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Abstract:

Global trade of plant material has increased ttreduiction of foreign plant
viruses in nations across the world. This hasdettié need for increased abilities to
detect plant viruses. Surveys assessing the vodlversity of environments often use
Next Generation Sequencing (NGS) as a tool forsvitiscovery. NGS has yet to be used
as a diagnostic tool due to the computational and tequirements of analyzing NGS
data. The purpose of this work is first to showithportance of virus discovery, and
second to describe the development and validati@nb@minformatic pipeline designed to
detect and identify both DNA and RNA viruses byngspathogen-specific probes to
detect virus sequence signals in a metagenomicleatafaset. Finally, Chapter VI
shows how the bioinformatic pipeline can be usedHe detection of unknown viruses
by using general probes.
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CHAPTER |

INTRODUCTION

Metagenomics is the study of genomic content ajraraunity of organisms. It has been
enabled by Next Generation Sequencing (NGS), ihvhundreds of thousands of short
sequences can be obtained from a given sampleiciogta mixture of organisms. Since
obtaining a pure culture of a microbe is no longecessary, sequence information has been
found for several previously uncharacterized orgiausi including viruses (Breitbaat al, 2002;
Edwards & Rohwer, 2005; Kristensehal, 2010; Minotet al, 2011; Rodriguez-Britet al,

2010; Rosariet al, 2009; Suttle, 2005; Wreet al, 2006). Thus, metagenomics is a useful tool

to characterize an environment and the organisonsdfavithin that environment.

NGS studies have illuminated the microbial ecologgpecific environments, including
ocean water, bilge water, grassland preserveswaker, soil, human gut flora, and many others
(Adamset al, 2009; Breitbaret al, 2003; Breitbaret al, 2002; Cox-Fosteet al, 2007; Daniel,

2005; Rosariet al, 2009; Wreret al, 2006).



These genetic “fishing expeditions” have addressady of the basic questions about the
ecology of the environment studied, such as whgdrdsms are present, at what abundance, and
where they are located. Many of these studies ledehe presence of many previously
uncharacterized viruses (Minet al, 2011; Rodriguez-Britet al, 2010; Suttle, 2005; Wrest

al., 2006).

These surveys also bring to light questions andsddout the role of viruses in their
environments. Some suggest that marine virusedyssapve as genetic reservoirs for the
community (Kristenseet al, 2010), others remind us that not all virusesaatagonistic, but can
act as mutualists (Marquez al, 2007). A large number of viruses can be founasiymptomatic
plants (Muthukumaet al, 2009; Ooiet al, 1997; Robertson, 2005). Does this mean that these
viruses are simply associated with their hosts Vitifle to no interaction between them, or are

they a source for emergent diseases?

Viruses have been known to jump from one host titear, often causing different, more
severe symptoms. The most famous case of a vigtljlnmp is the Chimp-Human jump of
Human immunodeficiency vir&aoet al, 1999). This phenomenon is not limited to animal
viruses, as several plant viruses have been knowridct a wide variety of hosts, causing
different symptoms (Cropley, 1968; Holmes, 19486jisTact, taken with the movement of
viruses, which has been expedited due to the niabaldrade of plant material and food stuffs,
has created a scenario in which viruses are exgoseglethora of hosts, any one of which they
may infect causing vast economic damage. In théedr$tates alone, 65% of loss of crops is due
to exotic or foreign pathogens (Pimentel, 1993)ileviine United States exports more food than
it imports (USBC, 2012) and is not in eminent darafdood shortages, developing nations are
threatened by this problem (Godfraeyal, 2010). The majority of the world’s population gith
is centered in these developing nations (Bonga20G9). The increased detection of viruses and

curbing of their movement could lead to a decr@as®th crop loss and hunger in the world.



In 2005 the Plant Virus Ecology and Biodiversitpject began to explore the Tallgrass
Prairie Preserve in northeastern Oklahoma foriitss\biodiversity. In this survey, hundreds of
distinct virus strains were discovered, the majasitwhich had not been described previously
(Muthukumaret al, 2009). One of these strains shared high sequsemil@rity with the
Tobamaovirugamily of single-stranded RNA (Stoble¢ al, 2012), which includes the
tobamovirudPassionfruit mosaic virug.obamoviruses are relatively ubiquitous singlerstesl
positive stranded RNA viruses widely studied indeeaic and agriculture settings, and the
tobamovirus found in the Tallgrass Prairie Presé&\mit one of many tobamoviruses that have
been discovered and characterized over the paatdéédkinset al, 2003; Adkinset al, 2007;

Min et al, 2006; Songpt al, 2006; Song & Ryu, 2011).

Codivergence is a process of evolution in which &gsociated organisms speciate
concurrently. Codivergence differs from coevolutinrthat selective pressures that the organisms
exert on each other do not contribute to the spieniaSeveral virus families, such as the
mastreviruses (Wat al, 2008), may have codiverged alongside their hiasitp. The
tobamovirus family members may have codiverged thighr respective host plants based on
similarities between the virus and host phylogeneées (Gibbs, 1980; 1999; Gibéisal, 2010;
Larteyet al, 1996). The tobamoviruses have been separate@ gubgroups based on their
phylogenetic tree (Lartegt al, 1996). Members of each subgroup share susceptisteorders.
For example, members of subgroup 1 infect astvitie those that are in subgroup 2 infect
rosids. This congruency of trees suggests codinvergeand therefore would place the origin of
tobamoviruses at the same time as the astrid/spdiigi 100 million years ago. The substitution
rate of the tobamoviruses, assuming codivergeraebben calculated to be on the order df 10

to 10°.

By sequencing isolates of recent serial passagegekhas isolates from decades old

preserved samples, a substitution rate df\@s calculated (Pagt al, 2010). This substitution



rate agrees with the rate of substitution of ofRNA viruses, and would not allow the possibility
of codivergence, but it is important to note thnas study relied upon the GenBank collection of
tobamovirus sequences, which is biased towardsedrof agricultural significance. The
possibility exists that agricultural crops, witkethlong history of human selection, represents a
different environment than what might be expected natural host/virus relationship. This
discrepancy in substitution rates merits furthaedgtto determine the evolutionary history of this
family of viruses. Since the last examination ofiwergence in the tobamovirus family, several
new species have been discovered and charactdrzaddition, new phylogenetic techniques,

such as those based on Bayesian models, have épleyaed.

Presented in Chapter Il of this thesis is a reweat#on of the codivergence theory within
the tobamoviruses. Tobamovirus genomes were cetldobm GenBank and aligned, and an
analysis using the BEAST software package was pedd. Assuming the split between
supergroups 1 and 2 coincided with the astrid/repld, a substitution rate of £0
substitutions/site/year was calculated. Statistiesting using the BaTS software package shows
that the virus’ hosts are clustered together omptheogenetic tree. These two pieces of
information, the substitution rate and the grouphfosts within clades, gives credence to the

codivergence hypothesis (Stobdteal, 2012).

This re-evaluation would not have been possiblaaut the discovery of several
tobamovirus species over the past decade. Wittnease in use of NGS and surveys in plant
biodiversity, several new virus species have beehvdll continue to be found. A major
bottleneck in these surveys is the bioinformatmcpssing of the sequencing information. With
the decrease in the cost of conventional and renmtion sequencing, there is an increase in
sequencing information. This information is stonedurated databases such as GenBank, which
are, in turn, used in the analysis of sequenciig. ddne large amount of time and computational

power needed to search these curated databasd#fisudty in virus discovery and makes this



use of NGS as a diagnostic tool unreasonable. &urthis is a problem that will continue to
exacerbate itself, as the exponential increasesqnence data per NGS run continue in step with

the exponential growth of the reference databasaB@nk.

Screening for and diagnosis of plant disease drerarly important for agricultural
industries. As there are very few treatment optionplant disease, the best management method
includes early detection and destruction of theatéd plant material. Current diagnostic tools,
such as gPCR or ELISA, are difficult to multiplexchaackt al, 2003). While efforts to create a
microarray diagnostic approach have been madeish@f NGS would provide the diagnostic
community the ability to detect all microbial orggms within a given plant sample, including

viruses, bacteria and eukaryotic pathogens.

Chapters IV and V describe the theory and valigedibthe E-probe Diagnostic Nucleic
acid Assay (EDNA). The step requiring the most timalentifying sequence reads, due to the
sheer size of these databases, is querying cutatablases. For the EDNA pipeline short
pathogen specific sequences (termed e-probeseaigneéd. These e-probes are analogous to
PCR or microarray probes; with the major differebeég that e-probes are not physical
molecules, but are instead a simple string of atara. Continuing the analogy with microarray,
the e-probes will match pathogen sequences witlgrsequencing data, much like microarray
probes will anneal to their target sequences. tht@aa to the species level e-probes, e-probes
were also designed to detect and differentdten pox virugPPV) strains. To validate the
pipeline, total nucleic acid samples of plants étdéel withBean golden mosaic viry(BGMV) or,
separately, 5 isolates of PPV were obtained andesegd using the Roche 454 Jr. platform.
These viruses were chosen for two reasons: firégst the pipelines ability to detect both RNA
and DNA viruses, and second, because they areviaes of economic interest. The EDNA
pipeline performed as well as the “traditional neethin terms of detection, and surpassed the

"traditional method” in terms of speed (2100 tinfiester).



One drawback to the EDNA pipeline is that one nkastw the genome sequence of the
target pathogens before assaying for the pathogé&ismakes searching for new
uncharacterized species and strains difficult. @vay of this work describes our attempts to use
a more generalized probe set, designed originatlafmicroarray platform, to screen NGS

datasets of potentially infected plant material.

In conclusion, this work describes both the needdnd merit of, new virus discovery.
To accommodate this need, a bioinformatic pipglEBNA) was created to assist in parsing the
large amount of sequencing data that is generatedgibiodiversity surveys. EDNA has the
ability to identify target pathogens on a familggesies, and strain level. This feature has
applications not only in assisting researcherdrimswvdiscovery, but also in detection of known

select agents, giving diagnosticians a new poweofullfor screening incoming plant material.
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CHAPTER Il

REVIEW OF THE LITERATURE

Sanger sequencing

Since Fredrick Sanger published his method of serjog by nucleic acid chain
termination (Sangegt al, 1977), the ability to obtain the genetic sequesfan organism has
had many profound effects in all areas of scie®ohster, 2008). Terminating the chain reaction
of a DNA polymeras#vith di-deoxynucleotides created a simple mecharfigsrstopping and
labeling DNA molecules at every position in a gifeagment. This, in combination with
improved electrophoresis techniques, generatedlihigey to completely sequence the genetic
material of an organism. Sanger sequencing wadrthieg force behind the complete
sequencing of the human genome (Coléhsl, 2004; Venteet al, 2001). There have been
several improvements on the traditional Sangeresezing, including the use of capillary

electrophoresis, which increased the number ofesemps processed (Trainor, 1990).
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Over time the need for increased sequencing l¢ietdevelopment of new sequencing
technologies. These technologies, termed eithesMely Parallel Sequencing (MPS), High
Throughput Sequencing (HTS) or Next Generation 8eding (NGS), gave researchers the
ability to sequence hundreds of thousands of saiugneads (short sequence results ranging
from 35 bp to over 1 kbp) in a single procedureeSehnew technologies opened many new and
exciting fields of study, such as metagenomicsyebas giving new techniques and methods for
traditional genetics and gene expression studiesdle, 2008). Several platforms have been
made available since 2005, four of which are exgldibelow.

Roche 454 pyrosequencing

The increased need for sequencing technologie® ldgk release of what is now known
as Roche 454 pyrosequencer in 2005. This techndilagytilized two important features which
allow for the sequencing of several thousand semuegads; emulsion polymerase chain reaction
(emPCR) (Nakanet al, 2003) and pyrosequencing (Elahi & Ronaghi, 2004)obtain copious
amounts of unique strands of DNA to be sequentedptcleic acid is first sheered to a size of
300 to 500 bp and then ligated to an adapter mpae a primer region and an adapter region.
The primer region is paired to an oligonucleotigdhich is covalently bond to a polystyrene bead.
The ligated DNA, PCR reagents, sequencing beadspidare then emulsified, creating several
thousand microreaction vesicles. The ligated DNAdded in such a concentration that
approximately one piece of nucleic acid is pregeeiach microreaction vesicle. PCR is then
performed as usual, resulting in each bead conimimerous copies of a unique, covalently
linked piece of nucleic acid.

The sequencing beads are then washed and packetlpidotiter plate that consists of
several thousand small wells, each packed withgessequencing bead, beads linked with a
luciferase enzyme, a sulfurylase enzyme, and réad@nDNA synthesis. Once in the
sequencing instrument, each of the four types &fRIlé washed sequentially and repeatedly

over the plate. If the dNTP is incorporated inte sequence a pyrophosphate is released and is
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consequently used by the sulfurylase to generate, Avhich is used by the luciferase, generating
photons. The plate is washed and a different di¢Td&lded. A photo detector above the plate
reads the photons and a base call is made fosélgaiencing bead. This process is continued for a
number of cycles, resulting in the sequence ohtldeic acid of each sequencing bead.
lon Torrent

An improvement to the nucleotide addition detattieas seen with the lon Torrent
(Rothberget al, 2011). The sample preparation and amplificatiensamilar to that of the Roche
454 platform. The lon Torrent diverges from the Rod54 by instead of generating photons with
each base addition, each microwell is a hyperseasdn sensor, and as the base is added to the
DNA strand, a hydrogen ion is released and dete@ted method of detection reduces the
overall cost of the sequencing procedure by reduitie amount of reagents needed to generate a
sequencing signal.
lllumina Solexa

Another NGS platform is lllumina Solexa (Bentletyal, 2008). The nucleic acid
preparation is similar to that of the Roche 454fptan, sheering of the DNA, followed by
ligation of an adapter. However, the DNA molecwdes amplified on a surface linked to
oligonucleotides, instead of on sequencing beadwglication of these DNA molecules forms
DNA clusters on the surface with enough densitytliersequencing signal to be read by a
fluorometer. The sequencing signal is generateddshing the plate with all four nucleotides,
each of which is labeled with a unique fluorophaté¢he 3’ end of the nucleotide, effectively
halting synthesis. A fluorescent reading is takea the base for each DNA cluster is called, after
which the fluorescent group is chemically removEtis process is repeated, generating sequence
reads of up to 30 to 250 bp (Quailal, 2012). The sequencing process is then repeatéeideo
opposite strand, giving two sequence reads per DINgter. These two reads are paired together
as they are from the same molecule. These paikdeaals are useful in downstream assembly

and for SNP typing by offering positional inforn@atifrom the two reads.
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Pacific Biosciences

Most platforms require an amplification step, ihigh unique DNA molecules are
amplified in close proximity to one another in arfier the sequencing signal to be strong enough
for detection. Pacific Biosciences uses single maereal time (SMRT) sequencing, which does
not use amplified DNA but rather the original DNAlacule (Eidet al, 2009). The DNA is
placed on a surface covered in small wells calegd-mode waveguides (ZMWSs) (Leveekal,
2003), that are designed to detect only light attbttom of the well. At the bottom of each zero-
wave guide is a single polymerase enzyme that &éas engineered to accept fluorescently
labeled nucleotides while retaining the propentiea wild-type polymerase (Korlac#t al,

2008). The surface is washed with a mixture of uelg fluorophore labeled dNTPs, and as the

bases are incorporated into the sequence the fibore is detected.

Sequencing Errors

Because each platform uses different techniques) is prone to different forms of error.
In using NGS as a diagnostic tool, a sequencing emade either by miscalling bases, or bias in
sequencing can lead to a false negative diagncaticSequencing bias is preferential
amplification of specific nucleic acid moleculesr Example, a GC bias indicates that GC rich
nucleic acids are amplified preferentially and teequenced. Below, several different forms of
error are discussed.

Homo-oligomers

In the Roche 454 and lon Torrent platforms, thiect@®n of homo-oligomers is difficult
(Huseet al, 2007) because of the incorporation of multipledsain a single nucleotide cycle,
which increases the amount of sequencing signiefelight or ion) proportionally up to 3-4
times before diminishing. Given this method of heotigomer base calling, mistakes can be

made in the number of bases added. Improvemenéshiean made in the chemistry by coating
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the sequencing wells with metal to promote moraaligHuseet al, 2007; Voelkerdinget al,
2009).
Base Calling

A miscall of bases can be attributed to two dédfdrsources; the incorporation of the
wrong nucleic acid base into the synthesized strand confusion or difficulty in reading the
sequencing signal. The former is an issue on\sMRT sequencing, as other sequencing
platforms use clonal DNA clusters, diluting anyrgfof a single misincorperation event. The
major source of error for SMRT sequencers is therjporation time is too short to be detected
reliably (Eidet al, 2009). In the Illlumina platform, the major causébase miscalling are
substitution errors that cause the sequence todalbf phase. Efforts have been made to filter the
noise using machine learning (Erlich & Mitra, 2008rdis, 2013). The ability to detect and
correctly attribute the sequencing signal to tle®iporation of a base is entirely dependent on the
instrument. This is only an issue for those seqgugneads which are in low abundance, as the
major method of determining sequence quality iscthresensus sequence made up of many
individual sequencing reads.

Sequencing Bias

The ligation and amplification steps of many aégl platforms permit bias to be
introduced. lllumina platforms have been shownaweeha GC bias in the adapter ligation step
leading to low or no coverage of AT rich regionsaaaienome (Airekt al, 2011). This problem
can cause difficulties in genome sequencing anagegiomic as well as RNA expression
experiments. The use of an alternate ligase haimidimed this bias (Quadt al, 2008).
Generally, sequencing bias is something to be adoidut in cases where target pathogens are
GC rich, using the sequencing bias to increasdtsatysis a possibility.
Read length

Due to the chemistries involved in each of thauseging platforms, the average read

lengths differ greatly from platform to platformhé&se average read lengths range from 150 bp
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reads for the lllumina platform to 1.5 kbp for tRacific Biosciences platform, with the lon
torrent and Roche 454 platforms at 200 bp and 40@spectively. While not technically a
sequencing error, longer reads would give a highgral for detecting pathogens, which would
be beneficial for NGS to be used in a diagnostithoe:
Assembly

Before meaningful analysis can be performed on M&3, the sequence reads are
typically assembled into larger contiguous sequeifcentigs). Since the late nineties, dozens of
assembly programs have been developed (Batzaglaly 2002; Chaisson & Pevzner, 2008;
Gnerreet al, 2011; Myerset al, 2000; Simpsort al, 2009; Zerbino & Birney, 2008). While de
novo assembly assists (and is necessary in thenagstity of cases) with the identification of
organisms, it is both computationally and time msige though efforts are being made to reduce
the time needed to assemble sequencing dataefRap2004). The time requirement for
assembly limits the use of NGS as a diagnosticasdhe speed of diagnostic assays is almost as
important as the accuracy or sensitivity. The akbgwf viral genomes is not complicated when
compared to those of prokaryotic and eukaryoti@aoigms, to the higher genome complexity and
repetitive sequences. The ability to find a sigmisthin the raw sequence reads which can lead to
the diagnosis of disease inducing pathogens isubgct of a major portion of this thesis.

Newbler assembler (de novo)

There are several freely available assembly progr&ewbler being one available from
Roche Life Sciences (Chaisson & Pevzner, 2008).&wnatches reads by using a default of
16 base seeds, and extending to find a maximalhm@iece large contigs are found, a contig
map is generated, linking contigs that share reagaired end reads. These maps may link
several contigs together (i.e. contig A and B botp to the 5’ end of contig C) and require the
map to be collapsed to its simplest form. Whileeagsly of a draft genome is useful in
identifying new and novel microbes, it is a botdek within a bioinformatic pipeline, slowing the

analysis and thus delaying any diagnostic calletonade.
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Mapping assembly

Another form of assembly is to map the sequen@ags or contigs onto a previously
assembled genome. The difficulty here is that oastknow which genome (or genomes) is
present before any mapping can occur. It woulddreeficial to have this type of assembly done
after a diagnostic call is made for two reasonstfFtonfirmation of the diagnostic call, and
second, to continue with any downstream analyssle@, such as SNP typing or phylogenetic

analysis for forensic purposes (Iqledlal, 2012).

Metagenomics

With new sequencing technologies, questions canbr@answered that were impossible
(or impractical) to answer previously. Metagenomihe study of the genomic makeup of select
ecosystems, has been used as a tool for deterntfrerigodiversity (Breitbaret al, 2002;
Daniel, 2005; Gillet al, 2006; Harrison, 1981; Wrest al, 2006), gene expression (Frias-Lopez
et al, 2008; Uchiyamat al, 2004), and gene interaction within a given envinent (Ezenwat
al., 2006; Harrison, 1981; Schwastal, 2012; Singtet al, 2004; Websteet al, 2007).
Looking at not only a single organism, but all lné brganisms within a given sample gives
insights into how these microbes interact withitim@ighbors (Singlet al, 2004). Gene
interactions among and between organisms are iandidctors in ecosystems. In many cases,
these microbes cannot be cultured, making thesaespdifficult to identify, let alone
characterize (Schloss & Handelsman, 2005a). Feriaéning biodiversity of prokaryotic
microbes, the 16S RNA may be targeted (W&trdl, 1990), while internal transcribed spacer
(ITS) regions may be used for eukaryotic microlsesh as fungi (Gardes & Bruns, 1993; Gréaser

et al, 1999; Nilssoret al, 2009). This practice has become common and daes@urces are
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available to assist researchers with microbial sgg\(Ashelforcet al, 2002; DeSantist al,

2006; Schloss & Handelsman, 2005b; Schitsa, 2009).

Viruses are genetically diverse compared to oteBular organisms in nature
(Baltimore, 1971; Koonin, 1991; Koonét al, 2006) and no single gene can be targeted for such
surveys. Instead one must either purify virus-pleticles (Melcheet al, 2008), or be selective
in the nucleic acid extraction (such as purifyirmgble-stranded RNA (Roossinek al, 2010),
targeting small RNA resulting from plant infectimiguses, or rolling circle amplification (RCA)
(Deanet al, 2001)). Efforts to catalog virus biodiversity leataken multiple approaches, often
relying on more than one extraction procedure (Bagtet al, 2002; Wreret al, 2006). Each
method has its own biases; for example, purifyimgselike particles is arguably the best method
to obtain all types of viruses within a given samiiut even this method fails to capture viral
genomes that have either failed to or have notalsieel into a virion. Small RNA sequencing
can miss viruses that are particularly adept apsagsion of silencing, and not all viruses produce

viable levels of dsRNA.

Virus discovery

Since the discovery of “filterable agents” in 18&2ijerinck, 1898), viruses have been
an intriguing class of microbes which has been dounfecting nearly every form of life on this
planet. In every type of environment where life barfound, there also seems to be one or more
viruses in the ecosystem. Our knowledge of whaisés exist is skewed to those that affect us
medically, socially, or economically, but as ongibs to look beyond those agents that cause
disease, one can find that there are a plethanalafown viruses in the world (Suttle, 2005).
Metagenomic surveys have cataloged the virus béodity of several environments, including
marine samples from multiple oceans, human guaflbee hives, bilge water, and plant samples

from various regions (Anglgt al, 2006; Breitbaret al, 2003; Cox-Fosteet al, 2007; Daniel,
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2005; Delwart, 2007; Gikt al, 2006; Kristenseet al, 2010; Minotet al, 2011; Wreret al,
2006). In each of these surveys, novel viruse$oanad. It is very likely that these viromes are an
integral part of the ecosystems ofwhich they arebers, but before questions of how these

populations interact with their environment it ecessary to know what viruses are present.

It is difficult to use presence of symptoms asrttegor method of cataloging the virus
biodiversity of a given area. Methods used for cktg and identifying viruses can be
generalized into two categories: nucleic-acid basetiprotein based. Protein based assays, such
as enzyme-linked immunosorbent assay (ELISA), Blpiaise antibodies specific for a viral
protein (Hambliret al, 1986). Because of this, it is difficult to mulég protein based assays,
which in turn leads to an increase in the amouméafents as well as time needed to make the
identification. Family specific antibodies have bewade in the case of viruses (Hammond,
1991). Attempts to use proteomics to detect andtifyemicrobes have been made (Coogtal,
2003), but the technology was used primarily talgtine physiology of viruses (Alfonsa al,

2004; Baa%t al, 2006; Zhengpt al, 2008).

Nucleic acid based assays

Differential centrifugation

One method of purifying viral nucleic acid fromdt@r other nucleic acid is using either
a cesium gradient to isolate virus particles (Yami@met al, 1970), or ultra-centrifugation to
obtain a pellet containing virus particles (Scb@63), after which the nucleic acid in the virus
fraction is amplified (Melcheet al, 2008). This method does not discriminate or $dtecany
particular type of virus, though viral nucleic atidit has not been packaged into a virion will be

missed, as will viroid nucleic acid.

Polymerase Chain Reactions
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As the name implies, nucleic acid based tests, aachicroarrays or PCR, rely on the
presence of pathogen (virus) specific nucleic aemguences to determine the presence of the
organism (Thomson & Dietzgen, 1995). Specific PGRags are difficult to multiplex
(Henegariwet al, 1997) and are used mostly for strain differeigia{Cebulaet al, 1995;
Mahonyet al, 2007; Oliveira & de Lencastre, 2002; Paton & Rat®98). In diagnostic settings
guantitative real time PCR (g-PCR) assays can bé tastest quickly for the presence of virus
nucleic acid (Kimuraet al, 1999; Kuyper®t al, 2006; Schaad & Frederick, 2002; Spackratin
al., 2002). g-PCR reactions use either fluorescerns dygrobes to track the amplification of
nucleic acids cycle by cycle, and as the fluoredaesample rises above a set threshold (such as
10 standard deviations above the background fleejdbe sample is called positive (Schaad &
Frederick, 2002). g-PCRs have been shown to detettic acid at picogram/ul concentrations
(Arif & Ochoa-Corona, 2012). g-PCRs also have thiétg to quickly detect RNA viruses by
including a reverse transpiration step in the cpectegram (Spackmaet al, 2002). In terms of
diagnostics, PCR assays rely on the sequence styndéthe primers and probes to determine

presence of a pathogen. In most cases, the numbseguences tested for are three or less.

Whole Genome/Transcriptome Amplification (WGA/WTA)

In many cases, a sample’s extracted nucleic actla concentration too low to be used
in NGS. By using random primers for amplifying @itiDNA or transcribing RNA to cDNA, one
is able to generate large amounts of nucleic &ieb(ng & Nelson, 1996). Adding another round
of amplification adds more bias, as random princerdd bind preferentially (Mardis, 2013). In
addition to sequencing bias, additional roundsnapleication add even more errors due to error
prone polymerase. The sequencing errors due tafgapbn can be mitigated by the use of high
fidelity polymerase (Lahr & Katz, 2009). By itse#WGA/WTA does not differentiate virus from
host nucleic acid, it is merely a method of inchegshe amount of the total nucleic acid

extracted from a sample.
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Double stranded RNA preparation

A large pecentage of plant viruses are either ostbanded RNA (dsRNA) or single
stranded (both plus and minus strands in theirg&bn) (Roossinclet al, 2010). Three decades
ago, this fact was capitalized upon by selectimgfal purifying the dsRNA from a plant sample
(Doddset al, 1984). The process is essentially a phenol/cfdomextraction with a cellulose
column, but centrifuge at low speeds for a sharet{i.e. 200 rpm for 30 seconds). This
procedure has been modified to accept tissues, difierent plant species, that contain
substances able to disrupt the extraction proses$, as phenolics. The purified dsRNA can then

be used as a template in a reverse transcriptamtioa to obtain cDNA for sequencing.

Rolling Circle Amplification

Much as dsRNA extraction selects for RNA viruge#ling circle amplification (RCA)
selects for circular DNA viruses, such as the genmimses. This method of amplification utilizes
the PhiX29 polymerase, which displaces the 5’ rfldMA (Deanet al, 2001). The displaced
strand then becomes the template for another poageeleading to the rapid amplification of
any circular DNA in the extract. If the virus oftémest is known, an additional step of digestion
with a restriction enzyme which only cuts oncehia virus genome can be used. The resulting

fragment should be the exact length of the virusogee, and can be gel purified.

Suppressive Subtractive Hybridization

An additional method for purifying and enrichinigus nucleic acid is to remove non-
virus nucleic acid by suppressive subtractive Hdibation (SSH) (Diatchenket al, 1996).
While SSH is used typically to discover differefiji@xpressed genes (H al, 2005; Muniret

al., 2004; Patzwahdt al, 2001), the method has used for comparison ofnttagenomic
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samples (Galbraitht al, 2004) and could be used for enrichment of pathiogaucleic acid.

This method of enrichment uses two separate pdaolaaeic acids, a tester and a driver. The
testers are separated into two pools and eacigated with a separate adapter primers. The two
pools are hybridized with an excess of the drivaml presulting in six possible DNA molecules:
1) tester homohybrid (primer A with primer A or mer B with primer B, 2) tester-driver hybrid,
3) driver hybrid, 4) single stranded driver, 5)gdenstranded tester and 6) tester-tester
heterohybribs. An amplification step using bothhgt A and primer B will result in exponential
amplification of the tester-tester hybrids, butyolithear or no amplification for the other
combinations. DNA extraction from healthy hosstis will yield the host DNA, mitochondrial
(and plastid in the case of plants) DNA, and anyAOhdm microbes associated with that host.
While subtractive hybridization does remove muclthefhost and other non-viral nucleic acids,
it can also remove virus nucleic acids due to creastivity. The ligation and amplification steps
included in this method compounds both sequendigdnd error, though as mentioned before,
use of high fidelity polymerase may help offsetsh@rrors. A similar process can be used to
remove rRNA from a DNA sample, reducing the hogusmce background even further

(Sooknanaret al, 2010).

Microarrays

Microarrays have been used for the diagnosis &udichination of several virus families
(Baxi et al, 2006; Boriskiret al, 2004; Hadideet al, 2004; Wanget al, 2002). The ability to use
the multiplexing ability to assay several virusesutaneously has been beneficial in the
identification of several animal and plant virusige. The probes used in this microarray assays
are designed to either be specific or general ipéar differentiation of closely related species
or strains (Wangt al, 2002). General probes are designed to be dederserd able to detect

viruses of a single genus or family.
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Food Safety and Biosecurity

The U.S. import and export trade of agriculturedurcts contributed over 21 billion
dollars to the GDP (82 billion in exports and 6Mlidm in imports) (USBC, 2012), reflecting the
mass globalization of trade, which has led to thifi@al spread of several tons of plant material
(USBC, 2012). It comes as no surprise that as thement and trade of plant material increases,
so too does the introduction of several exotic ftethogens increase (Pimengehl, 2005).

These exotic plant pathogens contribute to almesithirds (65%) of loss of crop due to plant
pathogens (Pimentel, 1993). Imported agricultucapcts need to be screened to reduce the
introduction of these pathogens. In 2012, 62 millwetric tons of agriculture products were
imported into the U.S. (USBC, 2012), of this on% Was screened visually, and a percentage of
visually screened material is further tested fahpgens (Barrionuevo, 2007). Currently, the
primary methods of screening include ELISA and gP&Rwell as quarantine of plant
germplasm. Using metagenomic detection methodsezhuce the number of assays required to
be performed in order to test for all select agehtsitionally, a metagenomic approach to

detection will give sequencing information of pagkas of interest which are not select agents.

In addition to the natural introduction of plgrathogens, there is a possibility of the
intentional introduction of plant pathogens withlitiaus intent. The concept of agro-terrorism
has been dismissed by some (Yoan@l, 2008), but bioweapons programs which have focused
on plant pathogens were active in at least fiventries, the United States (Whitby, 2002), France
(Lepick, 1945), Iraq (Whitby & Rogers, 1997), tlmerher Soviet Union (Alibek, 1999), and
Japan (Rogerst al, 1999). In addition Islamic militants have showterest in the

weaponization of wheat rust (Fletchetral, 2006). The goal of terrorism is to disrupt theywsé
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life of the target. A threat to the food supplyaohation has been shown to cause a lowered
confidence in the government, damage to a counsigésmomy and in some cases even riots in
the populous (Stackt al, 2010). Even if the critics of agroterrorism acgrect, the need to
quickly and easily detect select agents in impoated exported food stuffs would limit the
movement of harmful pathogens, while simultaneoaslyng as a deterrent for any form of

malicious intentional introduction of pathogens.

Pathogens of Interest

For the work presented herein, three virus grotifgstobamoviruses, begomoviruses,
and potyviruses, were chosen for a variety of neasbhe discovery of Passionfruit mosaic
tobamovirus (PaMV) in the Tallgrass Prairie Presded to a reexamination of the evolutionary
history of this virus genus. Bean golden mosaias/{iBGMV) and Plum pox virus (PPV) are
pathogens of significant economic importance. R teason these pathogens were chosen as
targets in the development and validation of artfi@imatic pipeline to detect and diagnosis

pathogens in a metagenomic sample. Each virussigitbed in depth below.

Tobamoviruses

Tobamoviruses, a member of the Virgaviridae fapiiya postive sense single-stranded
RNA virus. The genome consists of four open reattiagnes (ORFs) of which ORF 2 contains a
read through stop codon leading to the expresdiarRINA dependent RNA polymerase. ORFs
1, 3 and 4 encode for a methyltransferase/helicaseement and coat protein respectively. Of

these, only ORF 1, 2 and 3 are necessary for mavelnedween cells.

Tobamoviruses are transmitted via mechanical iladiom and infect a wide variety of
hosts ranging from cacti to hibiscus. The majougs(sometimes referred to as subgroups)
infect solanaecous plants, cucurbits, and brasélieateyet al, 1996). The grouping of viruses

coinciding with their hosts suggests that they imaye codiverged with their hosts. Codivergence
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is similar to co-evolution, with the difference gédnetic drift being the major determinant of
speciation. Other viruses, such as the Mastrewsr(QAkiet al, 2008), and the Polyomaviruses

(Perez-Losadat al, 2006) may also have codiverged with their hosts.

Begomoviruses

Bean golden mosaic vir{fBGMV) is a member of the familgeminiviridae The
genome of BGMV is split between two circular singteanded DNA molecules (termed DNA A
and DNA B). Like most begomoviruses, BGMYV is bijitartwhile there are examples of
monopartite begomoviruses, which lack DNA B whild®A contains a copy of a movement
protein which allows the virus to be spread witaiplant. Both DNA A and DNA B contain a
constant region, which forms a stem loop structung is thought to be the origin of replication
for both genomes. The replicase gene is locatddNh A, and the resulting protein is
responsible for rolling circle amplification of tlygenome, while the hosts DNA polymerase is
responsible for DNA replication (Gutierrez, 1998Bhis life cycle means that BGMV sequences
exist as both DNA and RNA, an important feature nveelecting a nucleic acid extraction

procedure for detection.

Begomoviruses are carried by their vector, a \ligitBemisia tabacilnterestinglyB.
tabaciis a cryptic species comprised of several diffebeotypes (Browret al, 1995) that differ
mostly in protein expression and behavior, thoud@momgenetic polymorphisms have been
documented (Cerveset al, 2000). The introduction of a biotype foreign tortthh America has
almost completely displaced the native biotype Agi@et al, 1993). This evidence that while
BGMV is currently only found in South America, thessibility of the introduction of this
pathogen to the U.S. Efforts have been made tougeod resistant variety &haseolus vulgaris

(Bonfim et al, 2007).
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Potyviruses

A major concern for growers in the state of Petvagya and New York i®lum pox
virus (PPV), the causal agent of Sharka (Atanassov,)1832V is a member of the potyviridae
family, and as such has a single-stranded positmse RNA genome that encodes a single poly-
protein, which, after translation, self cleave®itegn separate proteins (Maedsal, 1989). The
HC-Pro gene assists in the transmission of PP\fsghid vector. The economic impact of PPV
is vast, as the virus causes 80-100% fruit dragréas where PPV is found, leading to 6.4 million
dollars of loss in the U.S. alone (Camktaal, 2006). Understandably, PPV is a concern for
stone fruit growers. No treatment is currently &lze; so the most effective method of

prevention is early detection and eradication efitffected plants.

There are 7 different strains of PPV; PPV-C irdaatierries (Nemchinov & Hadidi,
1996), PPV-D and PPV-M infect peach, plum and apriePV-EA is currently limited to Egypt
(Matic et al, 2011), PPV-W originated in Canada (Stokbal, 2005), and PPV-T is a recently
described recombinant (Sergeal, 2009). The seventh strain, PPV-Rec (Recombingtism
commonly found recombinant of PPV-D and PPV-M, with 5’ end of the genome coming from
PPV-D, and the remainder from PPV-M (Glagaal, 2005). These strains are genetically

distinct, infect different hosts, and are transedttvith different efficiencies.
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CHAPTER IlI

CO-DIVERGENCE AND HOST-SWITCHING IN THE EVOLUTION B TOBAMOVIRUSES

Summary

The proposed phylogenetic structure of the gentmaimovirus supports the idea that
these viruses have codiverged with their hostsesiadiation of the hosts from a common
ancestor. The determinations of genome sequente&dostrains ofPassionfruit mosaic virus
(PafMV), a tobamovirus from plants of the familgdRifloraceae (order Malpighiales) from
which only one other tobamoviruslaracuja mosaic virusMarMV) had been characterized,
combined with the development of Bayesian analysthods for phylogenetic inference,
provided an opportunity to reassess the codiverybgpothesis. The sequence of one PafMV
strain, PafMV-TGP, was discovered during a survigglants of the Tallgrass Prairie Preserve for
their virus content. Its nucleotides are only 7i8®mntical to those of MarMV. A conserved,
open reading frame not found in other tobamovimisognes, and encoding a cysteine-rich
protein, was found in MarMV and both PafMV straiR&ylogenetic tree construction, using an
alignment of the nucleotide sequences of PafMV-BG& other tobamoviruses, resulted in a

major clade containing isolates exclusively fromidglants. Asterid-derived viruses were
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found exclusively in a second major clade that atsttained an orchid-derived tobamovirus and
tobamoviruses infecting plants of the order Bradsi With a few exceptions, calibrating the
virus tree with dates of host divergence at twagoiesulted in predictions of divergence times
of family-specific tobamovirus clades that were sistent with the times of divergence of the

host plant orders.

Introduction

Hallmark virus genes are those whose relativesearecognized in a wide variety of
virus genomes but are not found in any host orgagisnome (Kooniet al, 2006). Their
recognition suggests that viruses have existec sifecbegan. Recent work finding insertions of
virus sequences in multiple mammalian genomes {B¢lgl, 2010) supports the antiquity of
viruses, and suggests the presence of viruseasit48-50 million years ago (mya). Consistent
with an ancient origin of viruses, the species g of angiosperm viruses may have arisen
largely during long association of viruses and siotring the angiosperms' divergence and
proliferation. Such diversification is designateddivergence” to emphasize a lesser role of
selection in the process. The angiosperm virusigi@ombamovirus of the family Virgaviridae
(Adamset al, 2009) has been proposed to have evolved by capinmee (Gibbs, 1980, 1999;

Larteyet al, 1996).

The type member of the genus Tobamovirus (FaugfLedt, 2005),Tobacco mosaic virus
(TMV), figured prominently in the recognition ofdtexistence of filterable infectious agents now
called viruses (Schothet al, 1999). The TMV genome consists of a positive-sessgle-
stranded RNA (ssRNA) molecule of 6.4 knt that iska@ed in a non-enveloped rod-shaped coat
approximately 300 nm in length. Particle preparaialso contain shorter rods, corresponding to
encapsidated subgenomic RNAs that contain the waiigin of assembly (Fukudzt al, 1981).

The TMV genome has four open reading frames (ORIfg)pding a 126 kDa replicase
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component that has methyl-transferase (MT), hedi¢biel) and RNA silencing suppressor
domains (Vogleet al, 2007), a 183 kDa protein which is a read-thropgiduct of the 126 kDa
protein ORF and has an additional RNA-dependent RNljkmerase (RdARp) domain, a
movement protein (MP), and a coat protein (CP).(EjgThe 126 kDa and/or the 183 kDa

protein and the MP are necessary for TMV interd¢atlmovement (Harriest al,, 2009).

Codivergence of tobamovirus lineages with thoseheir hosts is suggested by
apparently slow rates of sequence change andrtiase of phylogenetic trees based on both
nucleotide and amino acid sequences. Severaldinegdence support a slow rate of
accumulation of nucleotide substitutions withinaps of the tobamoviruses. The initial
sequence determination of the TMV genome was peddrin two laboratories (Dawsen al,
1986; Goelett al, 1982) on samples that had been propagated selyaratobacco for 30 years
and yet they yielded virtually identical sequen&squence comparisons of archiVabacco
mild green mosaic virusSTMGMV) specimens from wildNicotiana glaucacovering a span of

close to 100 years showed little evidence of dieeog at this time scale (Fradeal, 1997).

Phylogenetic evidence showing clustering accortirngost taxonomy also supports the
codivergence hypothesis for tobamovirus speciésallisupport was obtained from a comparison
of CP amino acid sequences of known tobamoviruséshé, 1980) and was extended by a
comparison of nucleotide sequences of each codgigm (Gibbs, 1999; Lartest al, 1996).

Where distinct virus species have been isolated frembers of the same plant order
(Cucurbitales, Malvales, Fabales, Solanales, Brakesi and Lamiales), almost invariably their
sequences have clustered on the same branchifahphylogenetic trees (Gibbs, 1999; Lartey
et al, 1996; Minet al, 2009). For the Cucurbitales, Malvales and Fahdhe branches do not
contain viruses isolated from other plant ordelisudés of Brassicales and Lamiales co-habit the
same branch, designated subgroup Il (Laetegl, 1996) to distinguish it from the branch

associated with plants of the Solanales (subgrpapd other tobamoviruses (subgroup 1l). A
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virus isolated from orchids has one genome pottiah branches with the viruses from Solanales
members and another that is found on the Brassitalmiales branch, suggesting it is a
recombinant (Lartegt al, 1996). Comparative sequence analysis also reytade all lineages

of tobamoviruses except that of the recombinardratvirus had impressively uniform rates of
sequence evolution, consistent with genetic driftimally influenced by selective events.
Patterns of codivergence of other virus speciels thi species of their hosts have been identified
(Perez-Losadat al, 2006). Cases of codivergence generally suggestoiide substitution rates

in the vicinity of 10° substitutions/site/year (Gibles al, 2010).

The availability of nucleotide sequences from nuwuserdated isolates of single virus
species combined with the development of Bayedmgtogenetic analysis has allowed
estimation of the rates of nucleotide substitutioa diversity of virus species (Duffy & Holmes,
2008; Fargettet al, 2008; Kanget al, 2009; Moore & Donoghue, 2009; Perez-Losatal,
2006; Ramsdeat al, 2008). The calculated substitution rates arelaimm mutation rates
estimated experimentally by analysis of progenynfdants inoculated with cloned sequences.
The rates are in the range of°1id 10° substitutions/site/year (Duffy & Holmes, 2008; §ette
et al, 2008). Extrapolation of such rates linearly owee to represent the evolution of species
led to the conclusion that current virus taxa aresently rather than having codiverged with
their hosts. Recently, Bayesian analysis has brtamded to selected individual species of the
genus Tobamovirus and identified a similarly highgtitution rate (Pagéet al, 2010) for those
species. A similarly high rate of evolution foethirus species in the genus, extrapolated from

that analysis, would be inconsistent with the cedyence hypothesis.

Plants of the family Passifloraceae (order Malifa¢gs) host a variety of viruses,
including the tobamovirusédaracuja mosaic virugMarMV) (Songet al, 2006) and
Passionfruit mosaic viruPafMV) (Song & Ryu, 2011). An isolate of thetéat(PafMV-FL,

NC_015552) was thought originally to be a straifairMV, MarMV-FL. While this
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manuscript was in preparation, its sequence wastegp(Song & Ryu, 2011), revealing that the
virus is a distinct species in the genus Tobamewvamd proposing theassionfruit mosaic virus
name. The Plant Virus Biodiversity and Ecology BB) project focused on determining the
distribution of plant viruses in close to 600 natiw non-crop plant species in the Tallgrass
Prairie Preserve of Osage Co., Oklahoma (TGP) tir@equence analysis (Wrenal, 2006).
One sequence identified in the study apparentlyfreas a virus strain of PafMV, which we refer
to here as PafMV-TGP. Characterization of the R&NMsP genome revealed a novel,
conserved C-rich ORF of unknown function also foim@afMV-FL and MarMV. The
availability of these new tobamovirus genomes cediplith those of other newly sequenced
tobamovirus genomes (M&t al, 2006; Srinivasast al, 2005) allowed a new examination of

the codivergence hypothesis for tobamoviruses.

Results

PafMV-TGP

In the PVBE project, viral sequences in plant extravere enriched by either isolation of
double-stranded RNA (dsRNA) or the preparationinfstlike particles (VLP) prior to nucleic
acid extraction (producing VLP-VNA; see Method8oth approaches to identifying viral
sequences in plant extracts yielded unequivocatiiisation of two plants with evidence of the
presence of a member of the gefiobamovirusOne plant, 05TGP00580 (sampled on 24 July,
2005 from 36.848N, 96.420 W), the only sample of theassiflora incarnataspecies analyzed,
produced a high percentage of tobamovirus sequeacks in both methods (VLP-VNA, 85.2%
of 2,931 reads; dsRNA, 66.0% of 280 reads). Thero/TGP00004 (sampled on 8 June, 2007
from 36.838° N, 96.443 W), was a sample dfernonia baldwiniirepresented by 0.7% of 597

reads.
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Sequences obtained (SuppFilel) were sufficientlyndbnt to allow assembly of 6696 nt
into one large contig, missing only short sequerfle=ss than 100 nt) at the 5’- and 3’ ends,
probably including the first 11 codons of the 5’sh®RF. The high percentages of nucleotide
and predicted amino acid identity for PafMV-TGP gared to PafMV-FL (Table 1) clearly
identified the two strains as belonging to the sapecies. Among known tobamovirus genomes,
the next closest known relative of the sequencethatof MarMV, exhibiting 72.7 % nucleotide
sequence identity. The PafMV-TGP genome (Fig.oht&ins similar ORFs in an order similar to
that of other members of the tobamovirus genuswiithtthe following notable differences. A
stretch of 374 nt separates the 185 kDa ORF tetmmmaodon from the MP initiation codon.
The 185K ORF termination codon is followed, stagtfour nts 3' of it, by an ORF of 594 nt. It
thus overlaps the MP ORF out of frame for 220 hisTORF is present also in the PafMV-FL
and MarMV genomes although it was not describati@épublished reports (Song et. al., 2006;
Song and Ryu, 2011) and is not annotated in GenBrk ORF can encode a hypothetical
cysteine-rich protein located between nucleotid@lmer 4809 and 5403. In a BLASTp search of
protein sequences, the amino acid sequence of¢lected product of the ORF lacked similarity
to proteins of characterized functions. Conservatibthis ORF in both PafMV strains and
MarMV suggests that it is a functional ORF. TheNP#fTGP and MarMV MP regions overlap
with the CP regions in a different frame for 118similar to the overlap previously noted for
crucifer-associated tobamoviruses (Larewl, 1996). The overlap regions involving each of the
last three coding regions perhaps account for igifeeh percent nucleotide identity for these
regions (Table 1). Of 6,098 PafMV-TGP positionsered by more than one contig or singleton
read, only 29 (0.5%) exhibited evidence of polynmsm. Of those 29, only two were
informatively polymorphic (Suppfile2: Table 1).h& highest densities of polymorphic positions
were in the ORF for the putative cysteine-rich pelgtide and the C-terminal part of the

movement protein, 8.4 and 7.5 polymorphisms penkitleotide, respectively, compared to 3.1,
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3.2, and 3.7 polymorphisms per kilonucleotide, eesipely, for the MT-Hel domain, the RdRp

domain and the CP ORF.

Phylogenetics

A Bayesian likelihood tree of the replicase (MT/HREIRp) ORFs of the tobamoviruses
(Fig. 2A) clearly defined clades containing the ligles-, Solanales-, Fabales-, Malvales- and
Cucurbitales- associated lineages. This definivas obtained also by maximum likelihood
analysis (data not shown). The asterid Lamiales@ated clade, corresponding to subgroup |,
also included viruses associated with the astetimhies and the rosid Brassicales orders.
Viruses infecting plants of these orders were sgiersed in the topology of the subgroup Il
clade. The Solanales-associated clade, corresgptalsubgroup I, includeBehmannia mosaic
virus (ReMV), a close relative of TMV whose host is amber of the Lamiales. At a deeper
level, subgroup | and subgroup Il clades clustéoggther separately from subgroup Il viruses.
The subgroup I-Ill branch was subtended by oneaioimy a single member clade consisting of
Cactus mild mottle virueCMMoV, host order Caryophyllales), while the atlsengle member
clade, that offrangipani mosaic virugFrMV, host order Gentianales of the asterid cjade
appeared basal to the subgroup Il clade. Howélvergonfidence intervals were such that the
two single member clades and all order-specifigsoip || branches may have originated at
about the same time. Among these branches, PafMR -djipeared as sister to MarMV in a
Malpighiales-associated branch. The MT/Hel ORF gatree identical in topology and similar in
proportions to that generated for the replicase GRFexpected, due to the latter being a
continuation of the MT/Hel ORF (Fig. 1). Greaterigtion was seen in the MP and CP trees,
most likely due to the shorter length of their ORIRsl greater heterogeneity in their evolutionary

rates as shown below.
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Dating

If the substitution rate remains constant througttlog history of a gene, the gene can be
said to be clock-like and can be used to extrapalates of divergence. The potential clock-like
nature of the substitutions within the tobamovi@RFs was addressed by examining the
ucld.stdev parameter of BEAST (standard deviatioth@ relaxed substitution clock rates; Table
2). This parameter reflects the rate heterogeméitlye lineages. When ucld.stdev >1, the
heterogeneity in rates is high; when ucld.stdey rates are perfectly clock-like. The ucld.stdev
of the nucleotides in the four ORFs ranged fron®8.@ 0.477, with the RdARp ORF being the

most clock-like.

If virus clades diverged from each other near traestime that their host orders did, we
would expect a linear correlation between age afitpbrders and virus clade divergence
distances. The ages of seven plant orders (CualgbjtSolanales, Malvales, Malpighiales,
Lamiales, Caryophylales and Fabales) were welketated with the ages of the viral clades
associated with them (Fig. 3A?R 0.795, slope = 0.670). The strong correlatiativated
dating the Bayesian trees, using plant divergestimates (Magallon & Castillo, 2009). We
used a uniform distribution for divergences of psaof the orders Cucurbitales (120.22 — 120.32
mya) and Solanales (77.42 — 77.52 mya) from otibax.t Using these points for calibration did
not change the topology significantly, but improvke correlation coefficient (Fig. 3B7R
0.8921, slope = 0.98). Omitting the Cucurbitaled Solanales from the calculation of correlation
did not change the correlation coefficient sigrifidy (R = 0.8994, slope = 0.96). Estimates of
ages of the nodes of the viral replicase deriverhfthis correlation are given in Table 3. The
data allowed calculation of the divergence resglimrosid- and asterid/Caryophyllales-

associated groups to have occurred approximatély 180 mya.
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Four virus-host order age relationships were austiie the correlation plot (Fig. 3):
orders Asparaginales, Brassicales, Lamiales andiabates. The position of the Asparaginales —
Odontoglossum ringspot virg®RSV) correlation can be attributed to the reciorait nature of
this virus, mentioned above. Also as mentioned/apthe viruses of the Brassicales and Ericales
are in a clade with viruses derived from the LaggaFrMV was extrapolated to have separated

16 mya earlier than the plants of the Gentianalesrged from other asterids.

Where estimatable, crown ages (times since firisteexce of divergence in a lineage) for
virus branches were an average of 27 million ykess than those for the host crown ages (Table
3), except for the order Malvales and their virubes were well within the 95% highest posterior
density. Both Malpighiales-associated virus speuiere isolated from plants of the genus
Passiflora and would therefore be expected to Hassrged later than the radiation of the plant
orders. The substitution rates of each branchrgiing within the interspersed
Lamiales/Brassicales-associated clade showedHhitierogeneity in their calculated rates of

evolution (Supplemental file 4).

BaTS Analysis of Association.

If members of the genus Tobamovirus did codivetgaegside their hosts (a form of
allopatric speciation), an association of the bnamg patterns of the primary natural hosts and
their viruses should be seen (Kitctetral, 2011). To test this, the tips of the posteridrafdrees
found using the above method were labeled withhtst order from which the virus was derived.
This labeled tree set was tested using Bayesiassibpificance (BaTS) software (Parledral,
2008), which tests the association of the primarst land the virus employing three independent
statistical tests, association index, parsimonyesaad maximum monophyletic clade. Both the
association index and parsimony score tests shavetbng association of states within the trees.

The maximum monophyletic clade test showed strasgaation (p < 0.05) of the orders
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Cucurbitales-, Malvales-, Fabales-, and Malpiglsi@esociated viruses (Table 4). Viruses of
subgroup | (Solanales-associated) were less syrasglociated (p < 0.5) likely due to the
inclusion of ReMV, a Lamiales-associated virus. isia using the posterior set of trees (PSTSs)
attained from the CP and MP regions showed subgdrtupave a strong association (p < 0.05).
Gentianales-, Caryophyales-, and Ericales-deriwes&s only had one representative tip and,
because of this, were not able to associate witbrdips. The Lamiales-, and Brassicales-

associated viruses showed no statistical assacifiie 1).

Discussion

Codivergence

Both RNA and DNA viruses have been hypothesizduhiee codiverged with their hosts
(Perez-Losadat al, 2006; Wuet al, 2008). The principal observations supporting eedjence
hypotheses in general are the congruence of vrdbpgenetic tree reconstructions with those of
the host organisms with which the viruses are aatat As the number of characterized
tobamoviruses has increased ( Miral, 2006; Song & Ryu, 2011; Srinivasahal, 2005) the
validity of the generalization that virus phylogéodrees resemble those of their isolation plant
hosts has been strengthened. The present anstlysigly supports a codivergence hypothesis
for tobamoviruses. PafMV was confidently assigred tlade of tobamoviruses associated with
hosts in the Malpighiales (Song & Ryu, 2011; thizrky. In the survey of plants of the TPP, only
a specimen of the genBsaissifloraaccumulated PafMV-TGP to high levels. Plantsrobeder

are most often hosts to a single monophyletic ctddebamoviruses found in that order.

The virus tree (Fig. 2) mirrored the plant speties in most regards. Malvales-,
Cucurbitales-, Fabales-, and Malpighiales-assatieteises each formed monophyletic clades.
All four of their plant orders are rosids and ntead-associated viruses were in the branch that

included these clades, indicating that supra-oadeociation also exists. Two single member
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clades, CMMoV and FrMV, appeared to diverge frormomn ancestors with the rosid clade and
a clade containing all other known asterid-assediatruses. The phylogenetic distances of the
points of divergence of seven of nine order-spedifius clades were significantly correlated

with the ages of the plant orders (Fig. 3B). Thikest branch point within each order-specific
virus clade occurred within 10 million years aftieversification of the order (Table 3). The
splitting of virus lineages following splitting tfie host lineage is consistent with codivergence.
Furthermore, and most importantly, BaTS analysts&t (Table 4) that the virus tree topology
and its association with host taxonomy is highliikety to have resulted from random processes.
Combined, these observations suggest stronglythbatpparent relationship of virus clades with

the phylogeny of their natural hosts reflects apantant evolutionary phenomenon.

Alternatives to Codivergence

Establishment of an evolutionary relationship uhdeeg tree similarity requires four
assumptions. It assumes that a virus species'dfidsitial isolation reflects the hosts in whidh i
spent most of its time evolving. Consistent with assumption, annotations of known natural
hosts of tobamoviruses in the International Conwsifor the Taxonomy of Viruses (2006)
database reveal no taxonomically widespread digtab of natural hosts. In the TGP plant
community, PafMV-TGP was found only twice duringstbtudy. Of about 450 specimens of six
frequently sampled plant species, only one wasfiekly positive for the virus. Of 550 plant
species tested, only two yielded evidence of thesvi TheP. incarnataspecimen had a high
concentration of the tobamovirus with no obviousiptoms of infection, suggesting that it was
the source of the virus found in the other pldatincarnatacuttings may have been transported
to Florida from Arkansas (Hikt al, 1992), the state neighboring that of the PVBHEgta likely
source of PafMV-FL. These observations suggestRaf¥V established a long-term productive
association with one host lineage while still ocitig in plants of other lineages in ways that do

not contribute to evolution of the virus. TGP viegssuch as th&sclepias asymptomatic
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tymovirus(Min et al, 2011) andAsclepias virus TGP-grhapaet al, 2012), a proposed member
of the Secoviridae, were detected at substantialden many host species, although populations
were highest if\sclepias viridis Thus, assuming that the host of initial isolati® an indicator

of the host plant lineage in which tobamoviruseswd is reasonable, but may not be valid for

other viruses.

A second assumption in asserting codivergence l@séee similarity is that
codivergence could be accompanied by occasionakssful infection and establishment in a
plant lineage other than the lineage of originctBspecies jumps may have happened several
times in tobamovirus evolution. Some putative jurapparent in Fig. 2 are not statistically
supportable. The Fabales-associated viruses bedmweith those associated with the
Malpighiales, while the Fabales plant family isulgbt to branch with the Cucurbitales (Magallon
& Castillo, 2009). However, both alternate intetptions (Fabales-associated viruses with
Cucurbitales-associated viruses, or, in the plas, the Fabales with the Malpighiales) are
possible since the node separations were inadefpratenfident placement (within the 95%
confidence limits of the deduced trees). Confiddaeels also mitigate against attaching
significance to the difference in virus and hostrimhing patterns for FrMV and CMMoV. One
incontrovertible exception to absolute tree congoaeis ReMV, a virus of a plant species in the
Lamiales whose closest relative is the Solanalssesasted TMV. Another exception occurs in
the branch of the tree that includes viruses aasatiwith all three asterid orders: those infecting
Ericales, Solanales and Lamiales. The branch haswwbranches. All Solanales-associated
viruses included in the study occur on one sublirgsgbgroup 1), also occupied by ReMV. The
other subbranch (subgroup 3) contains viruses fruutiple orders: the remaining Lamiales, the
rosid Brassicales and ORSV (discussed later). edi@sitives of these viruses have also been
identified from the asterid orders Solanales (Pat(®abanadzoviet al, 2008)) and Ericales

(Actinidia and Impatiens) (Chavaat al, 2009; Heinzest al, 2006). Within this mixed order
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subbranch there is no substructure according t plast, suggesting that this lineage has
acquired the ability to be successful in multiptests. Placement of this subbranch as sister to the
primarily asterid Solanales-associated subbrangbesis that the lineage arose in the astrid
Lamiales and subsequently gained the ability teigarand spread in the rosid Brassicales and
other lineages. That tobamoviruses from Brassicatel Lamiales do not form separate clades,
but instead are part of a single clade suggestshisanew ability was attained after the

divergence of subgroup Il from subgroup |.

A third assumption in asserting codivergence basetlee similarity is that rates of
nucleotide substitution are much slower in the pssaof evolution of viral species than they are
during evolution within a species. In this studyhas been done in others (Reetoal,, 2007),
calibrating the viral tree using estimated dateglaft order divergence (Magallon and Castillo,
2009) gave substitution rates of the order 6f t010° substitutions/site/year. This rate is
compatible with the observation that sequenceslmrhoviruses from century-old herbarium
specimens are not appreciably different from modequences (Fraikt al, 1997). Slow
evolutionary substitution rates for species evolutiave also been proposed for other viruses
(Gibbset al, 2010; Wuet al, 2008). Rates estimated by Bayesian analysithé&evolution of
sequences within species using dated isolatesrdeesoof magnitude higher than the interspecies
inferences assuming codivergence (Harlkinal, 2009; Pagaet al, 2010). For tobamoviruses,
Pagéaret al. (2010) found rates of Tto 10° substitutions/site/year by comparing tobamovirus
samples of individual species from the asterideladd CGMMV from the past 60 years. Using
just CP sequences of selected species, they ekdtagg@ maximum predicted age of the last
common ancestor of known tobamoviruses Gfylrs rather than the ®&gears inferred from the
codivergence hypothesis. In support of the youegéimate, rates of the magnitude“1t0 10°
substitutions/site/year have also been obtained upmrulation of plants with cloned genomes

followed by later harvest and sequencing éBal, 2006; Schneider and Roossinck, 2001). The
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Pagaret al. (2010) study of genus evolution differed from tme presented here in that it
focused on the smallest section of the tobamogamme (less than 10% of the total length),
rather than the replicase and included only oneigp®utside the Solanales-Lamiales associated

clade as defined in the present study.

There are three reasons why it is risky to extragalesults of Bayesian analysis of
substitution during intraspecies evolution linedadythe events that gave rise to those species.
First, substitution profiles for within species aion differ from those of between species
variation. The types of substitutions dominatingstiiution profiles of tobamoviruses vary with
the taxonomic level of the comparison (Melcher,01G<->A and T<->C transitions
predominate among recently diverged pairs of sexpgehut accumulate at rates similar to those
of other substitutions with more diverged pairsc@®l, a variety of observations suggest that the
nucleotide populations of viruses in their natdmasts is low, implying stability over large
evolutionary scales (Acosta-Lestlal, 2011). Purifying selection may be particulatiypag and
bottlenecks may be comparatively wide. These viemgsconsistent with the comparatively low
density of polymorphisms among the sequences vettieor PafMV-TGP. Third, the apparent
discrepancy between interspecies and intraspediEsitution rates can be reconciled easily by
recognizing that the best evolution models usdBiayesian estimations are usually those that
invoke a category of sites that are invariant. Eweev, the proportion of sites that are actually
invariant will decrease with increasing phylogenelistance. Substitution rates within the
evolution of individual species focus on a limitedmber of changing sites. These play only a
small role in phylogenetic inference at the interspes level because the sites are close to being
saturated with changes at the longer times. The-$rm invariant sites do undergo substitution
during interspecies evolution and it is those stuligins that are important in the phylogenetic
reconstruction of species evolution. An additiomalnner by which studies of historical strains

can lead to misleading rates is that strains oftes\may disappear for a time and then reappear in
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a later year, such as has been reported for TGRowius 3 (Scheetst al, 2011) such that the
differences between them do not reflect sequencleigan on the time scale postulated but on a
longer one resulting from evolution of strainsbéiars noting, correspondingly, that the wide
difference in rates among sites means that Bayesitimates of divergence times based on

codivergence with hosts are exaggeratedly higlhi®most recent nodes.

A fourth assumption of the tobamovirus-host codpegice hypothesis is that an ancestral
tobamovirus existed before the radiation of dicadginous plants. The recent analysis of the
genome ofChara australis virugCAV), a virus associated with a brown alga (Gibbal, 2011)
suggests this assumption is warranted. The CP@feDAV is homologous to those of known
tobamoviruses, but is about 1.7 fold more ancies the radiation of tobamoviruses of
embryophyta. Parsimony analysis of the CP ORFemticle sequence (data not shown), but not
the amino acid sequences (Gilgtsl, 2011), placed the CAV branch in the vicinity bétorigin
of tobamovirus diversification. This origin can teeduced from the tree (Fig.2B) from the region
where the confidence limits of many of the ordegesfic branches overlap. The Fabales-,
Malpighiales- Cucurbitales-, Caryophylales- and zgrales associated virus clades and the
combined Solanales-Lamiales- associated virus diade similarly deep branches suggesting
that the root of the dicotyledonous tobamovirue ieein this region. However, it is important to
recognize that there are many plant orders fronclvhb tobamovirus has been detected to date.
Since several orders harboring tobamoviruses halyerecently been reported, this absence
could be due to inadequate sampling. An altereasuggested earlier for the order Brassicales
(Larteyet al, 1996), is that the original tobamovirus lineagethose orders now without

tobamoviruses have died out.
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Generation of codivergence

The above discussion shows that reasonable assun®stipport the designation of the
similarity between viral and natural host trees@divergence. If codivergence did actually
occur, one must ask: what is the cause of codiversfe Some would argue that it is the result of
limited sampling, asserting that as additional tobeiruses are found, they will be discovered to
fill in the tree so that the association of viratahost trees disappears. Exactly the opposite has
occurred. Early suggestions of codivergence ordytified two rosid-associated viruses, one in
the Fabales and the other in the Cucrbitales. eSimen four additional Cucrbitales-associated
viruses and one Fabales infecting virus have besaritbed and new branches for Malvales-
associated viruses and Malpighiales associated e@mah have more than one clade member.
While this manuscript was being prepared, a repioattobamovirus from a plant of the order
Caryophyllales appeared with phylogenetic placerasrdister to CMMoV, also from a
Caryophyllales plant (Kinet al, 2011). Additional Solanales-derived and Lamiassociated

viruses have, for the most part, been placed oapbeopriate branches.

A second argument against attributing tree sintifdd codivergence is that the apparent
coincidences of host and viral phylogenetic tredlect adaptation of the virus to a specific host
environment (Holmes, 2008). Viruses in similar hastironments (same order, for example)
would therefore naturally be more similar than ses from diverse environments (different
orders, for example). While it has been shown &ldaiptive sequence changes occur when a
virus is experimentally transferred from one hosamother, the number of such changes is
usually small and thus of minor influence in shggamylogenetic trees (Wallis et al, 2007).
Tobamoviruses provide at least two examples ofditgre of adaptation to provide major
phylogenetic signals. The orchid associated tolvams ORSV, has been shown to be a
recombinant and some acceleration of evolutionaatam with recombination was detected

(Larteyet al, 1996). Nevertheless, adequate phylogenetic lsignains in the recombined
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segments to place them with high confidence in kmtmbamovirus clades. Second, viruses of
the Lamiales/Brassicales-associated virus cladeimfoth rosids and asterids. There are two
possible explanations. One requires at least tatindt host “jumps” from hosts in the Lamiales
to hosts in the Brassicales. However, such juifiisey occurred, could not have been
accompanied by any adaptive changes since sequanidmmoviruses isolated from plants of
the order Lamiales are virtually identical to thissated from plants of the order Brassicales.
The alternate explanation is that an earlier eaotved the subgroup to infect plants of multiple
orders. The evolutionary rate of a virus is expgtbeincrease after a host jump (Sneétral,

2009) because adaptive substitutions are seleatedtér the jump. Consistent with this view,
jumps in host species are known to increase tihaglaint diversity of a virus population
(Schneider & Roossinck, 2001). However, the evohary rates for each branch within
subgroup 3 do not suggest any specific host crgssiant, but instead suggest that the subgroup
gained the ability to infect both rosids and adiedpproximately between 61 and 21 mya.
Because adaptation is unlikely to have played amaje in causing codivergence, we suggest
the following model. At the time before the ra@atof the dicotyledonous orders, there were
large populations of their last common ancestdresE ancestors harbored large populations of
diverse copies of a tobamovirus, the diversity gelarived by gradual genetic drift from a
common ancestor. The large population and the@mviental conditions at the time, increased
the probability of multiple near simultaneous migtas occurring in the same genome, allowing

it to establish a new lineage on a new fithesselan

Methods

PVBE Methods

Plant sampling and the isolation and extractioWldP-VNA have been described

previously (Melcheet al, 2008), as has the extraction of dsRNA from thpaert samples, its
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conversion to dsDNA and its subsequent sequenBinggsinclet al, 2010). VLP-VNA
sequences reported here were determined as dekfoildsRNA (Roossinckt al, 2010).
Assembled sequences of the putative PafMV-TGPriedfieirom the contig data were used to
identify additional sequences of these viruses gmmassembled sequences. These singleton
sequences were used in building the consensusresgjuBecause of the chance that an
occasional read could have been assigned mistatetig wrong plant sample in a sequencing
pool, a plant sample was called positive usingalewing criteria: the virus reads were >0.4%
of the total reads of the sample, and there wafdmnte that the read tags were not misread

(leading to attribution of the read to the wrongpée).

Phylogenetic Methods

Sequences for this study were retrieved from GekB&rse Suppfile2 Table 2). Clustal
W was used to create a multiple sequence alignoséng default values (Larkiet al, 2007).
Alignments were viewed using BioEdit (Hall, 199Bjitial studies to place PafMV-TGP into a
subgroup used the PHYLIP package. Parsimoniouslistahce trees were made withbacco
rattle virus(TRV) as an out-group. The evolutionary ratesheftbbamoviruses were found using
Bayesian methods with BEAST v 1.5.3 and a mostyikee was made (Drummond & Rambaut,
2007). Log files were viewed to ascertain convecgausing Tracer v1.5. Trees were viewed
using FigTree v1.3.0. XML files for BEAST are akadnle in suppfile4. All priors for the undated
tree were determined by BEAST. For the dated tregiyration dates were chosen using the
speciation times for the order Cucurbitales andusaes hosts (120.22 — 120.32 mya and 77.42 —
77.52 mya respectively) (Magallon & Castillo, 20@@)d used a uniform prior distribution. A
GTR model of evolution with a gamma distributionrafes and invariant sites was found to be
the most probable model via JIModelTest (Posad&8)20d was used in this study. All other
priors were determined by BEAST. Four ORFs werdyaed with BEAST, the 120 kDa ORF

which encodes for the MT/Hel protein, the 180 kBglicase ORF which includes the MT/Hel
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and RdRp, the MP ORF, and the CP ORF. Each of thasaun to 10 million states with a burn-
in of 1 million. PSTs were manually edited to unb$ the host derived states (see Table 4 for
states) and a burn-in of 1 million states. Thes&sR&ere then analyzed using BaTS with 1,000

replicates.
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Table 1. Comparison of nucleotide and predictetharacid sequences of two strains of
Passionfruit mosaic virus

Region Nucleotide Identity Amino Acid Identity
Methyl transferase-helicase (125K) 94.9 (3062/3267) 98.8 (1077/1089)
1
Replicase (184K) 94.1 (4511/4794) 98.9 (1583/1601)
Putative C-rich protein 96.5 (573/594) 96.0 (198)19
Movement protein 96.4 (899/933) 99.7 (310/311)
Coat protein 97.8 (522/534) 97.8 (174/178)
Overall 94.9 n.a.

"Percentage identity (number identical/number oftjuzss) comparing PafMV-TGP (JF807914)
and PafMV-FL (NC_015552)

tFirst 89 nt residues of PafMV-TGP missing
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Table 2: Analysis of clock-like behavior of tobanray ORFs.

ORF ucld.stde¥ (aa) 95% HPD ucld.stdev (nt) 95% HPD
MT-Hel 0.331 0.235-0.435 0.317 0.232 -0.415
RdRpt NA NA 0.267 0.192 - 0.350

RdRp 0.271 0.188 — 0.362 0.253 0.191 - 0.326

CP 0.228 2.96E-3 - 0.407 0.376 0.208 — 0.539
MP 0.404 0.216 — 0.612 0.477 0.297 — 0.680

*This value is a representation of the heteroggraditates found in a tree. ORFs with values
close to zero are considered to be clock-like, evthibse whose values are close to, or above one
are considered not clock-like.

tUncalibrated tree without priars
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Table 3: Divergence dates* for tobamovirus clades.

Clade Stem 95% HPD Crown 95%HPD
Divergence Divergence
Time (mya) Time (mya)
Asterid- / Rosid- NA NA 118.007 109.018 —
associated split 129.513
Cucurbitales-associated 102.271 102.223 — 67.584 57.050 —
T 102.318 77.094
Solanales-associated t 77.470 77.424 — 66.851 62.269 —
77.519 70.655
Malvales-associated 86.916 79.043 — 40.690 27.490 —
94.528 54.818
Lamiales/Brassicales- 77.470 77.424 — 61.653 54.494 —
associated 77.519 68.918
Caryophyllales- 107.520 96.068 — NA NA
associated 120.544
Malpighiales-associated 86.916 79.043 - 32.346 22.679 —
94.528 41.924
Fabales-associated 96.015 85.340 — 45.617 32.680 —
109.361 57.961
Gentianales-associated 96.015 84.340 — NA NA
109.361

* Deduced by BEAST from the replicase alignment

*Highest posterior density

t Clade divergences used as calibration points
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Table 4: Statistical evidence for host associafdhin a tobamovirus clade*.

Statistic (state) t observed mean lower 95% CI wupp& CU null mean lower 95% CI upper 95% CI significance
Al 1.487 1.311 1.552 2.980 2.467 3.372 0.000
PS 13.000 13.000 13.000  20.426 18.968 22.000 0.000
MC (Ericales) ¥ 1.000 1.000 1.000 1.000 1.000 1.000 1.000
MC (Solanales) 2.011 2.000 2.000 1.547 1.000 3.000 0.437
MC (Caryophyllales) 1.000 1.000 1.000 1.000 1.000 1.000 1.000
MC (Fabales) 2.000 2.000 2.000 1.015 1.000 1.000 0.015
MC (Brassicales) 1.000 1.000 1.000 1.058 1.000 1.782 1.000
MC (Cucurbitales) 5.000 5.000 5.000 1.221 1.000 2.000 0.001
MC (Gentianales) t 1.000 1.000 1.000 1.000 1.000 1.000 1.000
MC (Malvales) 2.000 2.000 2.000 1.018 1.000 1.000 0.014
MC (Malpighiales) 2.000 2.000 2.000 1.020 1.000 1.000 0.019
MC (Orchidales) 1.000 1.000 1.000 1.000 1.000 1.000 1.000
MC (Lamiales) 1.000 1.000 1.000 1.117 1.000 2.000 1.000

* Deduced with BaTS using the using the PSTs frioenabove BEAST analysis

tAssociation index (Al), parsimony score (PS), &fakimum monophyletic clade (MC)
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1 Only one state included
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Figure captions

Figure 1. Genome structure Béssionfruit mosaic viru3GP compared to that @obacco
mosaic virus Arrows indicate open reading frames. Sizes @fdr2d 180 kDa polypeptides are

approximate due to lack of the 5’ end of the nuiitlEnsequence.

Figure 2. Bayesian-likelihood phylogenetic trasig the replicase gene of tobamoviruses
without (A) and with (B) dating priors. The datede (B) is in millions of years (scale bar equals
20 million years). Posterior probabilities are sham the nodes. Names of viruses and sources

of their sequences are given in Supplemental File 3

Figure 3. Patristic distances of tobamovirus claakea function of the divergence times of their
associated host plants. Patrisitic distances werigel from branch lengths from Figures 2A and

2B, respectively for panels A and B (without andhwdating priors).
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CHAPTER IV

E-PROBE DIAGNOSTIC NUCLEIC ACID ANALYSIS (EDNA): AAHEORETICAL
APPROACH FOR HANDLING OF NEXT GENERATION SEQUENCINBGATA FOR

DIAGNOSTICS

Abstract

Plant biosecurity requires rapid identificationpathogenic organisms. While there are
many pathogen-specific diagnostic assays, thetyatlitest for large numbers of pathogens
simultaneously is lacking. Next generation sequan¢NGS) allows one to detect all organisms
within a given sample, but has computational litietas during assembly and similarity
searching of sequence data which extend the timdarketo make a diagnostic decision. To
minimize the amount of bioinformatic processingdimeeded, unique pathogen-specific
sequences (termed e-probes) were designed to Benusearches of unassembled, non-quality
checked sequence data. E-probes were designedstad for several select phytopathogens,
including an RNA virus, a DNA virus, bacteria, fungnd an oomycete, illustrating the ability to
detect several diverse plant pathogens. E-prob88 of more nucleotides in length provided

satisfactory levels of precision (75%). The numies-probes
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designed for each pathogen varied with the gendmeo$ the pathogen. To give confidence to
diagnostic calls, a statistical method of determirthe presence of a given pathogen was
developed, in which target e-probe signals (deiactignal) are compared to signals generated by
a decoy set of e-probes (background signal). TheoBe Diagnostic Nucleic acid Assay (EDNA)
process provides the framework for a new sequeaseebdetection system which eliminates the

need for assembly of NGS data.

Author Summary

Humans, agricultural animals and plants all fdcedts arising from disease outbreaks
caused by extant and emerging pathogens. A sitrglamslined assay capable of detecting any
and all microbes in a given sample would repreagrawerful tool for diagnostic analysis. Due
to advances in next generation sequencing and pratagcs, the use of nucleic acid sequence
based diagnostics as a broad range diagnosticdsrtieg more feasible. With the ever growing
amount of sequence data, it is quickly becomingailistic to perform wholesale searches of next
generation sequence outputs against curated databdse E-probe Diagnostic Nucleic acid
Analysis offers a simple and fast approach to dieig@sequences belonging to pathogens of
interest within a metagenomic sequence backgroiMedhave shown the basic concept of
designing pathogen specific sequences (which we teamed e-probes) to be used in searching
raw next generation sequencing data to be fastaralsearch against known curated databases,
as well as successful in identifying many typepathogens of interest including viruses,

bacteria, fungi and oomycetes.

Introduction

Agricultural biosecurity is a priority for ensuringpinterrupted international and
interstate trade, which in turn ensures an aburfdadtsupply. With increased movement of

commodities across state and national bordersigkef introduction of exotic plant pathogens
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has risen significantly over the past few deca@flielet al, 2008). To compound this risk,

the lag time from pathogen introduction to appeegasf disease symptoms provides opportunity
for diseases to spread, limiting abilities for @niment and eradication (Gamlitlal, 2008).
Particularly for plant pathogens, for which vacsimee impossible and post infection therapies
are limited and expensive, early detection andecbiagnoses are critical. Currently, plant
pathogens are detected primarily by immunoassags, & enzyme-linked immunosorbance
assay (ELISA) and immune-strip tests, and nucleid-based assays, such as real time PCR or
microarray hybridization (Schaad al, 2003). Immunoassays are relatively simple andiqui

but may lack both the level of sensitivity requifed agrosecurity applications and the ability to
detect multiple pathogen species in a single ad3astnikoveet al, 2008; Schaasdt al, 2003).
Nucleic acid-based techniques for detection anutifigation of plant pathogens, such as end-
point polymerase chain reaction (PCR) and quant#aeal-time PCR (QPCR) are more sensitive
and selective than immunoassays, but they too radiyrited in the number of pathogenic
organisms that can be detected simultaneouslyrfiRostet al, 2008). Both immunoassays and
nucleic acid-based tests require previous charaatem of the pathogen on either the protein or
sequence level, and therefore lack the abilitygi@ct uncharacterized plant pathogens. Although
individual pathogen nucleic acid and immunoassagseadily available, current screening
methods have limited ability to detect multiplenglaathogens concurrently in an efficient and
cost effective manner. DNA microarrays, PCR-elesgray ionization/MS, multilocus
sequencing typing, and simple sequence repeatsagaBdave the capacity to search for multiple
pathogens and/or multiple diagnostic targets, bgtire existing pathogen characterization,
which relies upon continuous development and maartee of reference databases (Postnikova

et al, 2008; Schaadt al, 2003).

Next generation sequencing (NGS) is a relativetené technology that allows for the

generation of very large amounts of sequence data& given sample (Ronaghi, 2001). Because
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various NGS platform technologies differ in reanigth (20 bp to approximately 1000 bp) and in
the total number of reads (100,000 to 1 milliohg amount of overall sequence data produced
varies widely (Tuckeet al, 2009). The productivity of NGS technology far eeds that of
traditional Sanger sequencing (Magial, 2010; Metzker, 2009; Pop & Salzberg, 2008). NGS o
environmental samples has enabled the field of geetamics, in which any and all nucleic acids
in a sample are potential candidates for sequenemglates. Thus, NGS generates a sequencing
profile that represents any and all organisms jptesihin the sample (Jones, 2010; Tystral,
2004). Metagenomics has been applied to severastgpenvironmental samples including,
seawater, ship bilge water, intestinal tracts ofots animals and contaminated environments
such as acid mine drainage systems (Breititaat, 2003; Daniel, 2005; Pop & Salzberg, 2008;
Tringe & Rubin, 2005; Tysoet al, 2004). A metagenomic approach also could be eqgbdi
disease diagnostics, providing the benefit that N@G3d detect any and all microbes in a given
sample. A metagenomic approach has already beédnasetect previously unknown pathogens
in a variety of organisms, including mammals, itsgand plants (Adanet al, 2009; Cox-
Fosteret al, 2007; Palaciost al, 2008). In addition, NGS can be used to discom&nawn
pathogens and microbes, and has already been@ppliee detection of both known and

unknown plant viruses (Adanet al, 2009; Palaciost al, 2008).

The advantage of NGS over other sequencing tecpieslds the volume (400MB —
28GB) of data generated (Metzker, 2009; Reis-Fi®9). From a different perspective, the
volumes of data generated by NGS could be a dattitoea diagnostician, as bioinformatic
processing becomes a limiting factor in high thigug applications (Maget al, 2010; Pop &
Salzberg, 2008). For example, consider 200 liteseawater containing over 5000 different
viruses (Breitbaret al, 2003). If a metagenomics approach is used fortgdathogen detection
within this sample, pathogen-specific sequencedidly make up only a small percentage of

the total reads (Adanet al, 2009; Roossinckt al, 2010). In contrast, plants infected with
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viruses may have a much higher percentage of thertocleic acid comprised of pathogen
sequences (Kreuz al, 2009). The host sequences that would make um#jerity of an

infected plant metagenome sample are essentialypantant for diagnosis.

The novel assay developed in this research, amttezpherein, termed E-probe
Detection of Nucleic acid Analysis (EDNA), is a iniformatic pipeline that minimizes and
ignores irrelevant sequence data thereby focusirgpecific pathogen-associated sequences.
Mock sample databases (MSDs), simulating 454-pyaesiecing runs from plant pathogen
infected plants, were generated. Rather than asgdbg presence or absence of pathogens by
BLAST of all sequences against a curated datalsash,as the nucleotide sequence databases of
GenBank, the NGS metagenomic data was assessedpasirogen unique sequences termed
target e-probes, incorporating internal BLAST skascof designed e-probes against databases of
raw sequence reads on local computer systems. midd#fied bioinformatics approach resulted
in the rapid detection of pathogen-associated sesewithout extensive analysis of the

metagenome.

Materials and Methods

Pathogens and Their Sequences

The plant pathogens studied here belong to thneergkgroups, viral, prokaryotic, and
eukaryotic pathogens. The chosen systems reprasede variety of plant pathogens and have
global economic importance (Table 1). Two virusese usedPlum pox virusa single stranded
RNA virus, andBean golden mosaic virug/hich is a bipartite DNA virus. Prokaryotic patjems
includedXylella fastidioséab5c, the causal bacterium of citrus variegatdarosis,
Xanthomonas oryzaev. oryzae, which causes bacterial blight in raoejRalstonia
solanacearunmace 3 biovar 2, a select agent that causes wittira variety of crops including

potatoes and tomatodsandidatus Liberibacter asiaticua bacterium responsible for citrus

79



greening, anépiroplasma citriwhich causes citrus stubborn disease. Eukarpatitogens
included:Puccinia graminisa rust fungus, causing the stem rust of wheabéfiedting a very
broad host range including 365 cereals and gras€ebgenera (Hodson, 200Bhytophthora
ramorum a stramenopile with a wide host range of 23 gzeici 12 plant families (Rizzo 2003);
andPhakopsora pachyrhizivhich causes soybean rust, a widespread pattibgenow can be
found in Africa, Asia, Australia, South America aiddwaii (Miles, 2003). For each pathogen, a
near neighbor was chosen based on a close phykigeglationship, and the availability of
complete genome sequence (Table 1). GrapeVitis,vinifera(GenBank Accession:
PRJINA33471), was chosen as the host backgrountbdbe availability of its genome sequence,
and its genome size, which is within the rangehose of full plant genomes. While grapevine is
not a natural host for many of the chosen pathqgesisnply serves as an example of

background sequences in which the target pathaeppresces exist.

Experimental Flow

The principle behind EDNA is to minimize the bifwmmatic processing by eliminating
post sequencing assembly, quality checks, and €xteeBLAST searching of individual
sequence reads. Rather than a traditional metagebased analysis of sequencing data, a simple
sample database composed of raw unassembled seqeads is generated. E-probes are then
used to query the sequence database to asseseshaqe or absence of the target pathogen, in

effect simulating a microarray or traditional hybzation assay in silico.

E-Probe Design

Pathogen-specific sequence queries were desigieg & modified version of the Tool
for Oligonucleotide Fingerprint Identification (TQRVijaya Satyaet al, 2008). The basic TOFI
pipeline includes three basic steps: comparisgratifogen sequences with those of near

neighbors, thermodynamics optimization, and a BLASarch check for uniqueness. The EDNA
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guery design process is similar, with the followstgnges. For in silico querying, the e-probe
thermodynamics optimization step is omitted becalusehermodynamic properties of the unique
sequences are irrelevant. Parameters of inter@esBLAST search and/or important to a
successful NGS run were added in its place. IBIb&ST parameter step, the query sequence
length was restricted to standardize e-values tf@BLAST search and the candidate e-probes
containing a homo-oligomer (five or more of the samcleotide in tandem) were removed
because of the inherent miscalling of homo-oligamnemany NGS platforms. To test the
optimal length of e-probes the BLAST check step wagtited, and the preliminary e-probes were
used in the optimization of e-probe length. Aftptimization of e-probe length, a BLAST check
and manual editing were reintroduced to assurefspgc(Table 1). Any e-probes that hit a
species different than the target with an E-valiugxa0™ or below were removed from the final

e-probe set.

Near neighbor comparisons were conducted as peblifvijaya Satyat al, 2008) with
a maximum number of gaps equal to zero, a minimeohelength equal to 20 nt, and a
maximum probe length equal to 4000 nt. The neaghteEr selection was performed based on
two criteria: complete genome availability in NOBénbank and close relationship to the target
pathogen. The BLAST parameter step has two posgitnlables, the length of the designed
guery and the number of nucleotides that woulddresiclered a homo-oligomer. A range of
guery lengths were designed, at intervals of 2042060, 80, 100, 120, and 140) nucleotides,

while the number of nucleotides considered to herao-oligomer was held constant at five.

Mock Database Construction

To test the designed queries, a data set consistipgth known host and pathogen
genome segments was generated. Simulation of nehsgiarallel sequencing was performed

using MetaSim software (Richtet al, 2008). The simulation includes planned mistakesaise
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calling, as well as a range of read lengths, bbthhich are common for 454, or lllumina
pyrosequencing. The resulting database contain@®Q&imulated reads, each approximately
400 * 30 nucleotides, or 62 nucleotides, respdgtivdbundance values (representing the given
amount of nucleic acid within a sample) for host@mic sequences were set at a default of 100,
while host mitochondrial and chloroplast sequemeere given an abundance value of 1000,
meaning that for every genomic sequence thereb@illO mitochondrial and chloroplast
sequences. This value was chosen arbitrarily. Bathabundance values were varied to generate
a number of reads corresponding to the percefteofiatabase that is made up of pathogen
sequences (i.e. 25% pathogen sequences is equit@EB00 pathogen reads in a 10,000 read
database). The databases were placed into catepased on the pathogen sequence percentage:
those with 15-25% pathogen sequences were conditlagie, with 5-15% medium, with 0.5-5%

low, and with less than 0.5% very low. These parges were chosen arbitrarily.

Querying Mock Databases

MSDs were queried using BLASTn with an e-valueas&0. Pathogen-specific e-probe
sets were used as queries, and the MSDs servefkasnce databases. A match was defined as
an instance where an individual e-probe was fourahiMSD, such that the total number of
matches must be equal to or less than the totabaunf e-probes. A hit was defined as any
instance where a MSD read had a counterpart e-pPobimgle match could be made up of
multiple hits. Once the query search was condutheddata was parsed according to different e-
values thresholds to find an e-value threshold withimal false positives, with steps at 1¥10

1x108, and 1x10.

The decision to designate a sample as positivegative for a pathogen is crucial for
any diagnostic assay. The criterion used to determ@ipositive sample in this assay was the

presence of pathogen-specific sequences. It wely likat many of these sequences would be
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similar to sequences that belong to either thetiast, or to a different microbe that resides in
the sample. Each e-probe set is designed to beeitica specific pathogen. The signals of these
sets were compared to the signals of decoy setshwhpresents background signals. To generate
a decoy set of e-probes, the designed target sepafbes was reversed in sequence. Each set
was then used as queries in a BLASTn search aghm#&1SD. Each probe in both sets was

given a score based on the e-value and the peroeatage of the top n hit(s), where n equals

[50, 10, 5, 1] (Equation 1, where n is the hit nemlieval is the e-value of the nth hit, and %cov

is the percent of the e-probe contributing to tigh Iscoring segment pairing.).

n

2 —logEvallh] * (%cov.[h])
h=1

The arrays were then compared using a T-test. Tileeof diagnostic calls were used in
the statistical test, positive (p-value <= 0.0b)gect (p-value <=0.1) and negative (p value >
0.1). No significant difference between the twts sedicated no evidence for the presence of

pathogen sequences, and the sample was desigeajtive for the pathogen.
Results

Plant pathogenic query production was analyzedlation to genome size for two
viruses, five bacteria, two fungi and one stramdnophe targeted viraRlum pox virusand
Bean golden mosaic virhdungal Puccinia graminisandPhakopsora pachyrhigand
stramenopileRhytophthora ramoruiplant pathogens were compared to near neighliahe o
same species. For the bacteria, thel@zeribacter asiaticusiear neighbor was from the same
species, while those of the other 3 bacteria wera fa closely related species. pryzaepaired
with X. fastidiosaand vice versa). Fungal pathogéhgcinia graminiandPhakopsora
pachyrhizihad the same near neighbBuccinia triticina In addition,P. pachyrhiziwas found to

be broadly similar in biological attributes o triticina (Pivonia and Yang 2006). In the case of
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Phytophthora ramorugP. infestansvas used as near neighbor (Table 1). The lack of a
spiroplasma related ®. citri resulted in the selection of a near neighborwees related at the
order level (Table 1). The genome sizes of thequphs used ranged from 5.23 knt to 88 Mnt,
and the number of queries ranged from 4 to 21,A9Q@he genome size of the plant pathogen
increased so did the total number of queries feitéihgeted pathogen. The total length of the
combined e-probes was proportional to the totalbemof e-probes, and to the genome size. The
percentage of genome covered ranged from 1.7&fowéthout any correlation with genome size

or total query number (Table 1).

The number of hits at a threshold of 1¥100x°, or 10x° received for each pathogen
was determined (Figure 2-4). The number of hite negh the size of the pathogen genome. As
expected, the number of hits increased with inanggsathogen proportions. At lower
proportions, there was an increase in the staraiaridtion of the number of hits. A general
similarity of the number of hits can be seen fartepathogen type, with prokaryotic pathogens

having the greatest variability across pathogens.

The number of matches was compared to pathogerdabaoe in the MSDs. A match was
defined as a single query found within a MSD, stinett one match could represent multiple hits.
As the pathogen abundance increased, the numinesitohes increased, as expected. The number
of hits was nearly always greater than the numbaeraiches, demonstrating that single queries
frequently generated multiple hits in a MSD (FiguBe7). The number of prokaryotic pathogen
e-probe matches was related to the number of eepratmilable for the pathogen, in other words,
the more e-probes designed for a given pathogermtre matches were attained in a BLAST
search. For example, a Qa.asiaticuse-probe set of 80 nt length consists of 502 e-gsphnd
when queried with a low pathogen ratio MSD, recei¥69 matchesX. oryzaecontained 2597 e-
probes with 345 matches. In contrast, the numberaithes foP. ramorum(1645) was less

than the number of matches forgraminis(1998), despite the greater number of queriethior
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former. For the viral pathogens a match was foane¥ery query available in high, normal and
low pathogen abundance MSDs, and the number ofh@sia very low abundance MSDs was
approximately half of the number of available geer(2 matches/ 4 e-probes in the case of

BGMV) (Figures 5-7, Table 1).

Optimization of E-probe Length

To determine the optimum e-probe length, precisias calculated for each of the e-
probe sets (Table 2), in which each hit is eith&#ua positive (a pairing of e-probe and pathogen
sequence), or false positive (a pairing of e-prane non-pathogen sequence). We calculated the
precision as the number of pathogenic hits (Trutpe) divided by the total number of hits (hits
to pathogen or hits to host).For each of the pathsge-probe lengths below 80 nt were
substandard (precision less than 75%) as queriesrpflow pathogen ratio (<0.5%). Viral e-
probe sets had high precision, most likely dudnéorhinimal similarity between viral and
eukaryotic sequences. For prokaryotic and eukaryatihogens, at abundances greater than
0.5%, the specificity was greater than 80.4% ateapyobe length. With the very low abundance

MSDs, the precision varied between 14.1 and 100%.

The effect of varying e-probe lengths from 20 — b0n the matches generated by
searches on the MSDs was determined. As expectedath pathogen, match numbers
decreased as the length of the e-probes increlasealise the number of longer e-probes
designed was much lower than that for shorter &gsoln general, each pathogen type (virus,
bacterial, and eukaryotic) had a similar numbemnatches for each member within a group
(Figures 5-7). One exception w¥soryzae which showed no such downward trend (Figure 6).
Almost all pathogens were detected using everyygeagth. The other exception wRs
solanacearunin very low pathogen abundance MSDs, in which\@rage of a single match was

found for the majority of query lengths (40, 8001020, and 140 ntP. ramorumandP.
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graminisshowed the smallest number of matches of all #tlkqgens when very low pathogen
proportion MSDs were queried with 140 nt e-profdéss low number of matches could be due
to the random selection of sequences when conistgtSDs because fungal and stramenopile
genomes are larger than viral and bacterial genpatiesving the presence of portions of the
genome in the MSDs that have a low density of é@iequences. This phenomenon is most

likely to occur for low pathogen proportions antgka pathogen genomes.

E-value Threshold

All four categories of mock databases (high, medilon, and very low) were queried
using the 80 nt e-probes for all of the target pgéms. Pathogen reads were detected via e-probe
based BLAST search routinely with a threshold esalf 1x1@. Using 80 nt queries, all of the
pathogens also were detected in very low abundadatadases, in some but not all replicates

(Figures 2-4, Supplemental Table 1).

Some e-probes generated false positive matchemstances when the e-probe sequence
found a host counterpart in the MSD. The numbdalsk positive matches was directly related
to the e-values used in the BLASTn searchs of tB®B) with higher e-values generating more
false positives. Overall, the eukaryotic pathogemutations with a threshold e-value of 110
generated the highest number of false positive meatand hits (Supplemental Table 1). Bacterial
pathogen simulations also generated false posith@gever these were fewer (5 or fewer per
database). No false positives at a threshold esvalitix10° were observed in viral MSDs. The e-
value was adjusted during the parsing step by ubireg different threshold e-values of 110
1x10°, and 1x10. Using more stringent e-values of 151nd 1x10 the total numbers of false
positives for bacteria were zero. When the pathegesre analyzed using lower e-values, the
number of false positives per database decreaseddn average of 1 for prokaryotic e-probe

sets, and 8 for eukaryotic e-probe sets to O ftin.bo
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Using the threshold values of either 1X1F 1x10° also decreased the total number of
matches and hits; particularly for fungal pathogewes forP. graminis the number of matches
decreased from 1998 matches (e-value of Tx1®1530 matches (1xfp Among prokaryotic
pathogens, the greatest decrease in total matoldsita was observed witk oryzaewhich
decreased from 2597 to 1832 at e-values of $x@Ax10°, respectively. This difference of 765
fewer e-probes did not lessen the effectivenegatbfogen detection. Instead it decreased the
number of false positives due to the greater stnicy placed on the bioinformatics system. For
viruses, the total number of matches was not afteby increased stringency (lower e-values);
however the total number of hits was reduced vatielr e-value BLASTn (Supplementary Table
1). Mock sample databases also were generated residdengths of 62bp and with the error
model found for a typical lllumina run (Richter,t@t al. 2008). EDNA analysis showed similar

results to the 454 simulations (data not shown).

BLAST Check Comparison

False positives were reduced by removing e-prdimgsiave similarity to known
sequences in NCBI. Each 80 nt e-probe set wasassqderies in a search against the NCBI
GenBank nt database. E-probes with hits at anwewafl 1x10° or lower were removed from the
probe set. This decreased the number of probesepéry up to 50% (Table 1). Comparing the
performance of BLAST-checked e-probe sets with gsafiot checked with BLAST showed a
slight reduction in the number of false positiveshivith a larger reduction in the number of

matches and total hits (Supplemental Table 1).

Determination of Positive and Negatives

Using the above method, we were able to correetlysamples positive for all positive
samples except for those at a very low abundan@&¥s pathogen reads) (Table 3). At this

abundance there were mixed results, at times galia sample positive while other times calling
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it negative R. solanacearurwas not detected at very low abundance MSDs. Bathonegative
MSDs (MSDs without pathogens) were all negativeumpect for virusess. citri, andR.
solanacearumFalse positives were most common in eukaryotibgegens. When the number of
top hits (n in equation 1) was lowered in the supstep, the pathogen negative MSDs were

correctly identified in some, but not all, replieat(Table 3).

Discussion

There are multiple advantages to using a metagersdaised approach to pathogen
diagnostics. Advances in NGS have made it postibjenerate billions of bases of sequence for
any given sample, creating metagenomes that regrassmplete profile of all organisms in a
given nucleic acid sample, including host, endopsgnd pathogens (Jones, 2010; Metzker,
2009). This presents the very real probability #rat and all microbes in any given sample could
be identified. Metagenomics approaches have bemthingnultiple instances to suggest the cause
of unknown diseases (Adarasal, 2009; Cox-Fosteet al, 2007; Palaciost al, 2008), but two
factors would seem to preclude the use of metageEneeguencing as an everyday diagnostic

tool.

The first detriment to adopting metagenomics-bakagdnostics is the current per run
cost. The typical approach to a metagenome diagmosiucleic acid extraction, sequencing,
sequence assembly, and BLAST analysis of the asedrobntigs. An examination of recent
history suggests that sequencing technologiediely become less expensive, faster and more
accessible, and processive over time, outpacing®ehaw, suggesting that NGS costs may not
be a long term restraint, particularly when comdinéth barcoding (Parameswaranal, 2007).
However, the very same advances that drive dowsamaple costs of sequencing create
additional data handling problems. As NGS becormess ¢xpensive, faster and the length of

reads increases the number of bases sequencathglerun will increase exponentially. These
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same advances in NGS will have an additional expiiedegrowth effect on the databases (i.e.
GenBank and its subsidiaries) that are for the BLA8arching of sequence data, suggesting that
the current metagenomic approach to pathogen dssigaavill eventually become too

computationally intensive for everyday use.

The objective of this work was to find a simplifietbinformatic approach for dealing
with the exponential growth and complexity of NG8tagenome data, which could be handled
on a standard personal computer without extengimgoatational delays. To do this, we
developed a protocol (EDNA) in which the input N@&a would be treated as the searchable
database, and this sequence database would bedjbgriliagnostic signature sequences (e-
probes) without the need for assembly or qualigcgls. This approach allows the user to limit

and control both the size of the searchable datadvad the size of the searching query set.

The EDNA approach was tested using a series of MBpr&senting potential
metagenomes with pathogen sequences in a plangioacid. Representatives of multiple
taxonomic groups of plant pathogens were usedjdimg an RNA virus, a DNA virus, a
spiroplasma, prokaryotes, a stramenopile, and guirDiagnostic e-probe sequences were
selected at a range of lengths, and used to qu&®avvith differing levels of pathogen
abundance (from 0.5% pathogen reads to 25% pathregels). EDNA was successful at
detecting all pathogens at low, medium and higkle(everything above 0.5% pathogen reads in
the MSD). The number of matches (any instance waernedividual e-probe finds a counterpart
or counterparts in the database) and hits (cunrel&tital of e-probe/counterpart finds) were
correlated to the number of e-probes availablafpathogen, to the pathogen abundance , to the
E-value threshold used when parsing the data,ramadely correlated to the length of the e-
probes. Below the low pathogen threshold, the ED&RuIts were mixed, suggesting that EDNA

has a threshold of detection in its current forrhtmwever it should be noted that the limit of
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detection could be improved to suit user neediysting the number of e-probes, the length of

the e-probes and/or the parsing E-value.

Not surprisingly, EDNA generated some false posihits and matches. The number of
false positives appeared to remain relatively traesregardless of the pathogen abundance
(Supplemental Table 1), and were problematic amye very low abundance MSDs. Viruses
were completely free of false positives at all anteations of pathogen reads, which might be
expected considering the lack of related sequeindbg host setting. Prokaryotes have
chloroplast and mitochondrial counterparts in tbsttMSD, and there were occasional false
positive hits and matches using prokaryotic e-psoleverall, eukaryotic pathogen e-probes were
the most problematic, as might be expected whefraaied with a eukaryotic host background.
Very low pathogen abundance simulations were ratindjuished from pathogen-free MSDs, and
generated the highest number of false positive meatand hits (Supplemental Table 1).
However, EDNA is flexible enough to generate highecision, by raising the E-value threshold
required for calling a positive hit. Both graminisandP. ramorumshowed fewer (zero or one)
false positive hits when the E-value was loweretixb0®, and the prokaryotic pathogen e-probes
were completely specific when the parsing E-valas ¥owered to 1xI® Larger, more complex
genomes and the conservation of genes and sequetee=en pathogen and host (eukaryotic

pathogens) require lower E-value cutoff levels.

A second approach for improving specificity invaivienproving the screening of
potential e-probes. Clearly, as genome size inesetie number of e-probes generated increases
in proportion. Removal of a number of e-probes fthmlarger pathogen genome screens would
likely not affect the overall limit of detectionh& e-probes from all pathogens were searched
against GenBank, as is done in primer selectioalitanate a number of false positive
generating e-probes. This strategy may be of lonitge for plant pathogens, however, as the

majority of environmental microbes in a typicalmianetagenome have no GenBank counterpart.
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The addition of a healthy control BLAST, searchiveglthy control asymptomatic host
environmental sample sequence databases for thenue of potential false positive queries
might eliminate some e-probes that would reacot br endophyte sequences not available in
GenBank. Regardless, much like limit of detect®DNA precision could be adjusted up or
down as needed in the e-probe design (by adjustpmgbe length or near neighbor selection) or

during database searching (adjusting E-value tbidsh

A key to any diagnostic method is determining #neel of positive “signal” necessary to
confirm that a pathogen is present in a given sani@r molecular techniques such as PCR, the
presence or absence of a product is easily dishgd. However when the positive/negative
decision is based on a quantitative measuremectt,asifluorescence or absorbance in ELISA,
the determination involves some level of statistcwlysis. The number of matches and hits
returned from a sequence database query withiprsed EDNA concept is not entirely
dissimilar to these quantitative approaches, irctvitiis critical to distinguish between a true
signal (e.g. matches that represent pathogen seegjesind a false “signal” (e.g. matches where
query sequence is identical or nearly identicaddn-pathogen sequence). In ELISA, a common
approach is to make a diagnostic decision by comgaine fluorescence value of a sample well
to those of a set of negative control wells, wittugoff defined as a certain number of standard
deviations over background. To utilize a similap@gach for NGS, a basal level of false positives
(erroneous query matches) was determined. Decdemets were developed for every pathogen,
and these decoy e-probe sets were used to detettmimbances that a relatively random
sequence would find a counterpart in a eukaryaist background by chance. The decoy
comparison method was particularly successful wiitlis pathogens, and less successful in the
eukaryotic pathogens. This finding indicates thatistical approaches could be developed to

assess the accuracy of positive/negative deterioitsain NGS-based diagnostics. As in other

91



diagnostic assays, the balance between specifioitylimit of detection is a necessity in this

bioinformatics approach to diagnostics.

The theoretical ability of next generation sequegaoupled with bioinformatics to
detect highly consequential plant pathogens (EDNMAyarying abundances, and in a complex
host sample was validated. The advantage of theA®JNtem is that it can be adjusted or
designed to address a range of applications atit#acientific needs in a variety of fields
including bioinformatics, epidemiology, detectiamdediagnostics of human, animal, and plant
pathogens, monitoring and surveillance, quaranénd,microbial forensics. EDNA alleviates the
computational work load routinely associated witissic metagenomic assembly and BLAST-
based approaches; allowing plant pathologists éqpessonal computers for running
bioinformatic pipelines without investing in largad expensive cluster systems of bioinformatic
infrastructure. The EDNA approach could be usatielfi types of pathogens in all types of
hosts, and could work with any NGS platform. Theitbility given by the possibility to
periodically modify or build custom tailored databa of e-probe sets plus the lower
computational requirements favor the implementatibendless applications limited only by the

imagination of the scientific community.
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Table 1: Comparison of the amount of genome coeeoh@-probes across tested pathogens.

Name

Source

Near Neighbor

Source

# 80 bases

Original
Sequence
Size (kb)

e-probes

(BLAST
check)

prelimitya

Total
probe
length
(kb)

Genome %
coverage

Bean golden
mosaic virus

NC_004042
NC_004043

Abutilon mosaic virus

NC 9xEL
NC_001929

5.23 4

0.32 6.12%
(0.16) (3.06%)

Plum pox virus

NC_001445

Pepper mottle virus

NC 5101

()
8

Q)

9.74

0.64 6.57%
(0.40) (4.11)

Spiroplasma citri

115252846
110005886
110005766
110005758
11000748
110005735
110005716
110005696
110005687
110005683
110005675
110005664
110005652
110005641
110005622
110005605
110005592
110005560
110005522
110005436
110005327
110005285

Mycobacterium bovis

NC_008769

96

1525.76 423
(309)

33.84 2.22%
(24.72) (1.62%)



110005260
110005199
110005145
110005138
110005098
110005060
110005027
110004948
110004868
110004796
110004744
110004631
110004607
110004455
110004127
110004055
110003907M

Ca.L. asiaticus NC_012985 Agrobacterium AE007869 1226.70 502 40.16 3.27%
tumefaciens (469) (37.52) (3.06%)

Xanthamonas oryzae ~ CP000967 Xylella fastidiosa NC_002488 2679.31 2597 207.76 7.75%
NC_002489 (1832) (146.56) (5.47%)
NC_002490

Xylella fastidiosa NC_002488 Xanthomonas oryzae CP000967 5240.08 1459 116.72 2.23%
NC_002489 (1041) (83.28) (1.59%)
NC_002490

Ralstonia NC_003295 Ralstonia pickettii NC_010682 3716.41 1964 157.12 (4.23%)
solanacearum NC_003296 NC_010678 (1418) (113.44) (3.05%)
NC_010683

Puccinia graminis  AAWCO01000001  Puccinia triticina ADAS01000001 66652.40 21790 1743.20 2.66%
AAWC01004563 ADAS01038776 (21635) (1730.80) (2.65%)

Phytophora ramorum AAQX01000001 Phytophora infestants AATU01000001  88644.63 21286 1702.88 1.92%
AAQX01007589 AATU01018288 (18945) (1515.60) (1.71%)
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Table 2: Table showing the precision (in percentagi®arying probe lengths and different
pathogenic concentrations.

Name E-probe length  15-25%  5-15% 0.5-5% <0.5%
BGMV 20 100 100 100 100
40 100 100 100 100
60 100 99.97 100 100
80 100 100 100 100
100 100 100 100 100
120 100 100 100 100
140 100 100 100 100
PPV 20 100 100 100 100
40 100 100 100 100
60 100 100 100 100
80 100 100 100 100
100 100 100 100 100
120 100 100 100 100
140 100 100 100 100
Spiro 20 97.66 94.32 80.38 33.36
40 98.89 98.14 91.37 51.1
60 98.94 98.75 93.91 54.44
80 99.56 99.38 96.2 78.59
100 99.73 99.03 93.37 72.44
120 99.78 99.28 97.4 68.33
140 99.53 98.84 99.02 63.89
Liberibacter 20 98.97 98.31 92.42 55.58
40 99.48 99.27 96.35 54.79
60 99.26 98.72 96.42 62.05
80 99.74 99.84 98.06 81.24
100 99.63 99.05 96.44 63.49
120 99.49 99.33 97.17 57.08
140 99.33 99.12 96.47 40.12
Xanthomonas 20 99.96 100 99.58 84.2
40 100 99.78 99.58 87.91
60 99.95 99.81 99.51 84.21
80 99.93 99.95 99.87 93.72
100 99.98 99.89 99.87 93.91
120 99.9 99.89 99.86 94.57
140 99.98 99.95 99.87 100
Xylella 20 99.96 99.83 99.39 98.1
40 99.97 99.87 100 97.09
60 99.93 99.52 99.72 96.41
80 99.91 99.71 99.68 94.98
100 99.86 99.67 99.63 94.42
120 99.89 99.61 99.56 93.07
140 99.87 99.53 99.52 93.07
Ralstonia 20 100 98.89 99.52 97.94
40 99.91 99.83 99.42 95.38
60 99.90 99.87 98.78 93.10
80 100 100 99.42 92.86
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100 100 100 99.02 90.91
120 100 100 98.57 75.00
140 100 100 98.00 75.00
Phytophthora 20 99.45 98.95 96.41 24.78
ramorum 40 99.75 99.57 97.66 30.58
60 99.66 99.37 95.68 14.14
80 99.76 99.68 98.52 48.94
100 98.04 100 100 100
120 99.75 99.26 98.11 45.45
140 99.43 99.22 95.77 28.57
Puccinia 20 98.28 96.52 87.8 30.54
graminis 40 99.36 98.65 94.12 44.22
60 99.17 97.87 92.69 35.86
80 99.69 99.35 97.77 56.9
100 99.71 99.2 98.5 60.78
120 99.75 99.28 98.07 66.67
140 99.91 99.45 98.21 57.14
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Table 3: P-values of EDNA diagnostic call

15-25% 5-15% 0.5-5% <0.5% 0%

Ts%p 0.031 0.031 0.000 0.026 0.022 0.000 0.000 0.000 0.001 0.007 0.004 0.384 0.077 0.765 0.243

BGMV Tloop 0.000 0.034 0.000 0.000 0.042 0.003 0.001 0.006 0.001 0.008 0.005 0.582 0.151 0.327 0.611
Top5 0.012 0.0120.000 0.000 0.000 0.000 0.007 0.005 0.018 0.008 0.045 0.654 0.432 0.396 0.590

Top1l 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.005 0.000 0.006 0.004 0.788 0.769 0.978 0.936

TSOOp 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.009 0.035 0.374 0.018 0.052 0.334 0.310 0.096

PPV Tl%p 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.026 0.397 0.019 0.057 0.562 0.629 0.153

Top5 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.007 0.390 0.020 0.057 0.681 0.953 0.489

Top1l 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.376 0.020 0.007 0.904 0.384 0.947

Ts%p 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.164 0.202 0.001 0.970 0.431 0.277

S. citri Tloop 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.040 0.102 0.001 0.673 0.786 0.170
Top5 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.052 0.109 0.001 0.910 0.277 0.383

Top1l 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.083 0.098 0.001 0.904 0.384 0.947

TSOOp 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.007 0.001 0.027 0.009 0.027

C.a.'l_. Tl%p 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.017 0.006 0.198 0.003 0.009
asiaticus Top5 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.017 0.023 0.021 0.308 0.003 0.039
Top1l 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.035 0.030 0.042 0.631 0.005 0.029

R. Top 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.605 0.648 0.011 0.061 0.174 0.056

solanacearum 50
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Top

10 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.586 0.057 0.025 0.256 0.656 0.208
Top5 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.081 0.012 0.223 0.105 0.448 0.231
Topl 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.073 0.008 0.067 0.218 0.953 0.392
Ts%p 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.060 0.811 0.002 0.000 0.000 0.000
X Top 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.824 0.173 0.650 0.000 0.001 0.002
. oryzea 10
Top5 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.004 0.074 0.521 0.157 0.398
Top1l 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.001 0.033 0.016 0.016 0.089
Tsoop 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.745 0.306 0.025 0.316 0.222 0.271
Top
X_ fastidiosa 10 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.018 0.003 0.000 0.006
Top5 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.007 0.004 0.000 0.027
Topl 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.026 0.031 0.001 0.514
Tsoop 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.001 0.000 0.000 0.000
Top
P. graminis 10 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.333 0.428 0.894 0.413 0.009 0.020
Top5 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Top1l 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
'I'500p 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.083 0.508 0.000 0.000 0.000
Top
P ramorum 10 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.479 0.049 0.000 0.014 0.000
Top5 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.350 0.004 0.000 0.338 0.007 0.019
Topl 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.257
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CHAPTER V

E-PROBE DIAGNOSTIC NUCLEIC ACID ASSAY (EDNA): A USEUL TOOL FOR

SCREENING METAGENOMIC DATA FOR VIRUSES OF INTEREST.

Abstract

Next Generation Sequencing (NGS) is hot commonggtis diagnostics, possibly due to
the large amount of time and computational poweded to identify each sequence in a NGS
data set. By using pathogen specific sequencesetee-probes, as queries in a search of
unassembled sequence data; it is possible to fgensipecific virus in a plant sample. This
method, designated E-probe Diagnostic Nucleic Asghy (EDNA) has been tested with both
DNA (Bean golden mosaic virysand RNA Plum pox viru virus infected plant material. In
addition, the ability to detect and differentiateang strains of a single virus species is shown by
using probe sets that are specific to the straimtiple viruses in plant samples can also be
identified as long as probe sets for each virusiaegl. The EDNA pipeline is over 2400 times

faster than a traditional metagenomic analysisatufe desirable in a diagnostic setting.
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Introduction

The global trading of plant material has increabedintroduction of foreign plant diseases in
the last few decades (Tateznhal, 2006), leading to a need for enhanced surveiamx
detection of pathogens in imported plants. Methmdsently used to detect pathogens within
imported plant material are visual, nucleic aciddzh and protein based. Examples of protein
based assays such as ELISA, western blots, andnioustuip tests are not easily multiplexed
easily to test for several pathogens simultanegbsiyyproteomic methods such as ‘mud-pit,’
have been used to test for multiple pathogensh©two major nucleic acid based assays, real
time PCR and microarrays, only microarrays areihgaalltiplexed (Callet al, 2003; Igbalet

al., 2000; Lazckat al, 2007; Yeet al, 2010).

With the advent of metagenomics, the ability tcaobsequence information on the entire
organismal makeup of a sample has become commanglhis advance has led to the
identification of previously unknown species of naigrganisms, as well as offered insights into
their ecological distribution. Using metagenomiwsyitiplexing introduces a problem of an
overwhelmingly large amount of data, commonly nefdrto as “big data”, a term that refers to

both the movement of data from one server to anatheé the analysis of large data sets.

Metagenomics is reliant on Next Generation Sequen@GS), a powerful technology that
allows the acquisition of hundreds of thousandshmit sequence reads from the majority, if not
all, of the organisms within a given sample (Git@&Dupont, 2011; Willner & Hugenholtz,
2013). This immense sequencing capability can tb@oa to diagnosticians who are interested in
the detection and identification of specific patbog. NGS, which has been used to identify
pathogens in various systems (Adaghsil, 2009; Koonin & Dolja, 2012; Roossinck, 2012), has
the advantage of being able to detect and identifgy different pathogens within a sample;

however, two significant draw backs that have kbysttechnology from being used for
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diagnostic purposes are the length of time and atafucomputational power needed to compare

the short sequence reads to known sequences.

The speed at which sequence data is generatedamedi pn curated sequence databanks has
been increasing, and will likely continue to do(kisi-Yang Fritzet al, 2011; Kodamat al,
2012). Steps have been taken to increase theegiigiof search algorithms (Li & Homer, 2010).
One of these steps, the E-probe Detection NuctetcAssay (EDNA) pipeline (Stoblet al,
2013), uses short pathogen-specific sequenceseaiegjagainst raw sequence data from a given
sample. These short sequence queries, termed es@tow the user to choose only the
pathogens of interest and thus reduce the timeegeddetect and identify a pathogen. In the
work described herein, it is shown that the EDNpatine performs as well as a traditional
metagenomic pipeline with respect to detection, surgasses it in terms of computational speed.
In addition, the ability to differentiate betwedonsely related strains of viral pathogens has been

shown usindPlum pox virugPPV) as an example.

Materials and Methods

E-probe design

For the detection of virus sequences in a metagensample, pathogen-specific sequences
were identified using a modified version of the roarray probe software Tool for
Oligonucleotide Fingerprint Identification (TOFB4tyaet al, 2008). The thermodynamic
determinants of TOFI were removed because e-pratgesharacter strings, and will not be
converted to oligonucleotides. The EDNA versiom 6fF1 works in two steps. First, the target
sequences are compared to near neighbor sequesicgghe Nucmer script in the Mummer
software package (Delchet al, 2003). Sequences having similarity to the neayiers were
removed, leaving only unique target sequences,hndrie used as queries against the NCBI non-
redundant nucleotide database to ensure speciticitye target organism. Any candidate probe

which received a hit with an e-value of 1 lower to any organism that does not share a
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name with the target was removed. The same modifipeline was used in the initial testing of
EDNA (Stobbeet al, 2013), with the following difference. The lengtbisthe e-probes were not
limited to a specific size, but were instead alldwe vary between 30 nt and infinity. A decoy set

of e-probes were generated by using the reveraeereq of each e-probe.

The target pathogergean golden mosaic virfBGMV; NC_004042.1, NC_004043.1)
andBean golden yellow mosaic virg8GYMV; NC_001438.1, NC_001439.1) were compared to
the near neighbokbutilon mosaic virugNC _001928.2, NC_001929.2). PPV (NC_001445.1)
was compared to it's near neighlitepper mottle virugNC_001517.1). Five PPV strains, C, D,
EA, M, and W, were used in the design of the e-pradts (Maisst al, 1989; Maticet al, 2011,
Nemchinov & Hadidi, 1996). Each strain was consideas a target pathogen, with all other
strains considered as near neighbors, for a tbtakeprobe sets (Table 1). Otherwise, the design

of strain specific e-probes was the same as destabove.

In silico testing of the specificity of the strain spec#iprobes was carried out as
previously described (Stoblet al, 2013). In this test each set was able to cogrédéntify the
strain for which it was designed. Surprisingly, whmock sample databases were generated using
PPV isolates of the Rec strain (a recombinantrafret D and M) and queried with each strain-
specific e-probe set, only the M e-probe set gapesitive diagnostic call. For the BGMV and
BGYMV probe sets, any probes that gave false pesitin then silico testing were removed

from the sets.

Whole transcriptome amplification and 454 Jr. seunieg

Total nucleic acid was extracted from plant tissuerder to detect both RNA and DNA
viruses. Total nucleic acids extracted of BGMV-irtel bean were generously provided by Dr.
Judith Brown. Total nucleic acids of leaf discdPolinuspersicainfected with PPV were

obtained as described (Walbis al, 2007). Four samples of PPV-infected tissue weeslutwo
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of which were infected with the D strain of PPV eanith the M strain and another with the EA
strain. The presence of the viruses was confirméueal time-PCR as described (Schnekter
al., 2002). Each total nucleic acid sample was angglifising a Sigma Whole Transcriptome
Amplification Kit, as per the manufacturer’s ingttions, followed by size-selection using
AMPure beads (New England BioLabs Inc.). The tesglcDNA library was sequenced using

the Roche 454 Jr. platform, excluding nebulization.

The number of pathogen sequences within each sangd first enumerated by querying
the raw sequencing results against the pathogemsrge, in order to determine the level of
detection. The sequencing results were then arthlyzimg two methods. The first was a
“traditional” bioinformatic approach to NGS datahieh includes trimming and filtering the
sequence reads to remove portions of poor quéditpwed by de novo assembly of the sequence
reads into contigs, and then query of the contigsrest the NCBI non-redundant database, and
parsing of the results of the query. For the “tiadal” approach, the trimming and filtering was
performed in the iPlant discovery environment (Gaifél, 2011) using the FASTX Trimmer and
FASTX Quality Filter. The assembly of the contigasaperformed using the Roctie novo
Assembler. Querying the non-redundant databaseerésrmed with the mpiBLAST software
(Darling et al, 2003) on the Pistolpete high performance comgutinster. The MEGAN
software package was used in the identificatioarginisms that contributed to the metagenome

(Husonet al, 2007).

The second analysis method used the EDNA pipe€lihe. FASTA file was extracted
from the output file of the Roche 454 Jr. sequen¢BFF file), and the sequencing primers from
the 5" and 3’ ends were trimmed. This FASTA filethserved as a database and was queried
using the previously designed e-probe sets, bofletand decoy. The BLAST result was then
parsed and scored using the following equatiomhich n is the number of top hits to use, Eval

is the e-value of the hit, and the %cov. is theget coverage of the e-probe used in the hit.
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n

2 —logEvallh] * (%cov.[h])
h=1

The target e-probe scores were compared to theydecnes using two statistical tests.
The first was a simple t-test. The second foundhtregage and standard deviation of the decoy
scores, and called a probe positive if the targeteswas more than 10 standard deviations above
the average. This two-pronged strategy offers twgsato view the results. The t-test offers a
view of the entire e-probe set, while the standkdation offers a probe by probe view. A p-
value of less than 0.05 was considered to be peditr pathogen presence, while a p-value of

less than 0.1 and greater than 0.05 was considesgubct.

Each analysis was performed on a high performaoas®auter cluster, which consists of
252 standard compute nodes, each with dual IntehX&5-2620 “Sandy Bridge” hex core 2.0
GHz CPUs, with 32 GB of 1333 MHz RAM or using tant Discovery Environment (Godt
al., 2011). The run time of each was recorded (Tapl&!Z time taken to move data was not

included.
Results

The sequencing files are summarized in Table 3. pBsrirom plants infected with PPV
strains were barcoded and sequenced on two 4pkates (PPV-DTO, PPV-M paired on one
plate, PPV-EA, PPV-DT4 paired on the other), while BGMV sample was sequenced on a
single plate. These sequence datasets consistvegdre 9,250 and 45,295 reads, with a range of
average read lengths (296-412 nt). The perceieofeads that matched to known pathogen in a
BLAST search ranged from 0.35% to 6.80%. The avepagcent of pathogen reads was much

lower in the PPV samples than in the BGMV sampigh the exception of PPV-EA (Table 3).
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Traditional metagenomic approach

Traditional metagenomic analysis was able to idgetich of the pathogens whose
sequences were known to be present in the datdessmag well as the percent of the
metagenome to which the pathogen contributed (EigurThe analysis of the BGMV data
shows that the third and sixth most prevalent asgas were BGYMV (5.05%), and BGMV
(0.75%) respectively. Analysis of data samplesP¥ Rtrains showed each strain’s presence at
various levels (0.35-6.80%). A strain was callethietwo cases (PPV strain M and strain D).
Using the Investigate option of the MEGAN softwaak of the PPV samples were identified at
the strain level. Identification of the host specigowever, was unsatisfactory with many of the

reads being assigned to the wrong family, orded,@rylum.

EDNA pipeline approach

After processing the raw sequence files with théNBIpipeline, each of the probe sets
successfully detected the presence of virus patt®igeeach data set, based on results of the two
tests mentioned above. When the PPV e-probes werkta query the PPV-EA sample with fifty
top hits, the sample received a negative diagnoatig-value (Table 4). In addition, the BGMV
and BGYMV genomes were used reference sequencab@aneads of the 454 sequence data
were mapped to each genome. 0.8% of the reads ohapBGMV, while 4.8% of the reads
mapped to BGYMV. Interestingly, only 86.1% of th&BMV DNA B segment was mapped. A
large number of high quality variants were foundtfee BGYMV reference (81 variants for

DNA A, 178 for DNA B), when compared to BGMV (3 afidespectively).

The EDNA analysis requires both fewer steps argltiese (avg.14 seconds) when
compared to the “traditional” metagenomics apprdaserage of 9.2 hours) (Table 2), making

the EDNA analysis over 2400 times faster than threditional” approach. When EDNA was run
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on a laptop computer, obtaining a diagnostic cak wbtained as quickly as on a computing

cluster.

Strain-specific e-probes

Strain-specific e-probes were used as querieetedmple datasets shown in Table 5,
using the same method described above. The spatifie e-probes are less specific than the
genus level e-probes, but still are able to difiéete between the strains. The C, EA, and M
strain e-probe sets gave non-specific associafierpoobes, while the D set gave a suspect call
on a positive sample. Due to the prevalence of Batimd M strain recombinants found in
Europe, it is beneficial to know the genomic logas of the strain specific e-probes. Mapping the
positions of the e-probes onto the PPV genome shimateach set of the strain-specific e-probes

span across the entirety of the genome.

Discussion

NGS offers a powerful tool for diagnostics. Theligbto obtain sequence information
from every organism within a sample gives an intklépok at what microorganisms may be
associated with a disease. As with many other ges=eusing large datasets, the computational
power and time needed to analyze the datasetxtnesnely large, and are therefore limiting in
diagnostics, for which a diagnostic call is reqdine a timely manner. The EDNA pipeline can
give a diagnostic call over 2400 times faster thanetagenomic approach because it searches
only for the presence of sequences specific tp#tieogen of interest, and ignores other
organisms. The EDNA pipeline’s output is a simé ¢f pathogens tested, a p-value, the
number of positive probes, and a diagnostic cdiijesthe metagenomic approach requires a
subjective diagnostic call by a user, based owiaweof the results, which in turn can lead to

variability between users and limit desirable awdtion of the diagnostic process.
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For many diagnosticians access to supercomputénsiied or nonexistent, but the time
to a diagnostic call by EDNA, performed using adgp is still 2400 times faster than a
metagenomic approach on a supercomputer. The EQMgroach can be used with minimal
computational resources. The fact that it also d@¢sequire a curated database removes the
need to maintain an updated copy of the curateabdae for the analysis, although it is still
needed for the e-probe design process. As sequebegomes more common, the amount of data
stored in these curated databases will grow, amtketigth of time to query these databases will
likewise grow. By moving the diagnostic procesatocal machine, the EDNA pipeline removes
the need for users to have access to supercompeiieased databases, or networks, a feature that
facilitates it's applications in the developing Whras well as during times when access to

supercomputers or curated databases has beenrftiggueerrupted.

A multitude of sequencing platforms is availablehigh, if any, of these will be used in
the future is unknown, but one commonality amonthes these platforms is their output of
sequence reads in fastA format. The EDNA pipelias designed for use with any sequencing
platform once the data is in fastA format, which t& then formatted into a local BLAST
database. Regardless of sequencing platform, tidA5)peline can be used to identify specific
pathogens within a metagenomic dataset. The EDIgAlipie is flexible and will remain relevant

as sequencing technology grows.

Our data shows that EDNA is clearly more effectigea diagnostic tool than traditional
metagenomic approaches. However, the true compdiagsdDNA as an everyday diagnostic
tool isn't really other metagenomics approachesthmimore conventionally used plant virus
diagnostic tools of PCR, reverse-transcription R@R ELISA. The obvious advantage to PCR
and ELISA based virus detection are the limitedspsr assay and the lack of any need for
bioinformatic comparisons. These widely used dairdbols are very much limited to answering

diagnostic questions for well characterized virubes the investigator knows to look for.
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Certainly these are preferred for wide scale séngsnwhere the virus of interest is already
identified. However, in cases where an unexpecttatied plant sample reaches a diagnositic lab
without anya priori knowledge of etiology, it could take hundredsrafividual viral assays to
determine a potential cause. A single EDNA analgsidd provide a much quicker answer.

While the price constraints of NGS are curreritlyiting for everyday survey use, EDNA based
metagenome analysis may already be a viable ojtiareas where agricultural products of
interest need to be tested for multiple pathogereserably simultaneously, like a import
guarantine facility. In addition, it's logical tesume that the greater scientific community drive
for cheaper and faster sequencing technologiesowyl serve to drive down the costs of NGS

metagenome based viral discovery and diagnostitgifuture.
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Table 1: List of strain isolates used includingession number.

Irs]:lr?]t; Strain Accession
SC C X81083.1
SwC C Y09851.2
PENN1 D AF401295.1
PENN2 D AF401296.1
Cdn 4 D AY953263.1
PENN4 D DQ465243.1
Euro D D NC 001445.1
El Amar EA AM157175.1
El Amar 1 EA DQ431465.1

PS M AJ243957.1
SK 68 M M92280.1
BOR-3 Rec AY028309.2
AbTk Rec EU734794.1
Canadian w AY912055.1

Table 2: Table of runtimes of each step of theyaisl This does not include time to move data
from one location to another.

Time ; .. " Time
EDNA (HH:MM:SS) Traditional (HH:MM:SS)
Extract fastA 00:00:00 Extract fastQ 00:00:56

EDNA 00:00:14 FastQC 00:01:07
Pipeline

Filter & Trim reads 00:00:58

BLASTN - GenBank 09:18:04

nt
| Total 00:00:14 09:21:05 |
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Table 3: Sequence data set summary.

Average %
454 run Host Known —Number Total Bp read Pathogen
Name Pathogen of reads
length Reads

BGMV Bean BGMV 45295 13,423,738 296 5.02%
PPV-EA Prunus PPV-EA 36,374 13,491,357 371 6.80%

PPV-M Prunus PPV-M 9,250 3,808,884 412 0.35%
PPV-MTO Prunus PPV-D 42,418 16,100,234 380 1.34%
PPV-MT4 Prunus PPV-D 30,121 12,244,317 406 0.53%

Table 4: EDNA p-values and number of positive pmliolded sections indicate a positive
diagnostic call, while non-bolded indicates a negadiagnostic call.

P;%?e L?tg BGMV PPV-MTO PPV-MT4  PPV-EA PPV-M
Pval #Pos Pval #Pos Pval #Pos Pval #Pos Pval #Pos
BGMV 1 |0018 2121 1 021 1 021 1 021 1 o0/21
5 0018 21/21 1 021 1 021 1 01 1 021
10 0017 21212 1 o021 1 021 1 021 1 021
50 {0016 2121 1 021 1 021 1 01 1 o/
BGYMV 1 |0033 1727 1 027 1 027 1 027 1 0027
5 0032 17727 1 027 1 027 1 027 1 027
10 |0.032 1727 1 027 1 027 1 027 1 0027
50 |0.024 17/27 1 0/27 1 027 1 027 1 0027

PPV 1 0551 0/64 0.000 62/64 0.00139/64 0.003 28/64 0.000 63/6
5 |0.331 0/64 0.000 62/64 0.00C37/64 0.007 29/64 0.000 63/6

10 | 0.993 0/64 0.000 62/64 0.00C36/64 0.020 26/64 0.000 63/6

50 | 0.107 0/64 0.003 62/64 0.00C31/64 0.122 22/64 0.000 63/6
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Table 5: Strain-specific e-probe results. Boldettieas indicate a positive diagnostic call,
italicized scores indicate a suspect diagnostic waile the absence of these modifiers indicate a
negative diagnostic call.

E-probe set mg PPV-MTO PPV-MT4 PPV-EA PPV-M
Pval #Pos  Pval #Pos Pval #Pos Pval #Pos

C set 10 [o0468 1/88 041 1/88 0.158 0/88 0.985 0/88
D set 10 | 0057 6/10 0.002 810 0.189 0/10 0.352 0/10
EA set 10 | 0.787 0/203 0.026 2/203 0.000 142/203 0.224 0/203
M set 10 | 0798 0/96 0.009 3/96 0.971 1/96 0.000 41/96
W set 10 | 0.213 0/119 0498 0/119 0.139 0/119 0.114 0/119
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Figure captions:

Figure 1: MEGAN identification of reads for the BGMA), PPV-MTO (B), PPV-MT4 (C),
PPV-EA (D), and PPV-M (E). Some groups which repntsess than 10% of the reads are
unlabeled.

Figure 2: Positions of the e-probes on the PPV geno
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CHAPTER VI

THE USE OF NON-SPECIFIC E-PROBES FOR GENERAL DETHEON OF VIRUSES.

Introduction

Previous chapters focused on the use of spedissrain-specific e-probes for detection
and diagnosis, and the EDNA pipeline was introdwsd novel approach to detect and diagnose
plant pathogens. There are two major limitationthefEDNA pipeline, however. The first is the
e-probe design, for which there is a requirementife sequences of both the pathogen genome
and a phylogenetically near neighbor. The secotithisthe pipeline will detect only viruses for
which e-probes have been designed and implemeéntieite there are many known plant viruses
of economic importance, many may be missed if et virus is unknown, or presence of the

virus was not tested for.

The diagnostic community has developed many bioklgissays to test for a wide
variety of viruses in both animal and plant systé@isenet al, 2011; Zhanget al, 2010). To
further explore the applications of Next Generatsaguencing (NGS) in a diagnostic setting,
probes designed for use in a general virus micagastere converted to e-probes that can be used

in the EDNA pipeline for detection on the familywé, which is useful for detection of related

121



species of economically damaging viruses. Thidogktvould be extremely useful for
government agencies that regulate and ensure Higyopf plant material imported into the U.S.,

such as the USDA-Animal and Plant Health Inspec8ervice (APHIS).

Methods

Design of general e-probes

The sequences used as e-probes in this work atégirfrom probes designed by Dr. Kael
Fisher at the University of Utah School of Medigiimecollaboration with Drs. John Hammond
of the USDA agriculture research service (ARS) @falide Fauquet of the Danforth Center. The
probes were to be used in a general virus detentioroarray, designed to house over 9,300
unique probes, corresponding to over 1,300 virasvénoid species (Bagewasdt al, 2010a;
Bagewadiet al, 2010b). The taxonomic information associated witse species are available in
GenBank as of 2009. The microarray has been validasing/Vheat streak mosaic virus
(Brown, 2011). One aspect of this e-probe set wifflers from previous ones, is the inclusion
of a number of plant housekeeping genes to serpesatve controls. Since the of this probe set
was originally designed for microarray, care wa®teto ensure proper thermodynamics during
hybridization, so each microarray probe (and trache-probe) is 60 bp long. No changes to the

sequence of the probes were made in the conversisiprobes.

Datasets

Three 454 sequence datasets were provided by USBIAS in fastA file format,
labeled RL-20, RL-24, and RL-26. Sample sequenwaiag performed using the Roche 454 Jr.
platform in the USDA-ARS laboratory in Ft. Detridlaryland, and the only information
available on the samples, their preparation ormiaesymptoms, was that each sample came
from a different plant suspected of being infectgith a virus. Each dataset was analyzed using

the EDNA pipeline as described in chapters IV and this thesis with the general e-probe set
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described above, with no change to the programe@entification was made, the sequence of
the type member of the virus family was used asa#fald for mapping reads. Two methods were
used to assemble the sequencing reads into genbmhbes.first, the type member genome was
used as a query in a BLAST search of the dataseaoting the reads that resulted in a hit with
an e-value of 1 and assembling the reads into contigs using tkie3program. The second
method was to use the Roche GS Reference Mappwemasefto map reads onto the type member

genomes.
Results
EDNA detection

The EDNA pipeline revealed 10 and 12 positive ptaimtrol e-probes for RL-20 and
RL-24, respectively, but no positive virus e-proeable 1). Eighteen positive plant control e-
probes were found positive for RL-26, with 5 separaral e-probes (3 “Tymovirales”, and 2
"Alphaflexiviridae, Potexvirus”). The fact that tleéphaflexiviridae is a family within the order
Tymovirales, suggests that there is a single virtisin the sample dataset. Further analysis was
performed to obtain the full genome of virus(egpogmized by the e-probes. Type members for
each e-probe classification were choskumip yellow mosaic viruéTYMV; NC_004063.1) for
the “Tymovirales” probes, arféotato virus X(PVX; NC_011620.1) for the “Alphaflexiviridae,

Potexvirus” probes, to be used as scaffolds imtapping assembly of the genomes.

Mapping results

When queried with the TYMV genome, 11 sequences&ate recovered. These reads
were assembled into a single contig of 582 bp. Whisncontig was used as a query against the
nt Genbank database, several of the top hits vedPd/K, with 95% identity. Querying with the
PVX genome recovered 359 reads, assembled intorittgs, each matching PVX with over 90%

identity. Mapping reads from the dataset to the tyember genomes resulted in zero reads being
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mapped to TYMV. Eight contigs consisting of 317dgavere mapped to PVX, with 92.3% of the
PVX genome covered. This evidence strongly sugdeatshe EDNA detection of the detection
of PV X is true, an interpretation corroborated byoanmercially available potex virus antibody

detection assay evidence of flexuous rods in thgpsa(Jorge Abad; personal correspondence).

Discussion

The EDNA pipeline was able to detect the presefi@emember of the family
Alphaflexiviridag most likely a potexvirus. With further downstreamalysis, 92.3% of the viral
genome was recovered and assembled. This evidegether with the biological evidence,
leads to a definitive conclusion that the plant glenis infected with a potexvirus, most likely
PVX. Almost the full genome was recovered and canded in the design of additional e-probes
to be tested with future samples. In additionhd sample was suspected of being infected with a

virus intentionally, SNP typing is available to iase attribution.

As with many forms of detection, further validatiof EDNA is needed, either by the
recovery of addition reads to assemble a genomgptuogical evidence such as EM images or
PCR assays. PCR assays would especially help&ridore that the assembly of the virus genome
is correct. Future work is needed, including optimi the general e-probes, determining a limit

of detection, and adapting the test for viroid gaas.

124



REFERENCES

Bagewadi, B., Fischer, K., Henderson, D., Jordan,.RWang, D., Perry, K., Melcher, U.,
Hammond, J. & Fauquet, C. (2010a)Universal plant virus microarray development
and validation. IrPhytopathologypp. S154-S154: AMER PHYTOPATHOLOGICAL
SOC 3340 PILOT KNOB ROAD, ST PAUL, MN 55121 USA.

Bagewadi, B., Henderson, D., Jordan, R., Perry, KMelcher, U., Wang, D., Fischer, K.,
Hammond, J. & Fauquet, C. (2010b)DNA microarray based universal plant virus
detection and identification. Rhytopathologypp. S10-S10: AMER
PHYTOPATHOLOGICAL SOC 3340 PILOT KNOB ROAD, ST PAUMN 55121
USA.

Brown, T. P. (2011).The Development and Characterization of Molectitzols for Microbial
Forensics IrBiochemistry and Molecular Biologp. 199: Oklahoma State University.

Chen, E. C., Miller, S. A., DeRisi, J. L. & Chiu, CY. (2011).Using a pan-viral microarray
assay (Virochip) to screen clinical samples foaMpathogenslournal of visualized
experiments: JOVE

Zhang, Y., Yin, J., Li, G., Li, M., Huang, X., Chen H., Zhao, W. & Zhu, S. (2010).
Oligonucleotide microarray with a minimal numbermobbes for the detection and

identification of thirteen genera of plant virusé/irol Methodsl67, 53-60.

125



Table 1: List of positive probes for each sequendata set.

RL-20 RL-24 RL-26
Probe name Description Probe name Description robePname Description
Zm_18S rRNA-2 Plant Control Zm_18S rRNA-2 Plann€ol 9629255 nt4776.60 Tymovirales
Zm_18S_rRNA-2.11 Plant Control Zm_18S_rRNA-2.11Plant Control 169219512 nt4170.60 Tymovirales
Zm_18S rRNA-4 Plant Control Zm_18S rRNA-3 Plann€ol 189458579 nt4414.60 Tymovirales

Zm_18S_rRNA-4.11 Plant Control
Zm_25S rRNA-5 Plant Control
Zm_25S rRNA-5.11 Plant Control
Zm_25S rRNA-6 Plant Control
Zm_25S rRNA-6.11 Plant Control
Zm_5.8S rRNA-1 Plant Control
Zm_5.8S_rRNA-1.11 Plant Control

Zm_18S_rRNA-3.11Plant Control
Zm_18S rRNA-4 Plann€ol
Zm_18S_rRNA-4.11Plant Control
Zm_25S rRNA-5 Plann€ol
Zm_25S _rRNA-5.11Plant Control
Zm_25S rRNA-6 Pigantrol
Zm_25S _rRNA-6.11Plant Control
Zm_25S rRNA-7 Plant Control
Zm_25S rRNA-7.11 Plant Control

37905677_nt4201.60
37905677_nt4226.60
Arabidopsis_rbcL
Arabidopsis_rbcL.11
Potato_eFla
Potato_eFla.11
Zm_18S_rRNA-2
Zm_18S_rRNA-2.11
Zm_18S_rRNA-3
Zm_18S_rRNA-3.11
Zm_18S_rRNA-4
Zm_18S_rRNA-4.11
Zm_25S_rRNA-5
Zm_25S rRNA-5.11
Zm_25S_rRNA-6
Zm_25S rRNA-6.11
Zm_25S_rRNA-7
Zm_25S rRNA-7.11
Zm_5.8S_rRNA-1
Zm_5.8S rRNA-1.11

AlphaflexiviridRetexvirus

Alphaflexiviridae, Pafiexs

Plant Control
Plant Control
Plant Control
Plant Control
Plant Control
Pl@ontrol
Plant Control
Plant Control
Plant Control
Plant Control
Plant Control
Plant Control
Plant Control
Plant Control
Plant Control
Plant Control
Plant Control
Plant Control

126



APPENDICES

The following supplemental material from ChaptetslV, and V have been made available on
the ProQuest/UMI Dissertation Publishing website.

CHAPTER III

Supplementary Figure S1The Brassicales-associated clade of the Bayesian-likelihood
tree of theRdRp ORF of tobamoviruses.

Supplementary Table S1Paositions of polymorphic residues in PafMV-TGP RNA
Supplementary Table S2Virus names, abbreviations and GenBank accessioiers
CHAPTER IV

Supplementary Table S1Comparison of EDNA results with e-probes beforel after the
BLAST check

CHAPTER V

ChapterV_EDNAPiIpeline.rar The EDNA pipeline and probe design scripts
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