeal genomes, respectively (41). The CRISE& s composed of a leader
sequence that directs transcription of a non-coBNd@\ that spans multiple copies of an
~25 nt direct repeat region (DR) that are sepatayee35 nt spacer sequences which can
form long arrays. Each spacer sequence within &€Rlarray is unique. Immunity
requires a sequence match between the invadinginwadid and the spacer sequences
that lie between DRs. The sequence content of & &an often be used assign a
CRISPR type at the cellular family level (22). #hbeen shown that the CRISPR loci
provide a record of a cell's interaction with viess(45, 65). Accordingly, the CRISPR
DR and spacer content present in an environmeamaple can be used to connect the
viruses present in that environment with bacteradrchaeal hosts.

The acidic hot springs in Yellowstone National PE&A (YNP) offer an
opportunity to search for archaeal RNA virusesnreavironment where Archaea
predominate. Based on previous rRNA gene sequearalgsss, these environments are
inhabited by microbial communities of low complgxibat are dominated by fewer than

10 archaeal species (30). In these low pH (pH<g)) temperature (>80°C) springs,
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bacteria and eukaryotes are scarce or in many easest (9, 30, 57). Using traditional
culture-dependent approaches, many dsDNA arch@&eskg have been isolated from
these high temperature acidic hot springs in YNB) énd other thermal hot springs
worldwide (6, 48, 52). We used a viral metagenoapiproach to directly search for
archaeal RNA viruses in several acidic hot spriogsd in YNP. We report here the

detection of putative archaeal RNA virus genomes.

Materials and Methods

YNP Hot Spring Sample Sites

Twenty eight YNP high temperature, acidic hot sgsimere initially screened for
the presence of RNA in the viral enriched fractfdable S1) between October and
November 2008. In depth sampling for metagenomatyais was performed on 3 of
these sites; NL10, NL17 and NL18. A total of 7 pdiDNA viral and RNA viral samples
were collected. Nymph Lake hot springs NL 10 wdtected in October 2009, February
2010 and June 2010. Nymph Lake hot springs NL17NiritB were collected in October
2009 and June 2010. Nymph Lake hot springs NL10adsssampled in August 2008
and 2009 for total cellular DNA.

Initial Screening of Viral Enriched Samples

for RNA Genomes by?P-labeling Experiments
(RT-dependent Signal from RNA Viral Fraction)

A viral enriched fraction was created from each glanby filtration of 26 mL of
hot spring water through two successive 0.8/0.2A¢cnodisc 25 mm PF filters

(Millipore) to remove cells, collection of the vsyarticles in the flow through,
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centrifugation at 30,000 X g for 2 hrs and resuspenof the virus pellet into 200 pL
sterile water. Total viral nucleic acids were egteal from the virus enriched fraction
using the mirVana miRNA isolation kit (Ambion). Faling nucleic acid extraction,
DNA was removed by DNase | (Ambion) treatment. Abts of RNA-enriched extracted
viral nucleic acids were treated (controls) or tneited with RNase ONE (Promega)
prior to cDNA synthesis. First-strand cDNA syntlsasactions were carried out using 1
mM random hexamers in the presence of 10 u@i8P dCTP (MP BioMedicals).
Reactions were incubated at 25 C for 10 min, a£30r 90 min then terminated at 85 C
for 5 min followed by RNaseH treatment. TCA pretaged nucleic acids were collected
on glass filter fibers (Whatman G/F) and scintilatcounts of precipitated and non-
precipitated material were collected.

Isolation of Cellular Fraction for
Community Sequence Analysis (Fig. S1).

Cells were isolated from ~500-mL of hot spring wdteffiltration onto 0.45um
Pall filters (Millipore) and stored at -20 C. TofaNA was isolated from cells using
phenol:chloroform:isoamyl alcohol 25:24:1 extrantwf the filters followed by ethanol
precipitation. DNA was amplified using GenomePlekhdé Genome Amplification
(Sigma). Amplification products were purified usiQdAquick PCR Purification kit
(Qiagen). Approximately 10 pg of cellular DNA wa®wided to the University of
lllinois Champaign-Urbana Sequencing Center (Urbdnaand subjected to 454

Titanium pyrosequencing (Roche).
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Isolation of Viral-enriched Nucleic Acids

~1.2 L of hot spring water was filtered through tsuwcessive Pall 0.8/0.2 um
filters (Millipore). The filtrate flow through wasoncentrated by Ultra centrifugal filters
(Millipore) using a 100k MWCO to a volume of 500. Total viral nucleic acids were
extracted from 20QL of each sample with the Purelink Viral RNA/DNA MiKit
(Invitrogen) and eluted to a final volume of gD.

Isolation, Preparation of RNA-enriched
Viral Fraction and Sequencing

An improved method to isolate nucleic acids from tiral-enriched fraction was
developed after initial RT-PCR screening. To obth@mRNA viral-enriched fractions, 30
uL of total extracted nucleic acid was treated vt RNase-free DNase | (Ambion) at
37 C for 20 min, followed by addition of EtOH to%7 This mixture was applied to the
RNA/DNA Mini Kit columns (Purelink), eluted, and-extracted following the
manufacturer’s protocols. The eluted nucleic aardse amplified with the Transplex
Whole Transcriptome Amplification kit (Sigma). Réaas were purified using
QIAquick PCR purification kits (Qiagen) followed Ipassage through Amicon Ultra-0.5
filter columns (100 kDa MWCO). Approximately 100 afpurified, amplified viral
cDNA products were provided to the Broad Institi@@ambridge, MA) for sequencing

using the Titanium chemistry on the 454 FLX pyragatcer (Roche).



87

Isolation, Preparation and Amplification
of DNA-enriched Viral Fraction

To obtain the DNA-enriched viral fraction, 1@ of viral enriched total nucleic
acid were amplified with the GenomePlex Whole Geadkmplification kit (Sigma).
Reactions were purified as described above foRiNA-enriched viral fractions.
Approximately 5 pg of purified, amplified viral DNWas provided to the Broad Institute

(Cambridge, MA) for sequencing as with the RNA-ehed viral fractions.

Sequence Assembly and Analysis

DNA sequences were trimmed of both primer and éagiences. To aid in
assembly, highly represented duplicated sequenessidentified and removed using
CD-HIT-454 (50) with a 40 bp overlap and 98% se@eedentity. All 7 viral RNA
datasets were then cross-assembled using gsAsseratdmn 2.5 (Roche) at 98%
sequence identity with a 50 bp overlap. Cellulat BYNA viral metagenomic data sets
were assembled using the same procedures. TheladesdRNA viral contigs (greater
than 100 bp) were compared against the Nymph LakéDNA metagenomes as well as
the GreenGenes rRNA dataset (18). Sequences mgieitiner DNA viral reads or
ribosomal sequences were excluded from future arsalyhese filtered RNA viral
contigs were subsequently analyzed against NCBRdrnt databases using BLASTN,
BLASTX, TBLASTX, BLASTP, and PSI-BLAST for iteratevsearch of protein
sequence databases (3). The RPSTBLASTN programtfreNCBI BLAST package
was used to compare contigs against the consenredid database. The resulting

metagenomes were also analyzed using the MG-RASag®aeomics analysis server
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(49) to assign taxonomies. Contigs showing sigaiftamatches (E-value 1xfpto
RdRps and structural proteins were subjected torm mgorous examination using
HHpred (68) against the pdb70 database (Novembd) Bflease). Sequence assembly

and analysis are outlined in Fig. S2.

Protein Structure Analysis

Secondary structure predictions for RdRp and CRResszps were performed
using the HHpred software. Sequence to structusatliing was performed using the
Phyre server (35) and HHpred; MODELLER (21) wasdusebuild the 3D model,
visualization was rendered using Pymol (64). Midtiglignment of 3D structures of

capsid proteins was extracted from the DALI datel@3).

Phylogenetic Analysis of RARps

Seed alignments of viral RdRp (cd01699) and groumron reverse
transcriptases (cd01651) were downloaded from @BBINCDD database (47). These
alignments were used to generate position-spessficing matrices (PSSM) that served
as queries for PSI-BLAST iterative search (4) agfgpositive strand sSRNA virus
sequences in the NCBI RefSeq database, producthg@8ches. The detected RdRp
sequences were clustered into 29 groups using @& BLASTCLUST program
(http://www.ncbi.nlm.nih.gov/Web/Newsltr/SpringO4dlstlab.html), roughly
corresponding to various taxa of sSRNA viruses.iiaiaally, a cluster of 31 non-
redundant sequences of Group Il intron reversestrgrtases and a cluster with two

RdRp sequences from Contig00002 and Contig00228 agiled to the data set.
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Multiple sequence alignments within clusters wenedpced using the MUSCLE
program (20). Cluster alignments were progressiaggned using the HHalign program
(67), at each step the highest-scoring pair ohatignts replaced the two “parent”
alignments; alignment positions containing lest83% of non-gap characters were
removed. For the purpose of phylogenetic analyglament positions containing less
than 50% of non-gap characters were further elirrthfrom the final alignment. The
phylogenetic tree of the full dataset (1021 seqashwas reconstructed using the
FastTree program with default parameters (56).dgtenal sequence evolution model
for the dataset was selected using the ProtTegtamo(1). A representative dataset of
104 sequences was selected using the full treegaglance; phylogenetic tree was
reconstructed using the RAXML program (70) with PRBAMMALGF evolutionary
model, as indicated by the ProtTest analysis. Bagisanalysis with 100 replications and
Shimodaira-Hasegawa log-likelihood test for altéiksatree topologies derived from
constraint trees was performed using RAXML.
Validation of Selected Assembled Contigs

from RNA-enriched Viral Metagenomes
by RT-PCR and DNA Sequencing

Up to two years after the original samples weréected for the production of the
viral and cellular metagenomes, additional NL10,1¥land NL18 cellular and viral
fraction samples were collected in June 2011 apdeBeer 2011 as described above to
determine if selected RNA viral genomes were pti#isent in these hot springs. Viral
nucleic acids were extracted using the ZR Viral RKIA(Zymo Research) in

combination with the on-column DNase digestionrem®mmended by the manufacturer.
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Forward and reverse PCR primers designed fromteelesetagenomic contigs (Table
S2) were used with SuperScript 1ll One-Step RT-R@R Platinum Taq (Invitrogen).
To test for RT dependency, the RT was excluded ftmrprocedure. To test for strand-
specificity, only one primer was added during tB&@ synthesis stage and th¥' 2
primer added after the 94 C heat-kill of the regdranscriptase and activation of
Platinum Tag. PCR products were cloned into the 2aCRector using the TopoTA
cloning kit (Invitrogen). Sequencing of the produatas performed using Sanger
sequencing with BigDye terminator v3.1 on ABI 3100.

Analysis of CRISPR in
Cellular and Viral Metagenomes

Reads from the cellular metagenomes were analygedRISPR related
sequences with the CRISPR Recognition Tool (CRYugihg the program’s default
parameters. Reads identified as containing CRISRBRg CRT were then analyzed
using CRISPRFinder (25). All reads identified asi&PFRs with CRT were also
identified as CRISPRs with CRISPRFinder. CRISPRt@oimg reads were parsed for
direct repeats (DRs) and spacers generated from TRresulting CRISPR spacers
were compared against the viral RNA and DNA metagass using BLASTN with an
ungapped alignment and 100% nucleotide identitgsscthe entire length of the spacer.
Reads with spacers matching to RNA contigs werthdéuranalyzed by extraction of their

associated DRs and identification of their closetrence microbial genome.
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Examining Viability of an Eukaryotic
Virus in YNP Hot Springs

To test for the potential of possible external eomination of eukaryotic viruses
into the examined hot springs, 10 ng (4800 genomigglirified Cowpea chlorotic mottle
virus (CCMV), a highly stable ssRNA plant virus,svaixed with 50-mL of hot spring
water in a Falcon tube and placed in the hot spriagiquots of 50 pL were taken from
the samples at varying time intervals and analyzi¢td QRT-PCR using SSoFast

EvaGreen Supermix (Life Sciences) on a RotorGemsgsgem (Qiagen).

Comparing RNA Metagenomes to Other Environments

To assess whether similar RNA viral genomes wessgnt in YNP high
temperature circa neutral hot spring environmdmds are dominated by bacteria, viral
RNA metagenomes were compared against transcripiibrages of Mushroom and

Octopus Springs YNP (36, 43) using BLASTN.
Results

An initial survey of 28 YNP hot springs was perf@unto determine which hot
springs contained a detectable RNA signal in tblated RNA viral fraction (Table S1).
The surveyed sites were selected based on beihgdngperature (>80° C) and low pH
(<4.0) springs likely to be dominated by ArchaehisTinitial screen of viral fractions
was based on a RNA-dependent reverse-transcrifRd9eassay wheréP-dCTP
incorporation into first strand cDNA was determinedRNase-treated controls and non-

treated viral-enriched samples, both of which haipusly been DNase-treated. While
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24 sites showed little difference between incorpioreof *2P- dCTP of RNase treated
and non-treated samples, 3 hot springs showedradegible and statistically significant
difference (Figure 2.1). Resampling of these hangjs 12 months later resulted in
nearly identical detection of the RNA signal in REA viral fraction suggesting that
RNA viral community was being maintained in theseé $prings. The three sites (NL10,
NL17, and NL18) with the highest RT-dependent digvexre selected for generating

metagenomic libraries.
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Figure 2.1. Selected examples of screening hongpffior presence of RNA templates in
the RNA virus enriched fraction¥P dCTP incorporation into RT-dependent first strand
cDNA synthesis is indicated. For each hot springsa the control of prior RNase
treatment of the sample is indicated (+RNAse). Rgdimg of selected hot spring 12
months later demonstrated the maintenance of RiyAasin the viral fraction. Positive
controls of a known +ssRNA virus (Cowpea chloratiottle virus (CCMV)) and water
negative controls are indicated.
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A stringent approach was taken to assemble the RNWand DNA viral
metagenomes. Removal of highly duplicated sequezarts at 98% similarity with CD-
HIT-454 resulted in a 41.6% reduction in reads s€itbe viral metagenomes (Table 2.1).
These duplicated sequences are likely indicatol®tf the amplification bias and the
high sequencing depth of the relatively low comfilexiral communities found in these
hot springs. Removal of these highly representgdesgcing reads significantly

improved the overall assembly resulting in muchhkrgconfidence contigs.

Table 2.1. Cellular, DNA viral and RNA viral asselynbtatistics

DNA
RNA Metagenomes Cellular Metagenomes
Metagenomes
NL10, NL17,
NL10, NL17, NL18 NL10
Hot Spring Site NL18

Oct 2009, Feb & Oct 2009, Feb & June
Aug 2008 & 2009
Date of Samples June 2010 2010
Pre-DNA Post-DNA

Filtration filtration

Total Reads 1075407 356886 90227 632479
Total Bases (MB) 34.0 4.2 1.1 229
Reads Assembled 72.90% 34.1% 34.1% 64.6%
Largest Contig 21541 5846 5846 23333
Large Contigs (> 1000 bp) 3411 519 79 4820
Total Contigs (> 100 bp) 27746 9696 2636 22649
Average Contig Length 573.9 434.3 409.5 716.8
Average Coverage 37.8 36.8 34.2 22.7
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The initial analysis of the viral RNA metagenomedicated that they contained a
high proportion of sequences found in the pairedl WNA metagenomes. This finding
suggests that the initial treatment of the isolateal nucleic acid with DNase was
insufficient to remove 100% of the viral DNA seques likely due to its vast excess
compared to RNA in the viral fraction. To addrdss bias towards DNA viral
sequences, RNA contigs were compared against the\bidl metagenomes using
BLASTN. Matches of RNA contigs (E-value 1x1%) against reads from the DNA
metagenomes were excluded from further analysiseMwan 72% of the contigs in the
initial RNA metagenomic data sets were removed r@salt of matching sequences in
the viral DNA datasets (7,060 of the initial 9,6881tigs). This screening procedure,
while removing the majority of contigs, providedhfidence that the remaining contigs
assembled from the RNA viral metagenomes were @erirom RNA viruses present in
that hot spring and not derived from viral DNA seqces.

The assembly of sequences from the Nymph Lakepiotgssites resulted in a
large number of contigs under stringent assemhbhglitions (98% identity within at least
50 bp overlap) (Table 2.1). The 14 viral sampleRNA enriched viral samples and 7
DNA enriched viral samples) generated ~2.8 millieads and 807 Mb of sequence.
After de-duplication, there were 877k reads and [4®&00f unique sequence. Assembled
viral DNA metagenomes generated 27,746 total centigth an average large contig size
(>1000 bp) of 1,898 bp. The assembled viral RNAagehomes generated 9,696 total
contigs, with an average large contig length 061,Bp. Nearly 73% of the sequence

reads in the DNA viral metagenomes were eithey foillpartially assembled into contigs
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whereas 36.8% of sequence reads in the RNA virtdgeaomes assembled into contigs.
The assembled viral DNA metagenomic contigs haadvamnage length of 574 bp with an
average read depth of 38-fold. The final assembiled RNA metagenomes had an
average contig length of 410 bp with an averagd degpth of 34-fold base coverage.

Cellular DNA metagenomes, comprising 632k sequenads which
represented 229 Mb of sequence were assembled thedeame high stringency
parameters as the viral datasets (Table 2.1). TH808B and NL0O908 cellular assemblies
generated 22,649 contigs with an average contigtteof 716 bp and an average read
depth of 36-fold base coverage. Sixty five peradrihe reads assembled into contigs.

The analysis of the assembled cellular metagenoaevesled that 81.0% of the
contigs to have a significant match against thees&s protein databases (Figure 2.2A).
The majority of the sequences (57%) matched to @eahprimarily to the Crenarchaeota
(86.9%) and to a lesser degree, the Euryarchagbi@%). Matches to Nanoarchaeota,
Korarchaeota and Thaumarchaeota were also detéctdaller portion of the cellular
contigs matched to Bacteria (20.6%), mostly toadedhd gamma-proteobacteria and
firmicutes (clostridia and bacilli). However, ovéithese matches to the Bacteria were
weak compared to the matches to the Archaea. Dhisl ceflect shared genes between
Archaea and Bacteria and/or a statistical bias tdsvhacterial sequences due to their
overrepresentation as compared to archaeal seqignite public databases. In support
of this possibility, further analysis of the celuimetagenomes using the ribosomal
databases available on the MG-RAST server (Ribokbai@base Project, SILVA rRNA

Database Project and Greengenes) revealed 4 matgamest the Crenarchaeota
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(Thermoprotei)one match to thBanoarchaeand a single distal match to
Sulfurihydrogenibium yellowstonensebacterium of the phylum Aquificales originally
isolated from a YNP hot spring. Overall, these lsstonfirm that the YNP hot springs
analyzed here are dominated by Archaea.

Examination of the putative viral RNA contigs shalitbat the majority of

sequences (56%) did not align to known sequenagar@2.2C). A small fraction of the
sequences matched known viruses (3%). The remaseiqgences matched sequences

from Archaea (20%), Bacteria (10%), and Eukaryat/4).

Bacteria

A rs%/Eukaryota

Viruses
2%.

Eukaryota_
1%

\ i
\Viruses

Figure 2.2. Hierarchical classification of contiggh MG-RAST. Classification of (A)
cellular, (B) viral DNA and (C) viral RNA sequencleased on the M5NR database in
MG-RAST. Sequences with insufficient significanedlwmse that did not match were
classified as “Not Assigned / Unknown.”

Analysis of the RNA viral contigs using NCBI's pext and nucleotide non-
redundant databases, the conserved domain dat@iabg as well as Uniprot/Swissprot
(31) detected several sequences with similarifgXA-dependent RNA polymerases
(RARp), a ss (+) RNA virus “hallmark gene” (39).eTlargest contig in the RNA viral

dataset (5.6 kb) as well as smaller contigs withilarity to RdRps were confirmed to be



97
present and persistent in the hot springs over. titesampling of the NL 10 and NL 18
RNA viral fraction and extraction of the total RNAIt of the cellular fraction 18 months
after the last sampling for the metagenomic anslgisowed the continued presence of
the RNA genome segments. An RT-PCR assay with psiahesigned from these RNA
contigs was performed on samples taken from thedahsprings over an 18 month
period (Figure 2.3). These assays demonstratedéqaences were single-stranded
because amplifiable product was generated only wB®A synthesis used a specific,
directional primer. The longest RT-dependent C&@aP2 is 5662 nt in length,
composed of 258 reads and contains a single, @Rfethat encodes a putative viral
polyprotein encompassing an RdRp and a putativeidgpotein as detailed below (the
sequence of Contig00002 was deposited in GenBatfiktlae Accession Number ).
Omission of the RT, template or pre-treatment ofigdas with RNase prior to the RT-
PCR assay eliminated the signal, indicating thatstburce of the signal was an RNA
template in the viral fraction (Figure 2.3). Thisadysis supported the original contig
assemblies and demonstrated that these putative\RiN#ges are stable members of the
viral community within the explored hot springs.

Further search for RdRps, as well as viral stratt(gapsid) proteins, was
performed using a combination of BLAST, MG-RAST d#idpred. Two contigs were
identified as containing significant similarity kmown RdRps. A similar search
examining the DNA enriched viral metagenome datesetaled no similarity to RdRps
but did show many hits to capsid proteins, maihbse of archaeal DNA viruses, as

expected.
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Figure 2.3. Detection and single stranded natuRNA viral sequences within hot
springs months after sampling for metagenomic amly otal nucleic acids were
extracted from either the viral fraction or totellalar fraction of NL 10 (B) and NL 18
(A) eighteen months after the original samplingrf@tagenomic analysis, DNase-treated
and subjected to RT-PCR. The detection and strpad{gc nature of Contig00009 (A)
and Contig00002 (B) were determined using contegs primer sets (Table S2).
Either “forward (+),” “reverse (-)” or both (+/-)rpmers were added to the initial first-
strand cDNA synthesis mix and incubated as deatiibéhe Materials & Methods. After
first strand synthesis, the complete primer pas added (if necessary) during for the
PCR stage. Controls of minus reverse-transcrigt&E) and MW marker (bp) are
indicated.

Contig00002 contains a single long ORF potentiedigting for a 198 kDa (1809
amino acids) polyprotein that spans almost theefgngth of the contig, suggesting that
a complete or nearly complete RNA viral genome assembled. In the middle part of
this polyprotein (approximately between amino a@@6-1020), a putative RdRp domain
was identified using several search methods. Ackearthe Conserved Domain
Database at the NCBI using the RPS-BLAST progrataatied a highly significant

similarity (E-value of approximately 6x16) to the RdRp domain profile (no significant

similarity to any other domain was detected fos tn other parts of the polyprotein). A
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BLASTP search of the non-redundant protein databadee NCBI yielded statistically
significant similarity (E-value 2x1) 23% identity in an alignment of 341 amino acid
residues) to the RdRp of Pariacato nodavirus anidd, not significant (E-value of
approximately 0.1) similarity to the RdRps of sal@ther RNA viruses including
tombusviruses and pestiviruses. The second iterafithe PSI-BLAST search resulted
in highly significant similarity to the RdRps olvariety of positive-strand RNA viruses
of eukaryotes. This putative RdRp sequence contditisree highly conserved motifs, A
(D-x(4,5)-D) and B (S/T)G-x(3)-T-x(4)-N(S/T), whidire involved in nucleotide
selection as well as metal binding (24) and motfi@ich contains the highly conserved
GDD motif and is an essential part of the #ginding site (32, 37) (Figure 2.4A).
Modeling of the inferred protein RdRp onto the X-sdructure of the (+) ss Norwalk
virus RdRp structure showed that the putative aaha@rus RdRp contained the
principal structural elements of the Palm domaithefRdRps of eukaryotic positive-
strand RNA viruses (Figure 2.4B). Matches to RdRpee also detected for Contig00228
(comprising 10 reads) which encompassed threeaparig short ORFs each of which
showed approximately 70% amino acid sequence igedntihe predicted RdRp of
Contig00002 (Figure 2.4A). Thus, this contig appdarencode an RdRp of a putative
archaeal virus that is related to but clearly didtirom the putative virus encoded by

Contig00002.
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Figure 2.4. The RdRp of the putative archaeal esugA) Multiple sequence alignment
of the putative archaeal virus RdRps with homologs positive-strand RNA viruses of
eukaryotes and bacteria, and reverse transcripliesadacterial Group 2 introns. The
(nearly) universally conserved amino acid residogke three signature motifs of the
RdRps are highlighted in cyan and partially consdmesidues are highlighted in yellow.
The top two sequences are from the putative arthaeaes identified in this work. The
rest of the sequences include representativesedrclusters of viral RARps identified
as described under Methods. The two sequences abttom (RTG2) are reverse
transcriptases. Each sequence is denoted by thga@krndentifier (GI number) and the
name of the virus group (typically, family) and gubup (typically genus). The numbers
denote the lengths (number of amino acids) inweskconserved regions between the
conserved motifs and the distances between theddritds respective proteins and the
aligned segments. (B) Structural model of the @dmiwre region of the putative archaeal
virus RdRp from Contig00002 using the calicivirusF® as a template (PDB 3bso (75)).
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A comparison of the Contig00002 polyprotein seqeecincdatabases of protein
family profiles using the HHPred program suppotteglfinding of highly significant
similarity to viral RdRps and additionally led toet detection of sequences that were
similar to capsid proteins of positive-strand eykéic RNA viruses within the nodavirus
family. This sequence of highest similarity to ddgsroteins is approximately 90 amino
acids in length and is located C-terminal to th&Rdspanning amino acid residues
1562-1652 of the polyprotein. The alignment betwies portion of the polyprotein and
the capsid proteins of eukaryotic viruses demotesira level of similarity that was not
statistically significant although the alignmentsluded approximately 30% identical
amino acid residues. Nevertheless, a more detalisztt comparison of the Contig00002
polyprotein sequence to the nodavirus capsid praeguences as well as the related
capsid protein sequences of tetraviruses and naged allowed us to extend the
alignment and identify the main structural elemaitthe capsid proteins (Figure 2.5).
The nodavirus capsid protein adopts an 8-strahgr@l fold that is distantly related to
the structures of the capsid proteins of other kimadahedral positive-strand RNA
viruses. In addition, unlike other well-charactedzviral capsid proteins, nodaviruses
possess an autoproteolytic activity that is invdlue processing of the capsid protein
precursor (the: protein) into the mature largg)(and smally) capsid proteins (61, 63).
The nodavirus capsid protein is the founding menatbéne A6 peptidase superfamily
that employs an unusual catalytic mechanism innghan interaction between the active
aspartate of the capsid protein precursor and seteed asparagine that is proximal to

the scissile peptide bond in the C-terminal pathefprotein, at the boundary betwgen
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andy capsid proteins (76). These residues, which aential for autocatalytic cleavage
of the nodavirus capsid protein precursor, are esserved in the sequences of capsid
proteins of tetraviruses. Counterparts to bothctitalytic aspartate and the cleavage site
asparagine were detected in the Contig00002 pdigir,cand regions surrounding these
two conserved amino acids were found to have ttedst levels of sequence similarity
(Figure 2.5). Exhaustive analysis of the partdhef€ontig00002 polyprotein outside the
RdRp and capsid protein regions failed to detewtlarity to any other known proteins or
domains. Collectively, the observation of a largé/protein (a common feature of
eukaryotic positive-strand RNA viruses) containpgative RdRp and capsid proteins in
addition to a possible autoproteolytic activity gagt that this contig corresponds to a
near full-length genome of a previously unknowniipes-strand RNA virus.

Phylogenetic analysis of the identified RdRp segasrshowed that they formed
a lineage distinct from known RdRps of Eukaryotid 8acterial RNA viruses (Figure
2.6). The putative RdRps encoded by Contig00002Gomtig00228 did not show
specific affinity with any of the three superfaradiof eukaryote positive-strand RNA
viruses (picorna-like, alpha-like, and flavi-lik@y, the only known bacterial lineage
(leviviruses), and statistical tests showed thabeistion with any of these major lineages
or additional distinct lineages such as nodavirasesd not be convincingly ruled out
(Supplemental Material). These results are comigaivith a ‘central’ position of the

new RdRp in the tree and hence with its possibbestnal status.
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Figure 2.5. The predicted capsid protein of thapwe archaeal virus and its potential
autoproteolytic activity. Multiple alignment ofdtputative archaeal virus capsid protein
with the capsid protein sequences of nodavirusésuiruses and birnaviruses.
Sequences are identified either by PDB ID or byEzerk Gl numbers. Secondary
structure is shown for the three available crystalctures denoted by the corresponding
PDB codes (I: loop; H: helix; E: beta-strand). Aligent columns with homogeneity of
0.4 or greater (see Methods) are highlighted ifoyelThe catalytic Asp is highlighted in
cyan; the cleavage site Asn is highlighted in green
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Figure 2.6. Phylogenetic tree of the RdRps. Theoted phylogenetic tree was
generated as described under Methods. Bootstrgmdwalues greater than 0.5 are

indicated for deep internal branches. Large graigositive-strand RNA viruses from
eukaryotes and bacteria (levi group) and the battetro-transcribing elements (RT)

are indicated and shown by unigue colors.

To investigate the possibility that the detected®RNus genomes were an
introduced contaminant of the hot springs from exksources, we tested the ability of a
RNA plant virus known for its high stability to Ipeaintained within the hot spring
environment. Samples of the CCMV were mixed with$pring water in 50 ml Falcon

tubes and placed back into the hot springs. Aliguare taken at regular intervals for up
to 30 min. and quantified using a gRT-PCR assayglwban detect as few as 10 viral

genome copies. Within 1 min of sampling, there nasletectable amount of the CCMV

RNA (data not shown). This experiment indicates thia unlikely that an externally
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introduced RNA virus survives long enough to besdtetd, especially in the form of long
RNA segments, under the high temperature acididitions of the hot springs from
which the putative archaeal virus sequences wereraal.

To further probe the possibility that the deted®dA viral genomes replicate in
archaeal hosts, these sequences were comparezidedgtences produced by
environmental transcriptomic analysis of two higmperature YNP hot springs at
neutral to alkaline pHs (Mushroom and Octopus $)itknown to be dominated by
thermophilic bacteria. These hot springs harbalatively high complexity thermophilic
bacterial community that consists of chloroflexianobacteria, acidobacteria and
chlorobi (36). A BLASTN analysis found that the grenajority of the contigs (97% of
the total RNA viral contigs) did not have statiatlg significant matches to the
metatranscriptome of these neutral to alkaline YigPsprings. Three percent of the
RNA viral contigs did show a significant match. Hower, the average length of the
matching contigs was 342 bp, much shorter thammveeall average contig length. This
analysis indicates that there is little overlapn®stn the RNA viral community present in
the Achaea-dominated acidic hot springs and theebhae dominated neutral alkaline hot
springs, and provides further evidence that theaet! putative viral RNA genomes are
associated with archaeal hosts.

Finally, we analyzed the CRISPR direct repeats (Bxir) spacer content present
in our cellular metagenomic datasets in an atteémfhk the putative RNA viral
genomes directly to a specific host type and testigate potential host immunity to

RNA viruses. CRISPR DRs and spacers were extractadthe cellular metagenomic
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data sets. The spacer sequences (10349) were caimpitin the assembled viral RNA
and DNA metagenomes. Forty six spacers (0.44%)ceded with 4 types of DRs, were
identical to RNA sequences within the viral metagait dataset (Figure 2.7). A similar
comparison of the spacers to the DNA viral metagencevealed 628 (6.07%) identical
spacers (data not shown). The majority of matckjparer sequences of the RNA
metagenome (44/46) were related to DRs of the addlspecie$. islandicuandS.
acidocaldarius.These were the only significant matches found en@RISPRfinder
direct repeat database. These findings suggestthRNA viral genomes replicate in
an archaeal host belonging to the Sulfolobaleg]lalar type commonly found in NL 10
and acidic hot springs worldwide, and elicit CRISPRdiated immune response.
However, we cannot categorically rule out the wliipossibility that the CRISPR
spacer matches to the RNA viral metagenome aracintd DNA viral sequences that are

still present in our viral RNA metagenomic dataset.
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Figure 2.7. Analysis of cellular CRISPR direct rapenits and number of unique spacers
matching archaeal species and RNA viral metagersumggs. (A) Schematic
representation of the CRISPR loci indicating thecti repeat structure interspaced with
spacer regions. (B) The number of CRISPR spaceresegs with 100% match to RNA
viral contigs and the alignment of the direct repeauctures (top sequence) with the
closest sequenced organism (bottom sequence).nPageeof identity and E values are
indicated.

Discussion

To our knowledge, this work is the first attemptwaral RNA community
analysis in extreme environments. The results deinate the presence of putative RNA
viral genomes in high temperature acidic hot sgridgminated by Achaea. Several lines
of experimental and comparative genomic evidenppat the conclusion that the
assembled genome segments belong to RNA viral ges.oim particular, two contigs

encoded protein sequences with a specific, sigmifisimilarity to the RdRp, a hallmark
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protein of positive-strand RNA viruses. One of thabe 5.6 kb Contig00002, might
comprise a (nearly) complete viral genome with atgre features of positive-strand
RNA viruses of eukaryotes. Specifically, this cgrencodes a polyprotein that is similar
in size to the polyproteins of diverse eukaryotsifpe-strand RNA viruses that contain
both the RdRp and capsid protein domains. Polypr®tef positive-strand RNA viruses
of eukaryotes, in particular viruses of the picelika superfamily, are processed by viral
proteases to yield individual functional proteiAsdistinct protease domain was not
detected in the virus polyprotein encoded in C@@@P2. However, the catalytic site and
the cleavage site of the nodavirus capsid autogsetevere conserved in the region of the
putative archaeal virus polyprotein that is simitathe viral capsid proteins (Figure 2.5).
In nodaviruses, the capsid protein precursor is@ed in a distinct segment of genomic
RNA such that the protease is involved only indh&catalytic maturation of the capsid
proteins (15, 62, 76). In the novel virus describedk, this protease might perform more
versatile roles by catalyzing additional cleavagents and releasing the RdRp, the
capsid protein and possibly other mature viral giret that remain to be identified.

The results of this study do not unequivocally destate the existence of
archaeal RNA viruses. It cannot be ruled out thatdetected RNA genome segments
derive from viruses replicating in bacterial hgstssent in these hot springs. However,
several lines of independent experimental and coatipa genomic evidence suggest
that the identified RNA genome segments origin&iy from viruses replicating in
archaeal hosts. First, analysis of both the olveocathposition of the cellular

metagenomes by MG-RAST and the 16S rDNA contenvshibat the microbiota of the
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sampled hot springs consists primarily of Arch&scond, the putative RNA viral
sequences were recovered from multiple hot spangsultiple time points. Third,
experimental exposure of a plant RNA virus th&newn for high stability to the acidic
hot springs environment shows that the virus isgdigmlegraded under these conditions.
Fourth, when we compared the transcriptome of a Yilitral alkaline hot springs that
are known to be dominated by bacteria rather thaha#ea, there was no overlap with the
RNA viral sequences detected in the YNP acidicdpoings. Taken together, this
experimental evidence suggests that any RNA viegsience that is consistently
recovered from the hot springs replicates in araheglls.

This evidence is complemented by the sequencesiaaBsults which clearly
indicate that the novel virus detected in this gtiiflis a positive-strand RNA virus
related to positive-strand RNA viruses of eukargptend 2) it does not belong to any
known virus family. This conclusion is supportedibby the topology of the
phylogenetic tree of the RdRps (Figure 2.6) anthieyunique arrangement of protein
domains in the polyprotein. It should be furthetaabthat the only known family of
bacterial positive-strand RNA viruses, the Levid@e, is a group of limited diversity that
does not show evolutionary affinity to any partaaujroups of viruses infecting
eukaryotes and might not even share a common osigimeukaryotic viruses (40). Thus,
should the novel virus described here derive fraictdria, its genome organization
would be completely unprecedented among geneticegies for far isolated from

bacterial hosts.
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Finally, when we compared the transcriptome of Yfi¢Rtral alkaline hot springs
that are known to be dominated by bacterial andandtaeal communities, there was no
overlap with the RNA viral sequences detected NP acidic hot springs. This
supports the notion that the RNA viral communipessent in archaeal dominated hot
springs is distinct from the viral communities pesin bacterial dominated hot spring
environments.

Interestingly, we observed multiple matches betwasehaeal CRISPR spacers
and the RNA metagenomes isolated from the hot gprifihe interpretation of this
observation is complicated by the fact that nonthe$e matches were to the contigs
containing sequences homologous to RNA virusesikdyotes. Nevertheless, the
identification of these spacers might indicate trahaeal RNA viruses elicit CRISPR-
mediated immunity, a possibility that is of parteminterest given that at least some
archaeal CRISPR systems have been shown to takifetiR contrast to bacterial
CRISPRs that appear to only target DNA (26, 72).

The definitive demonstration of the existence chaeal RNA viruses awaits
isolation of viral particles capable of infectinglaeal hosts and producing infectious
progeny. However, assuming that the preliminaryciaions presented here are born out,
the implications for the origin and evolution ofgitove-strand RNA viruses of
eukaryotes will be fundamental. At present, thekprgotic ancestry of eukaryotic RNA
viruses remains unclear. The leviviruses, the &nlywn group of positive-strand RNA
viruses of prokaryotes (bacteria), do not seenetditect ancestors of the viruses of

eukaryotes, and the closest homolog of the lattprokaryotes appears to be the RT of
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bacterial retro-transcribing elements (40). In casi, the putative RNA virus of Archaea
identified here could be related to the direct atmrs of eukaryotic viruses as indicated
by the homology of the RdRps and the capsid pretditoreover, it is notable that the
strongest similarity for both of these proteins wagected with the respective proteins of
nodaviruses, a family of viruses of eukaryotes thanly distantly related to other
positive-strand RNA viruses and is among the sistaown groups of viruses with
respect to genome architecture and the proteintaape(40). The nodavirus family
seems to be a good candidate for the ancestrab grioeukaryotic RNA viruses that
might have evolved directly from the archaeal proiges. Notably, the putative direct
ancestral relationship between RNA viruses of Aezhand eukaryotes mimics similar
relationships that have been recently describeddore of the key functional systems of
the eukaryotic cells such as the ubiquitin netwdd) or the membrane remodeling and
cell division apparatus (46). From the methodolabgtandpoint, this study demonstrates
that viral metagenomic approaches have the pote¢atigeld information that is essential

to ultimately isolate and characterize novel RNAiges and their cellular hosts.
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Abstract

Our understanding of viral community structureatural environments remains
a daunting task. Total viral community sequencig.(viral metagenomics) provides a
tractable approach. However, even with the avditglaf next-generation sequencing
technology it is only possible to obtain a fragneehtiew of viral communities in natural
ecosystems. In this study we applied a networkdbapproach in combination with viral
metagenomics to investigate viral community streecin the high temperature, acidic hot
springs of Yellowstone National Park, USA. Our ftesahow that this approach can
identify distinct viral populations and provide iigists into the viral community stability
using metagenomic sequence data. We identifiedr@Ralusters in the hot springs
environment, with each network cluster likely reqaeting a viral family at the
taxonomic level. Most of these viral clusters amevpusly unknown DNA viruses
infecting archaeal hosts. Overall, this study destrates the utility of combining viral
community sequencing approaches with network arsalgggain insights into viral
community structure in natural ecosystems.
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Introduction

Viral metagenomics has rapidly expanded our unaedsng of viral diversity.
More than 40 viral metagenomics studies have beabfighed in the past decade ranging
from marine, freshwater, arctic, soil, human feges,and oral cavity environments (7,
11, 26, 28). Each study reveals not only new irsigito the interplay between viruses
and their hosts, but expands our understandinigeofunknown virosphere.” A common
trend emerging from these studies is the enormwabkdiversity, both in terms of the
number of virus types and their gene content. Mioae 16" virus particles are estimated
to exist in the oceans (25) with more than 1.2 Xdifferent genotypes (2). Like with
cellular metagenomics analysis, the current chgéemith viral metagenomics analysis is
to move beyond the “who-is-there” analysis to a@nfoinctional analysis of the role of
the vast viral diversity in the ecology and evajatin natural environments. As a step
towards this long-term goal, there is an immedmeted to improve our ability to define
viral communities structures.

Despite the increasing number of environments eradyifew studies have
addressed the composition and interconnectivithese viral communities as a whole. A
variety of bioinformatic tools have been developednalyze the structure and/or
diversity of viral communities from metagenomicsadzts (reviewed extensively in (10,
17)), including PHAACS (1) and Metavir (23). Whtleese tools provide taxonomic
classification, functional assignment and estimaftegrus community structure and
diversity, they typically only provide a snapshbtaaspecific time and place, are

dependent on sequence comparisons to sequencesvarf kunction, and do not account
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well for the large variation in sequences and fiom& typically associated with viral
families.

The acidic hot springs in Yellowstone National RassA (YNP) provide
relatively simple, low-complexity environments tlzse dominated by a relatively few
microbial species (12). High temperatures (>80&), pH (pH<3) conditions generally
favor Archaeadominated communities (4, 6, 22). These conditmffes a tractable
system to study virus-host relationships as wellied and host community structure and
community structure stability.

We have investigated the viral community structumnd stability of an YNP high
temperature acidic hot springs using a network-thapproach. We find that this
approach allows us to define the viral communitycture and determine that it is

relatively stable over a two-year sampling period.

Materials and Methods

Sample Sites

A YNP high-temperature (72-93 C), acidic (pH 2.6)Aot spring was selected
for this study based on previous work (6). The Niirhpke hot spring site 10 (NL10:
44.7536°N, 110.7237°W) was sampled at 9 differiené {points over a 21 -month period
(Table 3.1). Nymph Lake 10 is located in a reldyiveew thermal basin that has

developed over the past 15 years (15).
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Table 3.1. YNP Sampling Points and Characteristics

Date Metagenome | Amplification Temperature | pH
Method
Sep-08 | NL10 0809 90 4
Jan-09 | NL10 0901 92 4.3
Mar-09 | NL10 0903 84 5.1
MDA
Apr-09 | NL10 0904 92 4.5
Aug-09 | NL10 0908 90 4
Sep-09 | NL10 0909 92 4
Oct-09 | NL10 0910 83 3
Feb-10 | NL10 1002 WGA 87 3.1
Jun-10 | NL10 1006 89 4.5

Sample Collection

Hot spring samples for viral sequencing were ctdiedby two different methods.
The first method involved filtering 100 mL of hgireng water through two successive
0.8/0.2um filters (Pall Corporation, Port Washington, NYSA) directly into four sterile
23 mL ultracentrifuge tubes, transported at ambiemiperature back to the lab within
four hours and immediately centrifuged at 100,0@0far 2 hours. The supernatant was
removed and the resulting virus enriched pellaispended in a small volume (0.25 - 1.0
mL) of sterile water. In the second method, appr@ately 1.2 liters of hot spring water
was filtered as above. The filtrate was then cotraégd with Ultra centrifugal filters
using a 100,000 molecular weight cutoff to a volurh&00uL. Total nucleic acids from
the viral pellet (method 1) and the concentratetiiod 2) were extracted using

DNA/RNA Viral Extraction Kit (Invitrogen by Life tehnologies, Carlsbad, CA) and
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eluted to a final volume of 60L. Extracted viral nucleic acids were amplifiedgorio
sequencing by Multiple Displacement AmplificatidlA; New England Biolabs,
Ipswich, MA, USA) or Whole Genome Amplification (WAG Sigma-Aldrich, St Louis,
MO, USA). All viral samples from Aug-08 to Sept-0&re sequenced by the University
of lllinois sequencing center using GS FLX 454 sawing. The remaining samples were
sequenced by the Broad Institute (Massachusetitubesof Technology) using GS FLX

454 sequencing.

Processing Reads from Viral Metagenomes

Briefly outlined, adapter and primer sequences warened from individual
sequencing reads using Tagcleaner (http://tagatesmeceforge.net/) and subsequently
filtered for quality using a custom python scripat used a sliding quality window with
average read quality of 25 across 50 bp. Prelinginaalysis revealed a wide range of
sequencing coverage within the metagenomes. Sumlearsequencing coverage ranges
often prevents optimal assembly (14). To aid as$grhighly duplicated sequencing
reads were identified using CD-HIT-454 (20) at 9i@ntity and reduced to the single
largest, representative read. Preliminary anablsis revealed a proportion of sequence
reads from the viral sets that overlapped with saqa reads from a corresponding
cellular fraction. Since it was not evident if tesverlapping reads represented viral
sequences present in the cellular fraction or comating cellular DNA in the viral
fraction, it was decided to remove theses reads fhe dataset prior to assembly. These
reads were removed by aligning sequences using Meg&Mapper version 2.7 at 70%

identity over 50 bp.
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Assembly of Viral Metagenomes

Remaining sequencing reads from each time poing¢ wssembled using the 454
gsAssembler software program version 2.7 with defaarameters, except for the
minimum identity between sequences (98%) and timenmaim overlap (50 bp;
sequencing and assembly statistics are preseniiegbie 3.2). These stringent assembly
conditions were used to prevent mis-assembly betwesds of different viruses (8). An
additional assembly was generated that cross-asséittie filtered reads (briefly
described in (6) of the entire DNA dataset (hesrakferred to as cross assemblies). This
cross assembly was used for analysis by the Vinoipeine (described below).

Analysis of Viral Alpha Diversity
and Taxonomic Identification

Viral reads were analyzed using a combination oAGAversion 0.17;
http://sourceforge.net/projects/gaas) (3), Circexsgversion 0.2.6;
http://sourceforge.net/projects/circonspect/) aRdAECS (version 1.1.3;
http://sourceforget.net/projects/phaccs/) (1). GAASich estimates the average size of
genomes in communities, was unable to find enoughasities when compared against
the NCBI reference viral genomes with a percentlaiity above 50 percent and a length
of 20% of the viral read. In order to estimate @aherage genome size, viral reads were
recruited against the NCBI viral genomes using ggdéa at 90%, 80% and 70% identity
across a 50 bp overlap. A weighted average waslleééc based on the number of reads
aligning to a reference genome and the size oj¢ém@me relative to other reference

genomes also containing matches. Community strei¢turindividual, mixed (i.e.
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averaged), and cross-assembled samples were magaggdPHACCS based on the
contig spectra and average genome sizes usin@hbleaihodels. Cross assembly
generated contigs over 300 bp were uploaded tYIROME web server and analyzed

as previously described (27).

Network Analysis of Viral Assemblies

Contigs from each metagenome set were comparedghran “all-vs.-all”
BLAST comparison using MegaBLAST with the defawdt@meters (except: max target
sequences = 1000, e-value cutoffL0rhe BLAST file was parsed using a custom
python script that 1) evaluated all hit-scoringrpgHSPSs) using the following criteria: a
minimum query alignment length of 50 bp and a mummidentity of 70%, 2) created a
directed graph in *.graphml format, 3) applied tmeivain method to detect distinct viral
populations (i.e. clusters of related contigs) with large community network (5), and 4)
applied a user-defined cutoff for the minimum numiemembers (i.e. contigs) in a viral
cluster/population. For all datasets, the virabtdus’ membership cutoff was selected
based on maximizing the percentage of data usel@ wiinimizing more rare, inactive
populations (Supplemental Figure 1). For a morailiet explanation of how the viral
network is created, see additional methods in tipplemental material. In order to allow
better visualization, a viral population was defirsess a network cluster containin$j00
contigs. Networks were visualized within Gephi (i§)ng the OpenOrd layout and
further optimized using the Force Atlas 2 plughtetwork statistics and topological

properties of each network were calculated usinghGé\s controls, genomes of 67
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known archaeal DNA viruses were seeded into thed metagenomes to test if they
associated with individual network clusters.
The stability of the viral network was performedngsa custom python script that
analyzed each member of every community, referemtech metagenome the member
was derived from and summed the contribution frawheime point per community.

Reassembly of Viral Contigs
Based on Network Clusters

Due to the high clustering coefficient of the netkvand the number of viral
reference sequence matches exclusive to eaclciusdér, it was believed that each
cluster could be reduced to a group of “represamtapan-genomes. Contigs within each
community (defined through the network analysigwa) were re-assembled using the
Minimo assembler (version 1.6, http://sourceforgéprojects/amos/), based on the
AMOS infrastructure (v. 3.1.0) with a 35-bp minimwontig overlap length and 98%
minimum overlap identity. Resulting assemblies wgaesed using a python script to
determine the total number of new contigs, thearage length, as well as largest and

smallest contigs.



Table 3.2. Sequencing and Assembly Statistics

Metagenome | # Reads Mbp Read Post-Reduction | Reduction | Reads # Contigs | Contig #Lg Contigs | Lg Contig
(Site Date) Length | Reads Assembled Length* | (>1 kb) Length*
(%)

NL10 0809 201,434 68.44 | 409 174461 13.4% 92.3% 4235 600 650 1779
NL10 0901 168,300 58.58 | 414 149119 11.4% 90.2% 4916 569 685 1758
NL10 0903 212,474 73.61 408 191571 9.8% 89.0% 6705 548 848 1766
NL10 0904 205,811 71.11 406 184185 10.5% 90.1% 5507 516 601 1848
NL10 0908 166,526 52.56 | 402 137707 17.3% 87.2% 5908 549 757 1698
NL10 0909 204,818 69.94 | 401 182757 10.8% 88.3% 7447 541 924 1716
NL10 0910 123,820 32.34 347 98413 20.5% 82.1% 6086 528 685 1681
NL10 1002 154,473 39.07 316 132787 14.0% 68.0% 5757 526 647 1603
NL10 1006 176,955 40.75 318 146042 17.5% 49.0% 4174 707 837 1857
NL10 Meta- 1,614,611 | 506.39 | 369 1397042 13.9% 86.6% 27608 562 3515 1929

Assembly

6T
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Minimum Sampling to Describe Viral
Community Through Network Analysis

Contigs from each metagenome were added in steptiviseforward fashion,
adding contigs to the each previous sampling pbeginning with only NL10 0901
contigs) and performing a network analysis (desctibove) before the addition of the
next time point. This continued until all samplipgints were used, and then the same
process was repeated but reversed “directionisgawith NL10 1006 and moving
backwards in time. This resulted in 18 additionetiworks that were parsed as above
while network statistics and topological propertiégach network were calculated using

Gephi.

Results

Read Processing and Assembly

In order to assemble high confidence viral assesaplow quality reads, cellular
carry-over reads, and highly duplicated reads wameoved and subsequently assembled
with high stringency parameters (Supplemental d)r Removal of highly duplicated
reads at 98% identity with CD-HIT-454 reduced thenber of reads by 14% (on
average) for the viral metagenomes (Table 2). \featls were subsequently filtered
against potential cellular carry-over sequencehéureducing the number of reads for
the viral metagenomes by an additional 1%. Thislted in a reduction from ~1.61
million reads (506.4 Mbp) to ~1.40 million reads @4&3Mbp) for the viral metagenomes.

Sequential assembly strategies improved the nuarietength of assembled

contigs. The initial assembly of sequences from Nhat springs resulted in a large
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number of viral contigs under stringent conditioAssembly of the 9 individual viral
metagenomes generated 50 735 total contigs (aveapgecontig length of 1.74-kb),
assembling 81.8% of the reads, with 16.1% singke(tre remaining classified as
repeats, chimeric or too short). A cross-assembéaoh individual metagenome’s reads
produced fewer overall contigs (27 608), increabedaverage large contig length (1.9-
kb) and increased the number of reads assembliogamtigs (86.6% with 10.2%
singletons) compared to its individual counterpartsfurther support the concept that
network clusters (described below) are represemtati common and/or related viral
types, each cluster defined by our network analysis re-assembled using similar
assembly parameters (Table 3). In nearly all cabese-assembly resulted in the
creation of fewer, larger contigs. For examplestdu 43 contains 504 contigs,
representing 1.01% of the total community abundaReeassembly reduced the number
of contigs by 53.2% (236 contigs) and increasedatrezage contig length by 27%. It is
suspected these reductions are due to the presétiesame sequence at multiple time
points as well as overlap between sequences thaodisequenced at all time points due
to insufficient sequencing depth at individual tip@nts, isolation or amplification
biases or stochastic effects during sequencingrallythese cluster re-assemblies
resulted in a 55% decrease in the number of cqrdaig@3% increase in average contig

size and a 23% increase in the largest contig size.



Table 3.3. DNA metavirome re-assemblies and CHAZSBL based on network analysis

Pre-Assembly Post-Assembly
Name Contigs Max Averag Contigs Max  Average Contig Average
e Reduction  Contig
Increase
Population 1 1811 4894 519 917 5023 621 49.4% 20%
Population 2 1542 4912 521 657 4913 669 57.4% 28%
Population 3 1291 3731 428 660 3731 530 48.9% 24%
Population4 1127 7555 804 396 11637 1092 64.9% 36%
Population 5 1059 8265 617 573 8285 709 45.9% 15%
Population 6 1038 4563 506 520 5558 613 49.9% 21%
Population 7 1035 8571 663 363 14334 845 64.9% 27%
Population 8 1012 4564 425 352 4599 547 65.2% 29%
Population9 972 4168 490 441 4168 576 54.6% 18%
Population 10 964 11111 845 390 20353 1006 59.5% % 19
Population 11 919 5135 514 366 5135 642 60.2% 25%
Population 12 911 3146 471 421 3146 599 53.8% 27%
Population 13 910 7671 577 521 10325 691 42.7% 20%
Population 14 896 4051 507 299 4052 716 66.6% 41%

Population 15 858 5050 548 305 5050 714 64.5% 30%
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Taxonomic Analysis

To reduce the computational cost associated widlhyaimg 9 metaviromes, only
the cross-assembled metagenomes were taxononmttashified using the VIROME
pipeline. Analysis of contigs > 300 bp revealed enitvan half of the cross-assembled
metaviromes could not be assigned. Assignable s@qliences with hits to viruses were
nearly exclusively archaeal, with 97.8% of ORFsahaig to archaeal viruses. The
remaining 2.2% were to temperate phage of the @@deadovirales Archaeal virus
homologs matched to families known to infect thpdryhermophilic members of the
Archaea; spread between tRadiviridae(32%) which includeSulfolobus islandicus
rod-shaped virus 1 and 2 (SIRV-1, Agidianusrod-shaped virus (ARV) and the
Lipothrixviridae (31%), which include nearly all thcidianusfilamentous virus strains
(AFV) andSulfolobus islandicuBlamentous virus (SIFV). The remaining homologs
were spread evenly between theselloviridae, Bicaudaviridaand a number of
unclassified viruses includirfgulfolobusurreted icosahedral virus 1 and 2 (STIV-1, 2)
and hyperthermophilic archaeal virus 1 and 2. ttasclear if the taxonomic assignment
of the phage ORFs found in the viral fractions asequence of cellular nucleic acids
present in the viral fraction or truly viral ORF#thvtheir closest known paralogs found
in cellular genomes. However, these results sugpexstious analysis that archaeal

viruses and their archaeal hosts dominate high eeatygre acidic hot springs.

Community Composition

The community composition was modeled using PHAGQG8uding viral

genotype richness, most abundant genotype, everaressgliversity (Table 3.4). The
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metaviromes were relatively low diversity and gempet The number of estimated
genotypes varied between 192 to 1 342, althoughliffexent estimators separates the
samples into a low richness and moderate-low rishiméth ranges of 192 to 494, and
1145 to 1 342 respectively. The most abundant geestwere inversely related to the
number of genotypes, ranging from 3-7% for the t@mhiness and 2-4% for the
moderate-low richness NL10 groups. The communigneess was stable, between 0.87
and 0.94. Cross-contig spectra from PHACCS show8&dgenotypes common to all time
points and high evenness (0.94) with a Shannon-&Yieniex showing a low diversity of
4.5.

Table 3.4. Viral Community Structure Predicted fréissembly of Metagenomic
Seqguences

Richness Most abundant Shannon-
Metagenome Scenario | Error (fit) Evenness
(Genotypes) genotype (%) Wiener index

NL10 0809 DNA | lognormal 3935.9 192 0.88 7.31% 4.62 nats
NL10 0901 DNA | lognormal 2680.7 234 0.89 6.13% 4.85 nats
NL10 0903 DNA | lognormal 747.03 334 0.89 4.96% 5.19 nats
NL10 0904 DNA | lognormal 908.76 226 0.91 4.94% 4.94 nats
NL10 0908 DNA | lognormal 861.64 376 0.89 4.91% 5.27 nats
NL10 0909 DNA | power 1678.6 267 0.93 5.68% 5.17 nats
NL10 0910 DNA | power 180.57 494 0.94 3.43% 5.86 nats
NL10 1002 DNA | power 794.13 1145 0.91 4.02% 6.41 nats
NL10 1006 DNA | power 26.554 1342 0.95 2.15% 6.82 nats
NL DNA Cross lognormal 2393.7 129 0.94 4.52% 4.59 nats

Network Analysis

Due to the temporal nature of the samples, it wa®thesized that a network-

based approach would reveal patterns of viral comtyigcomposition and dynamics. To
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this end, MegaBLAST was performed across the aseehmbetagenomes in an all-vs.-all
comparison. Roughly 96% of all contigs (48 894 @us0 735) were found to have a
significant match of 70% identity across a 50 bpimium length (E-value cutoff of 18
of the largest contig in each pairwise relationskgpanother contig in the metagenome.
To estimate the number of distinct populations inithe large BLAST-based viral
network, the Louvain method was applied. This methas been used in modeling
disease outbreaks and identifying and containimgpzder viruses within social (13) and
peer-to-peer networks (24). A total of 384 virapptations (i.e. an individual cluster of
sequences distinctly separated from other clustersfaining>2 contig members were
detected (for the purposes of this analysis, reimgisingle contigs were not considered).
A population-based rank abundance curve is shoviagure 3.1. The most dominant
population for the viral networks represents 3.8#%he total community (excluding
singletons). This agrees well with the numberswsied by PHACCS, considering each
network cluster can represent multiple species kameously (below). The network
shows a large number of low-population clustersh @44 populations in the viral
network containing fewer than 10 members (1 98tuding singletons), suggesting
insufficient sequencing. The remaining clusterqwit0 members in the viral network
consist of 140 populations (98.1% of non-singletontigs). Even with a minimum
membership o£100 contigs, more than 94.4% of the viral contigsrapresented in the
community, strongly suggesting the largest popaoitetirepresent the dominant viral
community members. For this work we define the maj@l populations as those

clusters within the community containird00 contig members. In order to reduce
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network complexity and aid in visualization, onhpse passing these criteria
included (Figure 2). Under this threshold, the viral community isngwised of 82

members.
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Figure 3.1. Populatiobased rank abundance curve. Populations are radoedding tc
the number of contigs (i.e. “membership”) they @mt Those with fewer than 1(
members are red, with fewer than 2 members excltatdarevity

This network approach allows for topophical properties to be calculated
order to describe the relationships between angimihe populations. As a whole, t
separation of populations within the viral commumietwork is more similar within the
populations than between the populat. One such metric that measures this propel
modularity, which measures the separation streofifdividual groups within the larg
community (19) Networks with higher modularity values have mdesasel connected
vertices and are separated from other dense gthupsgh fewer, sparser connectic
Generally in realworld applications, network modularities greatearit®.3 are
considered structured and rarely exceec(18). A second metric, known as t

clustering coefficient, measures how well conneciedes are with their neighbc
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Fig 3.2. Metavirome network. Dlstlnctlons betweemhpopulations are creatby
applying the Louvain method to contig relationsheggablished through an-vs-all
BLAST. Each population is randomly assigned a uaigoior. A parallel networ
analysis was performed with 67 known archaeal esuallowing for identification of !
communities correspond to viruses known to typycalhabit high temperature acidic t
springs virus. Archaeal viruses not shown do netlmaatches to the network. F
brevity, only communities containing more than 5@miers are included. STIV*
STIV-1,2. SIRV*= SIRV-1,2. AFV* = AFV-2,3,6-9. SSV* = SS\1;,2,4-9.

The clustering coefficient was 0.749 and modulantex was 0.941 for the vir
network, indicating welsupported and highly connected clusters definiegviral
community.

In order to letter understand the minimum sampling requiredhefviral
community to define the network with high confidenoetwork analyses we
performed on sequentially added metagenomes airchéte/ork topologies evaluate
with the same criteria as above. Lg the clustering coefficient, modularity, and

number of populations as a measure of “completémesspared to the final network,

metagenomes were required to achieve sufficienpbagn(Table3.5).



Table 3.5. Network Analysis on Stepwise-Added Metagnes

1

2

3

7

5

6

7

8

9

# Metagenomes 1 2 3 4 5 6 7 8 9
Contigs 273 5420 12049 17582 | 23846 | 30968 | 37085 | 42074 | 44714
Edges 2454 38759 121736 | 216932 | 365756 | 550281 | 691156 | 803160 | 879459
Average Degree 11.79 14.302 20.207 | 24.677 | 30.677 | 35.539 | 37.274 | 38.178 | 39.337
Modularity 0.433 0.917 0.932 0.941 0.938 0.939 0.938 0.941 0.941
Populations 11 36 55 55 63 65 76 77 82
Avg. Clustering 0.693 0.73 0.742 0.752 0.752 0.75 0.749 0.749 0.749
Coefficient

# Metagenomes 1 2" 3” 4" 5 6" 7' 8 9*
Contigs 1094 8084 16796 | 23194 | 28602 | 35381 | 40383 | 44479
Edges 4781 47624 | 127497 | 232836 | 337955 | 518282 | 688037 | 863162
Average Degree 8.74 11.782 | 15.182 | 20.077 | 23.632 | 29.297 | 34.076 | 38.812
Modularity 0.877 0.951 0.953 0.946 0.949 0.946 0.945 0.942
Populations 22 52 76 74 80 84 86 83
Avg. Clustering 0.681 0.717 0.728 0.735 0.741 0.745 0.748 0.749

Coefficient

ZvT
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So at to evaluate how well the network clustersipatons predicted known
virus families, 67 archaeal virus genomes werededein a parallel network analysis.
These archaeal viruses comprise members origirsallgted from high temperature
environments (37 of the 67 viruses) and viruseserpected to be present in hot spring
environments (30 mostly halophile viruses from npésiac environments), such as those
infecting members of the Euryarchaeota. Twenty-aohaeal viruses, representing 14
families, and 5 unclassified species were founglye®oted within 13 network
clusters/populations, representing 20% of the gsnrigure 3.2). Of these 29 viruses, all
of theFuselloviridae(9 viruses) and nearly dlipothrixviridae (7/8) were contained
within their own clusters (AFV-1 was found in it&o cluster). Of the four characterized
Rudiviridag SIRV-1 and SIRV-2 were found associated togettrin their own
distinct populations (ARV-1 and SRV-1 are the ottvey Rudiviridaedescribed below).
Spherical viruses STIV-1 and STIV-2 (from the prego “Turriviridae”) are also found
tightly centered within a single network populatesmwell. The largest population in the
seeded network was a mixAdidianustwo-tailed virus (ATV),Acidianusrod-shaped
virus 1 (ARV-1), STSV-2 an&tygiolobugod-shaped virus (SRV), comprising 3.8% of
the overall network composition. A number of otherhaeal viruses were found
exclusively in single clusters, includif®yrobaculumspherical virus (PSV; 0.6%),
Hyperthermophilic Archaeal virus 2 (HAV2; 1.8%), SV-1 (2.7%),Sulfolobus
islandicus filamentous virus (SIFV; 0.21%idianusfilamentous virus 1 (AFV-1;
1.9%) and thé&uttaviridaevirus Aeropyrum pernix ovoid virus APOV-1, 2.4%). The

grouping of recognized viral species within the saratwork cluster supports the
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conclusion that a network cluster represents an@xac unit at the viral family level or
higher. The remaining 38 seeded viruses were foaimdt share any sequence similarity
to any contig present in a network cluster. As etge, these include all of the
haloviruses (30 viruses) not seen previously inspoings environments. Surprisingly,
eight viruses were not detected, even though theseses have been previously isolated
from hot spring environments. These inclédadianusbottle-shaped virus (ABV),
Aeropyrum pernibacilliform virus 1 (APBV-1), coil-shaped virus V) and spindle-
shaped virus 1 (APSV-1Jhermoproteus tenaspherical virus 1 (TTSV-1Ryrococcus
abyssi virus 1 (PAV-1), Hyperthermophilic archagalis 1 (HAV-1) andThermococcus
prieurii virus 1 (TPV-1). In order to further suppthe absence of these viruses from the
network analysis, every individual metagenome secug read was aligned against
each of the viral references, finding no readsnatig at any significant (e-value cutoff of
10°) level.

To see if a similar geochemical environment or fimracould yield differing
community compositions (or compare the viral popates from two geochemically
similar conditions), contigs from another high tesrgiure, acidic hot spring in YNP
were compared to the major populations presertarNL10 viral community. Seventy-
eight of the 82 major populations (95%) in NL10 evésund to contained strong
(average e-value 1) matches to contigs present in CHAS. With an ayeidentity of
80.9% over a length of 386 bp, it is clear thatlrgest populations in NL10 are present
in other environments of similar geochemistry. Whhere is a small positive correlation

(R? = 0.229) between the population size and the numb@HAS matches, a number of
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outliers exist. The SIRV-1,2 group (population ig)he second largest matching in
CHAS. Population 3 is the largest matching grou@HAS, with as many matches as the
next 6 largest matching groups combined.

We have examined the viral community stability gsiime defined viral network
clusters (Figure 3.3). Unlike traditional measurediversity and static rank abundance
plots, the network-based approach used here hagitfamtage of being able to
discriminate between time points within and betweieal populations. It was found that
the largest 9 viral clusters (largest defined astthal number of contig members) and the
“STIV”-cluster all contain members from each samgltime point (Figure 3). However,
at no time point were a majority (>50%) of the egatmembers of a cluster detected.
Typically, around 10% of the contig members of\aeginetwork cluster were detected at
a given time point, but this value varies from neano to 30%. We argue that in those
sampling time points were near zero contig memibverge detected, that these samples
typically had lower sequencing depth. A more glab@lysis revealed that 58 of the
major viral populations (representing 79.3% of leéwork) were present at every
sampling point. Seventy-eight of the major clustacsounting for 93.0% of the data,
consists of members spanning at least half of@ihgpéing points. Overall, these results
indicate that each individual network cluster (Vpapulation) is relatively stable and
present at similar levels during the two-year sangpperiod. It also suggests that at any
given sampling point, the sequencing depth wasufficient to detect a majority of the

viral contig members within a given network clustétowever, by analyzing a time
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series, sufficient sequeing depth at each individual time was accomptisioe defining

stable network clusters that define the viral comityustructure

0809 0901 0903 0904 0908 0909 0910 1002 1006

ATV
ARV-1
SRV (1)

0.28

STSV-1 (3) 0.24

APOV-1 (4) 0.20

0.16

0.12

STIV-1,2 (43)

0.00

Figure 3.3. Community temporal dynamics. Each nowhe heat map represent
particular viral population (i.e. netwc cluster) with identification where possible w
each column representing a time point. Each pejrtasents the fraction of conti
present relative to the total contigs of each pafpoh. Change between time point:
identified through the differen of the fractions. The color bar (shown to the rjge
shown to the right, with larger fractions (red) amdaller (blue). The largest nine vi
populations and the ST-associated cluster are included.

Discussion

The overall objective of this stuwas to determine the viral community struct
and stability by combining temporal viral metagemodatasets with a communi
network approach in selected YNP hot springs. Taraa classification of the crc-

assembled metavirome revealed roughly hf ORFs were unable to be classifi
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following the trend of what other groups have répoi(21, 29). The lack of homology
suggests a yet-unexplored large community of amlhamises remaining elusive.
Classifiable ORFs matched almost entirely to presip characterized archaeal viruses
(~97%).

In an effort towards a more complete understandifrtge viral community
structure and its stability, a network-based apghosas designed and applied
simultaneously to 9 metaviromes. This approach edg#he current extent of viral
community analysis by creating a network of conioest between contigs assembled
from individual metaviromes, representing differsgmpling dates. Connections
between contigs represent shared genes, overlapgges from incomplete viral
genomes or similar contigs present at multiple dengpimes. Seeding the viral network
with known archaeal viruses supports the validftthe network analysis by tightly
grouping highly related viruses and distinguishingre distant ones. It indicates that the
known archaeal viruses represent only 16% of thiladions (13/82 major clusters had
members matching known viruses) and 20% of alhteéagenomic data. This points to
the possibility that the remaining network clustegresent viral populations of entirely
novel viral families. In addition, the network appch is not dependent on sequences
present in public databases, providingeanovoapproach to identification of related and
unclassified sequences. The re-assembly of viuskets with subsequent contig
reduction and length increase offers an additiadabntage of introducing this type of
network approach in a viral metagenomics assempblipe. PCR primers can be

designed against members in network clusters lgdkmown viral families in an in order
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to quantify viruses in environmental samples andidan their identification and
isolation.

Through sequential addition of metagenomes, itngasaled that roughly 5 of
the 9 time points were required to achieve sintdaological properties as to the “final”
network. This threshold indicates insufficient segecing depth at various sampling
points and further supports a temporal study toanee these limitations.

We believe the network clusters represent pan-gesahhighly related viruses.
Of the subset of network clusters to which knowehaeal viruses are members, some of
the network clusters match to single viruses AROV-1, STSV) or highly related
viruses (i.e. STIV-1, 2), while other possess mesamultiple viruses belonging to entire
virus families, such as tHauselloviridaeandLipothrixviridae It is tempting to speculate
that those network clusters with few members repregirus types/families with smaller
pan viral genome size as compared to those wigje leontig membership. Additional
deep sequencing of these communities will be requio determine if this is the case.

We believe the 82 viral populations represent {y@en bound for number of
major viral groups present in this hot spring eonment. While lower than the PHACCS
richness estimates, the overall number of populatand their size give only a relative
abundance of their represented members and germmaeteness, and thus care must
be taken to not weigimetworkrank abundance witspeciesabundance. This is
complicated by the fact PHACCS estimates richnessrims of genotypes at 98%
identity and the network analysis does not maké sissumptions. Due to the underlying

nucleotide BLAST that creates inter-contig conradi the more highly related
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sequences are at the nucleotide level, the moglyltkey are to be detected by the
Louvain algorithm to be within the same clusteriglagion. Shared genes also influence
these connections, and thus their associationseleet contigs and their clusters. This is
due to the fact the Louvain method seeks to max@mindularity by maximizes the
number of weighted connections within a cluster magimizes connections between
clusters. Heavily shared genes (such as viral giltansferases) can influence the
network by tightening the connections between otiser unrelated
genomes/populations. Read recruitment from eatheometagenomes onto the network
clusters shows a correlation between the sizeseo€timmunity and the number of reads
present (data not shown). Since the length of iggenerally increases with the
increases in reads assembling to it, larger cothigisoverlap other large contigs likely
have a greater number of reads represented irothenanity as well and could serve as a
proxy for relative abundance. The population see signify a single genome with
numerous contigs ‘tiled’ across the genome or gsaffhighly variable genes present at
each time point. In the reference-seeded netwedd recruitment and re-assemblies
suggest it is the former, rather than the latt@site this drawback, many of the viral
populations show trends across time that likelyespond to abundances within the
environment.

This work provides a more comprehensive picturthefunderlying stability of
the overall viral community, moving beyond statiambers. In general we observed a
stable viral community structure through the cowfthis study. However, it is

important to point out that the combination of pbkesinsufficient sequencing depth and
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possible amplification bias makes it difficult toserve dynamic fluctuation with
network clusters/viral populations. We speculatd the underlying viral population is
kept in balance by the supporting capacity of thgt lkommunity.

Mapping contigs generated from another YNP hotngprivith similar
temperature and pH revealed an astonishingly higthber of major populations to be
present in both environments. Seventy-eight oBthenajor NL10 populations were
found having a large number of CHAS contigs mappgainst them. The remarkable
similarities seen through the viral populationBkisly a consequence of their
geochemical similarities with difference betweea tiwo communities pointing to
underlying abiotic and biotic factors, such as anging host community or different
elemental concentrations.

Our network approach is distinct from previous Mratwork analysis (9). The
objective of this work was not to assemble fullgdngenomes (though it is a byproduct
of this process) or to measure abundance throwghreeruitment. In contrast, our goal
was to gain a better understanding of viral comitystructure and stability. The high
stringency assemblies ensure that each contigyldaly represents one viral genotype,
rather than a consensus sequence for a giventypasThis allows for much greater
discriminatory power when analyzing the connectigogerning the underlying network
structure. Depending on the homogeneity of ead genome’s sequence space, the
Louvain method can detect those subtle differetitatsare lost when composite genome

fragments are utilized (i.e. through <98% assends#ntities).
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While this network approach has the potential #atfy expand our
understanding of viral community structure, it & without limitations. As with many
studies, sampling bias can affect the memberseotdimmunity being sampled,
sequences being amplified or even the completesfdbe sequences. All of these factors
affect the number of reads assembling into contdsch in turn expands the sequence
space and allows for more connections within thevok. If an insufficient amount of
sequence space has been covered between two regitims same genome, no
connection will be created and the network analydlisfail to include them within the

same population.
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CHAPTER FOUR

CHARACTERIZATION OF DNA AND VIRAL COMMUNITIES
IN YELLOWSTONE HOT SPRINGS

BY DEEP SEQUENCING

Prepared
Benjamin Boldut?, , and Mark Young*?

Thermal Biology Instituté Depts. of Microbiology?, Plant Sciences and Plant
Pathology® Chemistry and BiochemistiMontana State University, Bozeman, MT
59717 USA

Abstract

Understanding viral community structure remairchallenging task in
environmental virology. Advancements in sequentiage met this challenge head-on,
but still provides an inadequate picture of the samity. Despite these recent
advancements, there are no ultra-deep sequenaeris of viral communities targeting
extreme environments dominated by rehaea We report here the first such study
investigating viral community structure in the higmperature, acidic hot springs of
Yellowstone National Park, USA. These hot springbbr low complexity cellular
communities dominated by several species of hypartbphilic Archaea. We applied a
novel networks-based approach with viral metagensitd DNA and RNA viruses using
lllumina-based sequencing. This approach identifiédiiral groups in the DNA viral
community and 24 in the RNA viral community. We arg on previous findings and
present a near-complete picture of both DNA and RINAl communities. Analysis of
the RNA viral metagenomes led to the identificattbmovel RNA viral genome
segments. In addition, several RNA-dependent RNijperases, hallmark genes for
single-stranded, positive-sense RNA viruses, wagatified in the RNA virus
community. These sequences were later confirmée RNase-sensitive and present
throughout the course of study.



158
Introduction

Developments in sequencing technologies and newadetogies have seen the
discovery of more archaeal viruses in the pastdtaan in the previous 50 years
combined (2, 18, 19, 36, 37, 45-48). These discesadvance beyond the field of
archaeal virology and into virology as a whole. #aeal viruses are noted most often for
their exceptional morphologies, such as the tudiefe31 icosahedral STIV (58), the
bottle-shaped ABV (42) and the beehive appearinB\dKl). Beyond extraordinary
morphologies, archaeal viruses include the largiegie-stranded DNA viral genome
(35), the smallest known double-stranded DNA genorfexting a prokaryote (37) and
the only virus with an extracellular developmeiaiggt outside its host (51). Another
exceptional feature is that many archaeal virusgsecially those of th@renarchaeota
exist stably with their host (known as a “carritats”) — existing in low copy humbers
and avoiding host integration (49). Research oretirgarchaeal HHPV-1 has revealed
close evolutionary relationships between ssDNA@sINA viruses (59) and work with
the crenarchaeal virus STIV-1 has shown a similgawization of capsid proteins
between viruses infecting each domain of life, ®sjgg an evolutionary connection
predating the three-domain split (58). More regemdrk on SIRV2 and STIV has
shown the use of a unique egress mechanism, irhwimgs-associated pyramids (VAPS)
are formed before cell lysis and consist of a €rmbtein (14, 52, 63). Clearly,
discoveries made through the study of archaeategueveal the underlying host-virus
relationships and viral evolution.

Despite these discoveries, there are no ultra-degpencing projects of

metaviromes targeting extreme environments domahlayeheArchaea Sequence- and
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culture-dependent approaches are of particularastén studying not only archaeal

viruses, but viral communities as well. Overcomiing reliance on primers targeting
conserved regions allows for capture of more deveequences and no longer restricts
virus discovery. Sequence-independent approacmesnctneory, amplify any sequence
from a wide variety of samples, such as feces1{1068), vaginal tract (26) and human
gut (54, 65). The advent of 454 pyrosequencing é2@) NGS ushered in a new era for
viral metagenomics, with one study assembling 6@i8tpve ssDNA viral genomes alone,
effectively doubling the number of ssDNA virusesktant databases (28). The
combination of ever increasing read length and-tigbughput has enable researchers to
discover new viruses (4, 7, 15), and capture apgerof viral diversity in the oceans (21,
28), freshwater (60), sediments (73), the humar(rgutewed in (55)), and oral cavity
(69). At the time, the short read length of Illumireads prohibited characterization of
communities (70), especially in a field where réathth matters (70). Recent
advancements in lllumina technology have dramayicatreased read lengths, currently
capable of delivering 50 million 300-nt paired-eedds, equivalent to 15 Gb. However,
nearly all deep-sequencing projects have focusedrases associated with human
disease. lllumina sequencing has been used torexpbonotic viruses (71), understand
intra-host population diversity (3, 39, 41) andealaspects of quasispecies diversity and
evolution seen through replication fidelity (1&)hhs also been used to detect novel and
previously unseen viruses (13, 62), but rarelyl\deanmunities. In one outstanding case,
lllumina sequencing provided nearly full length geres from as little as 100 copies of

an RNA virus (32).
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The hot springs in Yellowstone National Park (YNIRjt are low pH (pH < 4),

high temperature (> 8C) typically have low complexity microbial commue#
dominated by few species (23). Bacteria and eultasyare few or in many cases, absent
(6, 22, 24, 31, 56). These extreme environmentadlitions favor not only thAchaea

but also a relatively simplified community. A nunloé viruses (exclusively archaeal)
have been isolated out of these environments (3648, 57).

In this work, we analyzed paired DNA and RNA visalmples out of an extreme
environment in YNP using lllumina-based sequencirgour knowledge, this is the first
use of lllumina to explore the viral community peesin an archaeal-dominated
environment. Previous work in this hot spring rdeddhe presence of positive-strand
RNA viruses, whose potentially host was from Arehaea(9). Here, we expand upon
those findings and present a near-complete pictubeth DNA and RNA viral

communities.

Materials and Methods

YNP Sample Site

A high-temperature (72-93°C), acidic (pH 2.0 — 486) spring was selected for
this study based on previous work (9). The Nympkellaot spring site 10 (NL10:
44.7536°N, 110.7237°W) was sampled in (January R0ls site is located in a

relatively new thermal basin that has developethénpast 15 years (30).

Sample Collection

Roughly 60-L of hot springs water was collected transported at ambient

temperatures back to the lab and immediately &ttarsing a 0.44m filter (Millipore) to
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remove cells and other debris. To concentrate ittuses, a previously described method

for chemical flocculation of ocean viruses usin@€kavas modified (25). Due to the
already low pH and high Fe concentration, it wasaoessary to add additional FeCl
Instead, the filtered sample was pH adjusted tavden pH 4.5 — 5.0 using NaOH,
causing a visible orange-tint during precipitatidhis flocculate was then re-filtered onto
a fresh 0.4s+m filter and completely resuspended in a citratéeouThis Fe-concentrated
viral fraction was then centrifuged at 4k g forrhth to remove any residual debris from
the solution and the resulting supernatant pellbtekigh-speed centrifugation at 37,000
rpm for 24 hr. The pellet was resuspended in ,00&®Nase/DNase-free 4 (Zymo
Research) and applied as an overlay onto a pretbom&ium density gradient with steps
at1.2 g/mL, 1.3 g/mL, 1.4 g/mL and 1.5 g/mL. Basedrevious research (66), it was
believed that most viruses would fall within oneluése interfaces. This gradient was
spun at 15,000 rpm in a Beckman MLS50 rotor for ard separated in 5Q0-

fractions, taking each of the four interfaces. &wihg fractionation, each sample was
dialyzed against citrate buffer in SLIDE-A-LYZER mnidialysis units (Fisher Scientific).

Nucleic Acid Extraction and
Sequencing Preparation

Samples were extracted using ZR viral RNA/DNA(Kiymo Research)
according to the manufacturer’s instructions. Eotid nucleic acids were split into 2
halves of approximately equal volume with the “RMifal samples” being DNase-
treated with DNase | (Zymo Research; 2.5 U, 60 ramj re-extracted and the “DNA
viral samples” being RNase-treated with RNase ORiferiega; 1U over 30 min) and re-

extracted. Previous work on nuclease-digestibleeratout of this site (9) had shown
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insufficient DNase-digestion in the RNA viral fraar, and as such, the RNA viral

samples were DNase-treated twice more, for a tdtddree rounds of DNase digestion.
The extracted viral RNA was amplified using thea®on RNA-Seq System V2
(NuGEN) according to the manufacturer’s instrucsioAmplified cDNA (from the RNA
viral) and the extracted viral DNA were then amiptifusing the Ovation Ultralow
library system (NUGEN) according to the manufaatarastructions. In the case of the
cDNA, no shearing was performed since the majaftgmplified products were
between 150 and 550 bp. The amplified nucleic asel® sequenced by the University
of lllinois sequencing center using the llluminadég v3 system with paired-end reads

(2 x 300 nt).

Read Processing and Assembly

Reads received from the lllinois sequencing cewtze already pre-binned
according to their sequencing barcodes. Brieflyioed, standard MiSeq V3 adapter
sequences were trimmed from individual sequenceags using Trimmomatic V0.32
(http://www.usadellab.org/cms/?page=trimmomatia) gnality checked with FastQC
(http://www.bioinformatics.babraham.ac.uk/projefastqc/). During the quality check
step, a large number of over represented k-mers wentified. To remove these
sequences, Jellyfish (33) was used to identifpadir-represented k-mers between the
range of 16 — 32 and then a python script thenwréten to compare all identified k-
mers common to either all RNA or DNA viral metavires. The common k-mers were
then assembled (also handled by the python serg)y Minimo from the amos package
(version 1.5; http://sourceforge.net/ projects/ahaosl (67)) at 100% nucleotide identity

and an overlap length of 50%. The assembled segqaenatched to PCR and sequencing
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primers used during the lllumina sequencing pracéssadditional sequence could not

be identified but we suspect it is the Ovation RSi&g V2 primer used during cDNA
synthesis. This adapter sequence, as well aseafleduencing, amplification and adapter
sequences were trimmed with Trimmomatic V0.32.dwilhg trimming, RNA sequences
were assembled using VICUNA (72) using the OvaRdNA-Seq V2 primer and

lllumina sequences for read trimming (sequencenalslyestatistics shown in Table 1).
DNA sequences were assembled using IDBA-UD (43ué#)g a k-mer range of 28 —
124 and default parameters.

Rapid Identification of RARPs
in Viral Metagenomes

In order to rapidly identify RNA-dependent RNA poierase (RARP) sequences,
often considered a hallmark gene for positive-steahsingle-stranded RNA viruses (27),
a pre-filtered and pipelined version of HHpred wasd (64). Briefly, assembled
sequences are translated in all six reading fraifes ORFs are then pre-filtered if they
contain the canonical GDD box (also know as “m@tif and then subjected to analysis
using the HMM-HMM comparison program HHblits (58)yoking the prediction of
secondary-structure, a mact of 0.25, and thendeatching against the nr database
filtered to 20% nucleotide identity, and subseqlyeagainst the SCOP and PDB

databases.

Analysis of Viral Diversity

Rarefaction curves were constructed by an in-heasgon analogous to Metavir
(61). Briefly, 250,000 paired-end, trimmed reads @andomly selected from each

metagenome and rarified in 12,500 sequence incresyien a total of 20 rarified sets.
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These sets are clustered with Uclust (17) at 91 and 75% nucleotide identities. The

resulting clusters and input sequences are ploged) the matplotlib library (20) for

python.

Network Analysis and
Re-Assembly of Viral Populations

Viral metagenomes were analyzed using a novelor&tanalysis technique
(Bolduc et almanuscript in prep. Briefly, contigs from each DNA and RNA
metavirome were compared to each other via BLASTEh default parameters, except e-
value cutoff of 16. The resulting file was parsed; HSPs were evailfatea minimum
alignment length of 50 bp, 75% nucleotide idenityl e-value of 1. The surviving
contigs and their relationships (HSPs) were comdetd a directed graph, with contigs as
graph nodes and their HSP information (which shosvgairwise relationship between a
target and query sequence) stored in the graplyssgoroperties. One of these
properties, the edgeeight is the measure of strength connecting two contigsach
other. Higher values are associated with highength and “closeness” while lower
values will have contigs more distal to each othecommunity detection algorithm (the
Louvain method (8)) was applied to the graph. Théthod utilizes the edge’s weight
(the log of the e-value) as well as the numberdgies connecting contigs/nodes in the
network to maximize the modularity of resulting fiteons — essentially grouping more
related sequences. Clusters containing fewer tB@rcantigs/nodes were removed from
downstream analyses. Graph networks were visualigedy Gephi (34) using the
OpenOrd layout (developed from the force-directagdherman-Reingold) and

optimized using Gephi’s Force Atlas 2 plugin. Boftthese force-directed graph-
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drawing algorithms assign forces to both nodestheil connecting edges. Nodes are

repulsed from each other as if electrically chargddle their edges are springs which
serve as an attractive force. The strength of phieg is correlated to the edge weight.
Network statistics and topological properties weakeulated using Gephi. The
contributions of each metavirome “fraction” to eatister were also calculated through
the use of in-house scripts. As controls, all prddly available virus genomes (including
the lllumina loading control, bacteriopha¢)$174) were seeded into the initial BLAST
and the network analysis was repeated identicaligtmve.

Due to the highly diverse nature of viral genone&n the latest metagenome
assemblers cannot fully assemble every variantrgenceconstruct segments of viral
genomes with dramatically different sequencing ket reconstruct individual
members in viral families with highly conservedioets. To partially overcome this
limitation, each network cluster (defined by thentounity detection algorithm) was re-
assembled using the Minimo assembler (version ha&ed on the AMOS infrastructure

(v. 3.1.0 (67)) with a 35-bp minimum overlap an@®8verlap identity.

Results and Discussion

Sample Site, Isolation and Extraction

A single site in the Nymph Lake region was selgédtased on previous work
characterizing the cellular and viral communiti€is previous work, as well as work by
others has shown a low pH, high temperature conibmé&avors the dominance of
Archaea We sought to exploit this aspect and selecteatrgbng site where preliminary

investigations showed the near exclusivityAothaeaand a viral community dominated
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by their viruses. One aspect lacking in the methagloof prior work was the simple

filtration step to separate cells, cellular delansl other particulate matter from the viral
component. Removal of such material is criticaldownstream analyses, as cells
outnumber viruses in these environments ten-toamokeach cells contain 1000x more
genetic material. A 1% carryover results in 100xencellular material to be sequenced
over viral. Following large volume isolation of h&iring water and filtering to remove
the cells and other particulates, viruses were eotnated using a chemical flocculation
commonly employed in wastewater treatment plantenaove viruses. This method has
recently been extended to marine environments asggsses a high recovery rate (>
95%), can concentrate given its adsorption onter§| and can be scaled to
accommodate nearly any feasible sample volumer Afte-speed centrifugation to
remove non-resuspended material and other envinotaingebris, a high-speed
centrifugation step further concentrated virusésalfy, a CsCl gradient separated the
viral concentrate into distinct densities of 1.3,1..4 and 1.5 g/mL — the range of
buoyant densities encompassing most viruses (86)oégh not quantitative, these
densities provided a guide for possible virus d¢fasdion and grouping. Following
isolation and extraction of total nucleic acids, Rdamples were DNase treated twice to
prevent carryover of cellular and viral DNA seep\pously (9) and DNA samples were
treated with RNase.

Due to the extraordinarily low (< 100 fg) amountRifIA in these samples
following extraction and nuclease treatments, that@n RNA-Seq V2 system was
selected as a sequence-independent approach tyattmgllow input material. It has

been noted that other similar sequence-indepenB&ia, amplification kits are more
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sensitive to rRNA amplification and do not prodasemany reads aligning to their target

genome (32). After cDNA synthesis and amplificatiooughly 5 ng was produced per
sample. The cDNA and DNA (~10 ng/sample) were thapldied using the Ovation
Ultra Low library system, generating >1000 ng/DNaxrgple and ~ 200 ng/cDNA
sample. Unfortunately, the amount of input matesalated from vDNA2 (1.2 g/mL)
was less than 100 ng total and was not sequenoadsadie its companion fractions.
Amplified viral cDNA and vDNA was sequenced usihg MiSeq platform with
the latest V3 chemistry due to the longer readtlen {300 nt) and the higher throughput
(>15 million paired reads). A total of 11,513,83irpd-end reads, totaling ~7 Gb of

sequence were generated (Table 4.1).

Processing and Assembly of Reads

Reads from each fraction were quality trimmed agfaihe standard Illumina
primers and quality checked using the FastQC pmgEuring this phase it was noted
that a large number of cDNA reads (> 50-90%) cowmtdiover-represented k-mers. These
k-mers were almost exclusively located towardsethés of reads, suggesting the
presence of the Ovation RNA-Seq amplification prsnéssembly of the k-mers
generated a single sequence, which was trimmedthhemmDNA reads (in addition to the
standard lllumina primers). On average, trimmingoged 14% of the reads (Table 4.1).
Following trimming, reads were assembled initialsing MIRA (5, 12), IDBA-UD (43),
VICUNA (72), MetaVelvet (38) using their defaultameters (data not shown). The
assemblies were evaluated for overall contig lesdib0 contig sizes, number of contigs
and the percent of reads assembling into contigse® on these criteria, VICUNA was

selected to perform the RNA viral assemblies anBABJD for the DNA viral
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assemblies. We suspect that the differences imddseperformance are related to the

sequencing depth, overall coverage and diversitpddetween the viral samples. It
should be noted that VICUNA was originally develdpe assemble highly
heterogeneous RNA viruses out of complex (i.e. inghwst-contaminated) samples. Not
restricting an assembler to perform equally fovatbmes is an advantage in cases where
fundamental differences in viral populations anelcommunity in which it exists create

dynamically different graphs.

Table 4.1 Sequencing and Assembly Statistics

Trimming Assembly*
Sl\a‘;nr:Le I()ge/n;l:;/ RF:\‘ZS Paired Unpaired | Removed | Contigs Asse(;:)b led
vDNA3 1.3 2,015,924 | 1,774,502 235,468 5,954 43,481 23.2%
vDNA4 1.4 1,617,630 | 1,496,718 116,114 4,798 29,522 16.9%
vDNAS 1.5 2,445,089 | 2,265,053 173,495 6,541 45,258 16.9%
vDNAX N/A 6,078,643 | 5,536,273 525,077 17,293 87,563 16.2%
cDNA1 1.2 1,189,667 | 1,036,607 133,342 19,718 11,485 41.5%
cDNA2 1.3 1,279,779 | 1,069,619 176,575 33,585 13,284 53.8%
cDNA3 1.4 1,776,551 | 1,452,308 281,305 42,938 18,360 61.1%
cDNA4 1.5 1,189,197 898,623 236,815 53,759 11,952 55.2%
cDNAX N/A 5,435,194 | 4,457,157 828,037 150,000 41,332 21.3%

*Assemblies of vDNA viromes are performed using ®BD. Assemblies of cDNA
viromes are performed using VICUNA. “x” assembliepresent combined fractions.

An assembly of the metaviromes revealed differemeehe number of contigs
generated and the percentage of reads assembébte(Z.1). On average, 19% of vDNA
metaviromes assembled, compared to 53% of the cBEFaviromes. This difference
could be attributed to the difference in assemtiesen or, more likely, a function of
viral diversity in the hot springs. Fewer assentplieads corresponds to higher levels of

sequence divergence, and by extension, are moeesédiv
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Viral Diversity

Rarefaction curves are often used to assess spadi@ess and whether or not
more sampling would lead to the discovery of adddi species. An in-house script
mirroring the methodology of Metavir was appliecetach of the metaviromes. The
subsampling of 250,000 reads from each datasethesen to balance the analysis’
completeness (of sampling all reads) vs. computdiioe. It is clear from the slope of
the curves that cDNA metaviromes are more sampled arguably) less diverse than
their vDNA counterparts (Figure 4.1). Sampling e&elstion individually shows a
difference in sample diversity between cDNA3 artteoitDNA steps. It is interesting to
note that electronmicrographs show a correlatiawéen the morphological diversity
seen and the estimated richness — with cDNA3 shpwigreater range of morphologies
than any of the other fractions (data not shownghSa clear difference is not seen in the
vDNA viromes. While the addition of each sequencthe cDNA increases the number
of clusters by less than 5%, the addition of eatjuence in the vDNA viromes increases

clusters by nearly 40%.

Network Analysis

A network based analysis of the vDNA and cDNA miegtanes was performed as
described previously (Bolduc et abanuscript in prep This network analysis creates a
graph of nodes and connections based on relationbleitween sequences. In the case of
BLASTS, the query and target sequences are nodas metwork, while the HSPs
themselves serve as the connections (i.e. edgegg¢de them. The HSP attributes are
transferred to the edges — with e-value, nucleatidetities or any other HSP-stored

information can be used as a measure of the ‘gtiehgtween two sequences. The
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Louvain method was then used to “partition” theawgk into distinct groupings, calle

clusters, which represent the optimized modulddtyeach partition. This in effe
creates a network where clusters have high modly— meaning highly connecte
contigs within clusters and fewer, sparser connasbetween contigs of other clustel
Due to the fact the connections are based on niigdesimilarities, the resulting cluste

share a high degree of similarity with each otbet,much less so against other clus

120000 T T T T
— VDNA3
100000 .~ . VDNA4
80000} — VDNAS
—— VDNAX

Number of Clusters
(o))
o
o
o
o
T

N H
o (=}
o (@]
o (=}
o (@]

T T

Y
Y
*
Y
I I

0 50000 100000 150000 200000 250000

N f
100000 : Lllmbero Sequencles |
— CcDNA1 -

» 80000} ) :
[0}
g
3 60000}
G
3 40000}
O
£
3
Z 20000}

0 L ) | |

0 50000 100000 150000 200000 250000

Number of Sequences

Figure 4.1. Rarefaction curver vDNA viromes (top) and@NA viromes (below)

When the network analysis was applied to the DNAawieomes, 84.5% (55 84
of the 66 051 contigs possessed a match to anoctingig. Of these, 90.0% (50 254) w
retained within the network after filtering out airgroups (identified by the Louva

method; Supplemental Figure 2) containing fewer th@é members (Supplemen
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Figure 1). This resulted in 77 w-defined viral groups and represents approxims

76% of all viral DNA contigs (Figure 2). As described previously (Bolduc et
manuscript in prep these viral groups likely correspond to viruaethe family

taxonomic level.

Figure 4.2. DNAmetavirom: network.Each cluster is given a unique color, w
relationships between sequences denoted as an@ulgeed by its parent sequer

Seeding of the DNA virus network with all publigalivailable viruses revealt
24 viruses associated with 7 groups. All 24 viruséscted members of tt
Crenarchaeota all known to exist in these environments, and edirsin the previou
network anajsis out of the same spring. The largest groupl@embers) represer
8.39% of the network and includes all of Fuselloviridae— ASV-1, SS\-1, 2, 4-9 —
seen in this environment. The second largest gf@W23 members; 4.22%) w

associated exclusaly with Acidianustwo-tailed virus (ATV). The third through s
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largest groups have no viral match, nor do theychaiith sequences in the publically

available nucleotide and protein databases. kel these represent entirely novel virus
families. The seventh largest group (1 004 meml28§%) matches to the proposed
Turriviridae, Sulfolobudurreted icosahedral virus 1 (STIV-1) and STIMahe recently
described virus, found initially through silico identification of proviral sequences (36),
is Aeropyrumpernix ovoid virus (APOV-1). AlthougA. pernix has not been seen in this
environment, its presence (655 members; 1.30%¢atels thah. pernix might be a low
abundance member of the cellular population ortarg@l new host for APOV-1 exists
in the springs. The remaining viruses found seed#dn viral groups were from the
proposed order Ligamenvirales, a higher-order argaion of theRudiviridaeand
Lipothrixviridae (50). Nearly all the filamentous viruses fréuidianus AFV-3, 6-9 and
Sulfolobus islandicuilamentous virus (SIFV) were found within one gpp alongside
the rudivirusesStygiolobugod-shaped virus (SRV) ar@llfolobus islandicusod-shaped
virus 1 and 2 (SIRV-1, 2). This group (639 membé&r&7%) was found distinct from,
but closely associated with two other groups regresg AFV-1 (622 members; 1.24%)
and AFV-2 (381 members; 0.76%). It is extraordinduat alignments using the major
capsid proteins (MCPs) of these linear dsDNA visugmup AFV-3, 6-9 and SIFV into a
distinct phylogenetic group, separate from AFV-Q)(5 in excellent agreement with the
separation in the viral network. The close assmriatf SIRV-1 and 2 and SRV with
SIFV is also seen in the MCP analysis, and it mvkmthat several sets of genes overlap
between the viruses, despite being in differentilfam(40).

When applied to the RNA viromes, only 42.28% (23)28 contigs were found

to have a connection with another contig. Only 3®af these (7 160; Supplemental



173
Figure 4) were viral groups having 100 core members (23 total groups; Suppleme

Figure 2) and represents 13.0% of all contigs. kénlhe vDNA metaviromes, the RN
network does not match to previously charactenzages. It is likely that these 23 vit
groups represent entirely unknown A viruses existing in these hyperthermoph

environments.

Figure 4.3 RNA metavirome network. Each cluster is givemaue color, witF
relationships between sequences denoted as an@ulgeed by its parent sequen
The network also revealer stark contrast in the distribution of contigs wil
viral groups between the DNA and RNA viromes. Efigéiy, despite the clee
separation of the viral fractions by a cesium dgrgriadient, viral groups within tr
DNA metavirome network were relatiy well-distributed -meaning the contributio
from each fraction was relatively equally distrigditwithin a group (Figure 4). In

contrast, the distribution for the RNA metavironetwork clearly indicated distin
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contributions from each density (Fig 4.5). In some cases over 50% of the contigs f

a viral groups are derived from a single fractibms evident that the vast majority
major RNA viral groups are separated into a cDNAA/2DNA3/4 dichotomy. Thi
agrees well with the assembly data, ombining reads from all four fractions leads t
decreasen the number of reads assembled. Increasing thelsadiversity introduce
more unresolvable points for graph reduction oBddjn graphs during sequen
assembly. The number of contigs alsies down (when compared to the sum tote
each individual fraction) not due to larger, fewentigs, but fewer reads are going to

[potentially] same conti
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50 largest viral groups are presen
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Hallmark RNA Virus Gene

Previous work searing for RNA viruses out of these extreme environta(9)
revealed a group of Rdl-containing sequences highly distal to known RdRf
bacterial and eukaryotic virus— yet clearly related despite lacking all but tr
universally conserved maotifs at the primary seqaedagel. The resuwas sequenc
homology based on predicted secondary and tedtaugture, a computational
challenging effort. As an alternative to searcraid®RFs against public database
directed approach was taken to more efficientlgl 8trong candidates fRNA viruses.

The highly conserved GDD motif of RAR(27) was selected as a “bait” sequence du
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its importance in the replication cycle of positigengle-stranded RNA viruses. Seven

sequences were identified during this processetbfevhich (dg-5807-cDNA3, dg-785-
cDNA2 and dg-2474-cDNAZ2; Table 4.2) were given algability by HHblits of being an
RNA-dependent RNA polymerase > 99.99%. While tliesee sequences were highly
similar at the protein level, they did not assembbgether, suggesting 2-3 highly related
RNA viruses. Comparison of these sequences withubditom IDBA-UD, MIRA, and
Meta-Velvet assemblers found nearly identical \@rsiof the sequences, further
supporting a clear distinction between the seque(aaa not shown). The remaining
four sequences were found closely associated isaime cluster during the network
analysis (above) with estimated RdRp probabilitie$iHblits ~45%. These hits were
the only ones identified by HHblits, with no otregnificant alignments. Additional
searches against NCBI's public protein and nudlieotiatabases revealed no additional
matches to these sequences. Primers designedtataitisree sequences with a high
probability showed at least two (dg-2474 and dg) f8Bsent 3 months after the initial
sampling period.

Table 4.2. GDD-containing sequences identified dR 5%
Contig Sample Length Probability

dg-5807  cDNA3 260 100
dg-785 cDNA2 396 100
dg-2474  cDNA2 282 100
dg-9725  cDNA4 218 46.8
dg-7187  cDNA3 253 46.3
dg-284 cDNA3 653 43.4

dg-2335  cDNA2 285 42.7
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Conclusions

The overall objective of this research was to detee the viral community
structure through use of a novel network approacimalepth sequencing of a single
time point from a high-temperature, acidic hotsgrin YNP. Previous work out of this
environment showed a relatively stable viral comitywvith clearly defined viral groups
likely representing viral families at the taxonortegel. This work sought to delve deeper
into the network approach by asking the questi®eep sequencing of a single time
point sufficient to regenerate the viral groupsadfme course-based network anal{sis
Analysis of the DNA metaviromes revealed only a bmartion (19.2%) matching to
known viruses, and of these viruses, all were estahlly from the Crenarchaeota.
Furthermore, each viral group either matched tpegific virus, or a group of viruses
from the same family. In the case of Rediviridae-Lipothrixviridaegroup, substantial
evidence supports a phylogenetic relationship grapthe two families into a larger viral
order. Despite lacking taxonomic information foe tiemainder of the viral groups, the
network shows distinct separation between groupggyesting these groups represent
additional novel viruses whose sequences are hah yeiblic databases. Fractionation of
viruses during processing did not appear to sepdnatcontributions of sequences
towards a viral group for the DNA metaviromes, ¢t so for the RNA metaviromes.
This is partially explained by the large taxonomspace represented by many of the viral
groups and the resulting large variation in thpeafic densities. Network analysis of the
RNA metaviromes revealed even less taxonomic cteraation, with no known viruses
matching to sequences within the viral groups. psialof the contigs led to the

identification of many GDD-containing sequencesgesal of which were further
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analyzed and identified as RNA-dependent RNA polases, a hallmark of positive-

sense, single-stranded RNA viruses. Further wookvsld the continued presence of
these sequences out of the original environmentahehsity-dependent nature. Future
work will endeavor to generate full-length sequefioen these RdRp-containing contigs
and seek to determine their hosts.

The viral networks presented in this work presenalternative and parallel view
compared to those in Chapter 3. The number of gim@lips previously reported using
454 pyrosequencing over nine time points reveakdi@&l groups. In this work, utilizing
a different extraction methodology, sequencing nedbgy and analysis pipeline — 77
viral groups were identified. With few exceptiongarly all of the major viral groups
associated with a specific group of viruses arestimae between the two studies. Most
surprising is the clear separation within viralype between studies, with groups
containing specific members (i.e. virus seeds)demaintained. In some cases, such as
the separation of ATV and ARV-1 from their combinaxhl group into separate groups,
deeper sequencing at a specific time point provitlechigher resolution necessary for
such demarcation. The presence of the same majopgbetween studies suggests that
the NL10 viral populations are stable and persisr tong time periods (5 years).
However, the radical changes in many of their ralmkndances between studies also
suggest that these viral populations are changimgorally. It is tempting to speculate
that such variation was qualitatively captured nigithe analysis of the temporal-based
analyses, and was more accurately defined throagh gequencing at a specific time

point. Given the distinct viral groups presentethiis work, future studies would aim to



179
use specific probes designed against sequenchs wiral groups, quantitatively

measuring the actual abundances of their viruses.
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CHAPTER 5

CONCLUDING REMARKS

Viruses play an important role on Earth, affectafigcellular life forms. As the
most abundant biological entities on the planety thutnumber cells by at least 15-fold.
Their lysis of prokaryotes in the ocean is beliet@@lay a major role in the global
carbon cycle, with evidence supporting their aftgfatitrogen cycling as well. Viruses
are a major source of genetic diversity and cavesas a means of gene transfer between
organisms, affecting microbial diversity. Virusee also believed to be a major driving
source of microbial evolution. Yet despite theide4dreaching impact, the viruses
infecting theArchaeaare the least studied. Despite more than 6300apyokic
described, only ~100 of those are from #ifrehaea None of the archaeal viruses is
RNA, and only two of them are single-stranded DNAses. One of the major reasons
for this difference lies in the difficulty of cultung members of thA&rchaea with many
requiring challenging/difficult culturing conditian Another aspect is the fact that much
of the biology and biochemistry éfrchaeais simply unknown. It comes as no surprise
that nearly all archaeal viruses described origiffiedm a successfully cultured host. As
the most common method for screening for new veukest members are cultured using
various enrichment medias and, if culture estabiesht is successful, the media is screen
for virus-like particles (VLPs). This culture-degkamce methodology is the single-
greatest methodological limitation to studying ael viruses. In essence, if it cannot be
cultured, no new viruses can be found. This isrtiquéarly troubling problem, especially

in cases where EM studies reveal a large assortofi&fitPs directly observed in
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environmental samples that are not typically obsginm enrichment cultures. Archaeal

viruses, despite being described, are far fronsémee level of characterization as many
of their bacterial or eukaryotic counterparts. Tdiscrepancy in characterization is due to
many factors, such as the extreme environmentalittons required by their hosts and
the challenge of developing successful host-virogehsystems. To overcome the
limitation of culturing, culture-independent metisaslere developed that allowed the
study of viruses regardless of host, usheringénetfa of viral metagenomics. Within the
first few years, it became clear our understandingruses was more lacking than
previously thought. The vast diversity of viruseghe oceans, their impact on global
nutrient cycling, the role they play as driverswtrobial evolution — all were found
though viral metagenomics. The impact of new segugrtechnologies such as
pyrosequencing and lllumina only expanded and aca&ld viral metagenomics. Viral
metagenomes increased in scale, the amount ofjdatxated, the depth and coverage of
their targeted viral genomes. A veritable shifthe bottleneck of virus discovery and
understanding changed from the ability in sequaneiruses to bioinformatic analysis.

In spite of these discoveries, viral metagenomas ot been applied to archaeal viruses
in extreme environments with the same vigor ag the@anic, freshwater or soil
counterparts.

This body of work sought to apply viral metagenastiz the archaeal-dominated,
hot springs of Yellowstone National Park (YNP). $adéow pH, high temperature
environments favor th&rchaeaand coincidentally provide a simple, tractable&ysto
study archaeal viruses and their hosts. Convergaycombination of extreme

environmental conditions and simple microbial baokgd yields a low biomass system,
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presenting a methodological challenge. In esseéhisework sought to describe the

archaeal virus community in terms of enhanced dyoaesolution and provide a more
accurate description than previously available seatch for the first known archaeal
RNA virus. Chapter 2 describes the first viral ngetaomes (“viromes”) generated from a
high temperature, acidic hot spring. Hot spring sitlection for metagenomic analysis
was directed by a novel reverse-transcriptase jporation assay that determined the
amount of RNA in the viral fraction. Sites with hitevels of RNA were selected for
subsequent metagenomic analysis, alongside paik&drbDetaviromes and cellular
metagenomes. The cellular metagenomes confirmespiimegs were archaeal-dominated
and possessed a simple community structure, fatigwipattern seen in previous studies.
Both DNA and RNA metaviromes were found to be esaliynunknown, with less than
half of either matching to sequences in extantlegtas. Examination of the RNA
metavirome revealed one near full-length RNA vsaguence, coding for a single
polyprotein, complete with a capsid protein andibimark of all positive-sense, single-
stranded RNA viruses — an RNA-dependent RNA polase(RdRp). Closer
examination of the RdRp showed conservation ofitbgr motifs, despite having only
an 11% identity to its closest homolog. Phylogenegconstructions placed the RdRp in
a distinct lineage separate from both bacterialardryotic viruses. Also found during
analysis of this sequence was an autoproteolytgocsintaining the same conserved
resides as those present in nodaviruses and tesed. This site is essential for
proteolytic cleavage of the peptide to form thesidprotein precursor. It is remarkable
to note that these two viral families also contiong polyprotein in their genome

structure. Also found during the RNA virome anatysias an additional, shorter RdRp-
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containing sequence that was similar, but cleadgirttt from the near full-length viral

sequence.

Describing viral communities is currently one oé tlmost challenging aspects of
viral metagenomics. A large number of fragmenteatbgees resulting from viral
assemblies combined with uneven sequencing dejaikesin amplification and
sequencing and biases in sampling all contributébfascating community structures.
The near absence of sequence similarity of archaeesles to extant databases makes
identification of the fragmented genomes impossiblemany cases. This complicates
phylogenetic analysis and, in many cases, remav&sgenomes from other downstream
analyses, further reducing the detail in descritbivegviral community. Chapter 3 sought
to tackle this problem by applying a network-baagedlysis to describe the viral
communities initially outlined in Chapter 2. Thigpoach utilized an all-verses-all
BLAST comparing all contigs against themselves thwontigs as nodes and their edges
annotated as/by the high scoring pair informat®eommunity detection algorithm that
identified clusters of sequences using the infoiomadf the edges then analyzed the
network. This was able to clearly separate eigiy-tiral populations from the larger
community, enabling for the first time a measurdl@number of particular viral groups
present in an environment (more below). This alkwed for a detailed temporal
investigation of the DNA viral community revealipgtterns of stability of most viral
populations and change for the smaller viral gropge to the temporal nature of the
sampling, it was possible to visualize the numbereguences represented at any time
point for any given viral group. Chapter 3 alsok@alvantage of new developments in

metavirome analysis pipelines, revealing the vagbrity (> 97%) of classifiable
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sequences as matching archaeal viruses. This edrtbhe composition of the cellular

metagenome, supporting the relationship and intierabetween viral and cellular
communities. Most remarkable was the “seeding’lldfraown viruses against the viral
network, showing that only archaeal viruses matdbexpecific viral clusters — with the
matching viruses corresponding to those identifigdhe metavirome analysis pipelines.
This led to the hypothesis that despite only a kfredtion of the viral clusters having a
matching virus, the other clusters were entirelgnaown archaeal virus families not yet
described. A visual representation of the netwoak the first such attempt in the
literature to organize viral populations and moegdnd the over-simplified community
characterizations using abstract numbers. Findig/network and its viral groups also
showed that they could be re-assembled into laagguences, and in some cases, full-
length versions of their reference counterpartss $hggested that the overall sequencing
depth at any particular time point was insufficiemfully sequence any one viral
genome, but in association with the network analgsid subsequent clustering of viral
groups was sufficient to overcome this limitatioxdallow full genome regeneration.
With the foreknowledge that previous work revealetiequate sequencing depth
only compensated by a time series and novel netemoakysis — it was hypothesized
greater sequencing at a specific time point woelekal a similar viral community
structure. In chapter 4, an analysis of these ewahimunities applied advancements in
sequencing technologies and sampling methods, amgrl50x more data than results
presented in chapters 2 and 3. To improve viruseaination, a chemical flocculation
method used to remove viruses during wastewataimtent was exploited. To enhance

purity, cesium-purified viral fractions insteadfifer purification was used in isolating
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viruses. The first of the next-generation sequen@NGS) platforms, 454

pyrosequencing, used in chapters 2 and 3, wascezplaith the most recent version of
the lllumina sequencing technology. This upgraderdtically increased sequencing
depth and represents the first time lllumina’s ims@ metavirome context. The previous
network analysis is again used to characterize bdtA and RNA metaviromes, finding
a dramatically similar number of viral communites previously seen in chapter 3. In
addition, seeding the network with all known virsisevealed a similar profile as before
— with only archaeal viruses matching, with eaglivyfamily matching to a single group.
Similarly, re-assembly of the viral groups alsassembles full-length viral genomes.
Taken together, the results of chapter 4 servendiren the hypothesis that viral
community is relatively stable in the extreme eoniments of Yellowstone and that
sufficiently deep sequencing of a single time p@radequate to re-create the same
network as seen with the temporal sampling. A no@tailed analysis of the RNA
metavirome revealed additional RdRp-containing sages, suggesting the RNA virus
community was also stable in this environment,agetn incredibly low abundance
compared to the viral DNA community. These RdRpsevadearly separate from those
described in chapter 2, suggesting that the comyumay fluctuate and change more
dramatically than its DNA counterpart.

Collectively, the results in this dissertation pd®/new insights into the
characterization of archaeal virus communities prodide the first evidence of archaeal
RNA viruses. Analysis of these communities indisdtee presence of nearly 82 distinct
viral groups in the DNA metaviromes and 23 in tiéARmetaviromes. Many of these

groups are entirely uncharacterized and presentavewues for research. The network-
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analysis based approach offers the field of virgplaghew way to examine viral

communities, by not only grouping virus populatidng provide the ability to study
temporal and spatial dynamics. The findings of RS hallmark genes in an archaeal-
dominated hot spring sampled over the course aky@amultiple different approaches

is circumstantial evidence for the presence of@@ahRNA viruses. The work provided
here is the first serious attempt at searchingfohaeal RNA viruses.

Future research into the hosts of these RNA virusrdd provide the required
evidence supporting them as the first describeldas@a RNA viruses. A virus-based,
fluorescent in-situ hybridization (FISH) could liskgments of viral genomes against
host-specific (i.e. identifying) genes. Hosts idiged through this method could also be
sorted through the use of fluorescence-activatddading (FACS) — a specialized form
of flow cytometry. If these RNA viruses indeed harehaeal hosts, these findings would
have considerable impact on the origin and evatubbRNA viruses, and by extension,
viruses as a whole. Additional future research theocommunity structure would
involve design of virus group-specific probes foagtitative PCR (QPCR) and tracking
of each virus group at various timescales ovecthese of days, weeks, months, or
longer. These studies would allow, for the firstei detailed quantitative measurements
of viral abundances of viruses neither culturedpreviously described. The advantage
of the network analysis and clustering of viralsengces into specific family-level
groupings enables further experimental avenue$, asigiPCR design, of entirely novel
viruses. Although not described at detail in thgsdrtation, clustered regularly
interspaced short palindromic repeats (CRISPsaat@cquired immune system found in

prokaryotes that contain sequences derived froos\dhallenges, essentially “a history
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of past viral infections.” These sequences, whih lge identified from the cellular

metagenomes, can be linked to specific host geBgraomparing these CRISPR-
derived sequences against the viral sequences fauhd network, one can link a viral
group to specific host genera. Future work woukkge exploit this association, and
provide an additional means of linking virus to thos

The network approach described herein offers tr@dogy community a new way
to analyze metaviromes and their communities. thitamh to organizing viruses — both
known and unknown — into groups, providing a meartsack temporal and spatial
dynamics, and allow for re-assembly into full-ldmgiral genomes, the networks lays the
groundwork for more sophisticated types of analyBie emergence of NGS has resulted
in an unprecedented amount of data whose expohgrtiath shows no signs of slowing
down. Dealing with such vast amounts of data prissgilaunting task for the field — a
challenge that can be overcome through the usesofqusly establish methodologies
originating in another field, such as the soph&ad network partitioning algorithm used
in this dissertation. Networks (and the field odygin theory) — such as the ones used
herein — can easily scale to the levels of sequgnuw seen with current technologies.
By virtue of their nature, these networks can alewe more than just BLAST
information to connect one sequence to anothey;¢ha be annotated with several layers
of additional information. Each layer can be orgadifurther to reveal higher levels of
order that may show global patterns of communityastgics or allow for other analytical
network algorithms to be applied. Neither caseursantly possible using traditional
metagenomic analysis pipelines. The fundamentddlenos of environmental virology,

the vast “unknown” sequences and the computatiomgthtmare” of assembling
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fragments of a highly diverse viral community cangdartially addressed using the above

methods. The unprecedented amount of viral diweasitl the complex relationship with
their hosts further complicates a complete elu@dadf a viral community in the natural
environment. Higher resolution of viral communities. a more detailed understanding
of the community, can be obtained with deeper secjng and pairing cellular
metagenomes. The major factors limiting the resmiubf the networks presented in this
dissertation was the sequencing depth and compoédtpower available at the time of
analysis. Both factors will be quickly overcomeagivhe quickening pace of
advancements in the field. The quiet revolutiothim field of environmental virology,
beginning with the application of NGS to viral mggaomics, will only be accelerated
through the application of third-generation NGS artivork-based approaches, such as
the ones presented here, and the development @f poaverful annotation pipelines. In
closing, future work should seek to marry sequesigeharity (nucleotide and protein)
networks and sequence-annotations, and combinghialvundance-based measurements
to gain an unparalleled insight into dynamics edvcommunities and understanding of
its members. The entirety of this dissertation swug lay the groundwork and take the
first steps into this next generation of environtaérirology, by enhancing virus
isolation protocols, providing a new way to analyral metagenomic data, and showing
a glimpse into the world of RNA viruses in extreamv/ironments, presenting
experimental evidence of how archaeal RNA virusayg be direct ancestors of their

eukaryotic counterparts.
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Chapter 2:

Published: Journal of Virology012 86, 5562-5573, do0i:10.1128/JVI1.07196-11
Further Supporting materials are available freehafrge via the Internet at

http://jvi.asm.org/content/86/10/5562/suppl/DClhisTmaterial contains additional
methods and results sections as well as figuresadotes.
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Table S1. Location of hot springs surveyed in YigHtone National Park, USA.

Sample Lat Long Date pH Temperature (°C)
Name

Amp-21 N44 48.06666 | W11043.72332 | Aug-09 | 2.0 76
Amp-22 N44 47.82834 | W11043.46664 | Aug-09 | 2.0 90
Mon-1 N44 41.09832 | W11045.24498 | Aug-09 | 1.5 86
Mon-2 N44 41.09502 | W11045.22998 | Aug-09 | 1.5 75
Mon-3 N44 42.755 W11045.22998 | Aug-09 | 1.5 70
Mon-4 N44 42.74833 | W11045.23334 | Aug-09 | 1.5 87
Mon-5 N44 41.79498 | W11045.22998 | Aug-09 | 1.5 79
Mon-6 N44 41.07666 | W11045.23502 | Aug-09 | 1.5 79
Mon-7 N44 41.055 W11045.22002 | Aug-09 | 1.5 69
NL-10 N44 45.214 W11043.432 Aug-09 |45 93
NL-17 N44 45.11832 | W11043.70832 | Aug-09 | 2.0 81
NL-18 N44 45.12666 | W11043.71336 | Aug-09 | 2.0 83
NL-19 N44 45.12168 | W11043.71834 | Aug-09 | 2.0 78
NL-20 N44 45.12834 | W11043.72164 | Aug-09 | 3.0 85
SL-1 N44 21.45167 | W11047.61333 | Aug-09 | 6.0 83
SL-2 N44 21.38 W11047.77666 | Aug-09 | 3.0 89
SL-3 N44 21.225 W11047.84 Aug-09 |25 83
SL-4 N44 21.01 W11047.35016 | Aug-09 |5.0 80
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SL-5 N4421.1 W11047.99833 | Aug-09 | 4.0 81
SL-6 N4421.1 W11047.98 Aug-09 | 5.0 85
Syl-8 N44 41.99502 | W11045.91998 | Aug-09 | 3.5 77
Syl-9 N44 41.95836 | W11046.03836 | Aug-09 |5.0 82
Syl-10 N44 41.96832 | W11046.07832 | Aug-09 | 2.0 86
Syl-11 N44 43.63666 | W11046.09002 | Aug-09 | 2.0 87
Syl-12 N44 41.95836 | W11046.11666 | Aug-09 | 1.5 80
Syl-13 N44 41.93334 | W11046.10832 | Aug-09 |5.0 81
Syl-14 N44 42 W110 46.24002 | Aug-09 | 2.0 73
Syl-15 N44 42.03498 | W11045.96666 | Aug-09 | 4.5 85
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TABLE S2. PCR primers used to confiselected contigs from the RNA vir

metagenomes.

Name Sequence Start | End | Length
Contig00002 2192F | TTTAGCGGTCACGCCGGCTG 2192 | 2211 | 20
Contig00002 2756R | CGCTCCAGCTCACGTCGTGG 2737 | 2756 | 20
Contig00009 702F ATTGTGAGCTACGCGCGGGG 702 | 721 |20
Contig00009 1337R | GGCGAGGAAACCCGTGTGCT 1318 | 1337 | 20
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FIG. S2. Metagenomiciral RNA assembly outline. Raw sequence deds processe
through a series of quality checks aedundant sequences are remo'Assembled
contigs werecompared against thaired viral DNA metagenomes ahdS rRNA
databases. Matching contiwere removed from further analysisor@ligs are compare
against a nonber of databases using a NCBLAST, MG-RAST and selected conti
against HHpred.
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Statistical tests on constrained tree topologiék different positions of the putative
archaeal virus RdRp. Likelihood and p-values farstmined trees (see Methods).

Tree# LL ALL p

Unconstrained -67716.4 n/a >0.05

1 -67733.8 -17.516.2 >0.05
2 -67717.8 -1.5/13.9 >0.05
3 -67732.1 -15.718.6  >0.05
4 -67742.6 -26.320.4 >0.05
5 -67731.2 -14.819.3 >0.05
6 -67728.9 -12.514.0 >0.05
7 -67735.7 -19.320.5 >0.05
8 -67739.2 -22.820.0 >0.05
9 -67731.3 -14918.7 >0.05
10 -67718.9 -2.611.5 >0.05

LL — Log Likelihood
ALL — Log Likelihood difference compared to the unstrained tree p — p-value

Tree topologies in Newick format
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER 3
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Chapter 3:
Prepared

This contains 1 figure and provides an extensigedggation of materials and metho
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Supplemental Methods

Network construction. The viral network is initiaktonstructed from an all-verses-all
BLAST of assembled viral contigs. The resulting BX'Rfile contains information of all
queries (initial or “originating” contigs) and tmenatches (final or “target” contigs) with
the HSP (high-scoring pair) serving as the relatgm between the query and target. A
script was developed that first evaluated each tdSfass user-defined criteria of e-
value, length of the HSP and the overall identitthe match — as a filter to remove
superfluous and statistically insignificant conm&as. It is possible to extend the criteria
to any number of conditions and is only limitedthg information stored within the
BLAST file. Other conditions could also be addeshirthird-party or other external
analysis programs, such as filtering contigs timy bave a match to another database.
After filtering, the contigs and their HSPs are wented into a network graph. The
contigs serve as nodes while the HSP informatiatased within the edges, connecting
the source node (original or query contig) to grgét node (target or final contig). It is
possible to store all HSP information within eadig&s “properties,” which can be
subsequently queried by network algorithms or o#imalysis tools. Network algorithms
in clustering and partitioning frequently utilizeetmost important property, the edge
weight For the network in this study, the edge weiglthéslog of the e-value, unless in
cases where the e-value = 0, the weight is coryéot800. The e-value was chosen
because it is the only way to compare connectimngths between contigs in a
statistically meaningful manner. All filtered HS&sd their query and target contigs were
converted to a network graph, meaning any numbeowfections could be created

between any two contigs — given that it contain$i&® between them. Following
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network creation, the Louvain method is applieth®network. This method is one of

the most widely used community detection methoddgl@vle and scales to 100 million
nodes and billions of connections. This greedyrogttion method seeks to optimize the
modularity of partitions (or groups, clusters) viitlthe network. Modularity measures
the strength of divisions between resulting clisstewith high values associated for
clusters with many connections within the clusber, sparse between clusters. During
this two-phase optimization, edge’s weights aremaikto account, and thus highly
significant matches connecting two contigs are migesater prominence. It is therefore
possible for multiple contigs to be connected tgiothe pairwise comparisons of
BLAST and the Louvain method to place the contigsaparate “communities” (i.e.
clusters or groups) due to the strengths thosegsomtay have with other, more “related”
sequences. Given sufficient sequencing and coverfaigeget viral genomes, this
method is capable of differentiating individual mmers of a viral family, despite the fact
multiple shared genes exist between the membera. i®ore global level, this method
can successfully partition an entire viral commymito its constituent members (this is
elaborated within the main manuscript).

Subsequent analyses (describe within the main staipt) are then applied after
partitioning/clustering. Visualization is unneceysar these analyses, but is performed
to allow the researcher to “see” the communitydtrte. To visualize, the force-directed
layout algorithm, OpenOrd, implemented in the Gep$ualization program, is then
applied to the weighted network. (OpenOrd is base&ruchterman Rheingold, a classic
force-vector) This algorithm assists in distingunghclusters by using the edge weights

and optimally placing contigs close to each otteaering strong weights, and further from
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each other having weak weights. After this layoaittiioning algorithm is finished,

another force-directed layout algorithm, Force atais used. This essentially tightens
the clusters and imposes a gravity-based limié¢oaverall spread of the network. This is
necessary due to the large number of sequencem whthnetwork and the repulsive
effect between contigs. It also serves to “fineetutie clusters previously established

during OpenOrd.
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APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER 4
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Prepared

This contains 4 figures.
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Figure 1. Viral groups of the DNA metaviromes, defi by the network analysis, a
their rank abundance. Those smaller than 100 menaverhighlighted in re
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Figure 3. Thepercentage of data represented as a function ofnconity size in the DN/
metaviromes.
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Figure 4.The percentage of data represented as a functiconamunity size in the RN,
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