DEVELOPMENT OF OLIGONUCLEOTIDE-BASED
MICROARRAYS FOR THE DETECTION OF PLANT
VIRUSES AND THE FIRST CHARACTERIZATION OF
A PLANT VIRUS BELONGING TO THE FAMILY

TOTIVIRIDAE

By
VEENITA GROVER SHAH

Bachelor of Science in Biochemistry
University of Delhi
Delhi, India
2003

Master of Science in Biosciences
Jamia Milia Islamia University
Delhi, India
2005

Submitted to the Faculty of the
Graduate College of the
Oklahoma State University
in partial fulfillment of
the requirements for
the Degree of
DOCTOR OF PHILOSOPHY

December, 2010



DEVELOPMENT OF OLIGONUCLEOTIDE-BASED
MICROARRAYS FOR THE DETECTION OF PLANT
VIRUSES AND THE FIRST CHARACTERIZATION OF
A PLANT VIRUS BELONGING TO THE FAMILY

TOTIVIRIDAE

Dissertation Approved:

Dr. Ulrich K. Melcher

Dissertation Adviser

Dr. Marilyn J. Roossinck

Dr. Michael W. Palmer

Dr. Peter Hoyt

Dr. Patricia Ayoubi

Dr. Mark E. Payton

Dean of the Graduate College



DEDICATION

to my
FatherMr. Madan Grover
and

MotherMrs. Veena Grover



ACKNOWLEDGMENTS

| take this opportunity to thank a number of outstanding individuals and sciwblarselped me
throughout the period of my graduate program at Oklahoma State Univewdityalways
cherish my memory of all those, to only some of whom it is possible to gitreybar mention

here, who helped in enriching the experiences of my life duringirimgs t

This thesis would have not have been possible without the help, support andepafimy
major adviser, Dr. Ulrich K. Melcher. | would like to extend my deep gidditand appreciation
to Dr. Melcher for his constant support in guiding me to a deeper understandingvddge
work, and his invaluable supervision and encouragement during my entire RdyDarsdl
researchHis mentoring helped me in all the time of research and writing oftibsss. | owe my
most sincere gratitude to Dr. Marilyn J. Roossinck for providing me witlopportunity to work
at the Noble Foundation, as a part of her group and for her constant guidanaedhelp
motivation throughout the term of my research. | further thank thefresy thesis committee:
Dr. Michael Palmer, Dr. Peter Hoyt and Dr. Patricia Ayoubi for their ingigbbmments and

advice during the course of this work.

An expression of gratitude goes to all my friends and fellow lab merab&klahoma State
University and Noble Foundation for their helpful suggestions, encouragearahtontribution
of humor during my academic endeavors. A special note of thanks is due to thedaddtaff
members of the Department of Biochemistry and Molecular Biology &hOkna State

University and Plant Biology Division at Noble Foundation, Dr. Rick S. Nelson ticplar, for



all their help and assistance.

I would like to express my deepest and most sincere gratitude torentpdr. Madan Grover
and Mrs. Veena Grover, and other family members (Mr. Dhananjay Shah, MisiF&sah, Mr.
Vidur Grover, Mrs. Neha Grover, Ms. Heta Shah and Ms. Yuvika Grover) folinlcessant
love, affection and encouragement which enabled the completion of ¢fneed€&inally, 1 would
like to thank and appreciate my wonderful husband, Mr. Viraj Shah for meridous support,
endless patience and continual dosage of love and stimulation alllihrgugraduation which

made it possible for me to achieve my goal.



TABLE OF CONTENTS

Chapter Page
|. GENERAL INTRODUCTION

Il. CHAPTER I: OLIGONUCLEOTIDE-BASED MICROARRAYS FORETECTION
OF PLANT VIRUSES EMPLYOING SEQUENCE-INDEPENDENT
AMPLIFICATION OF TARGETS

Introduction

Methods and Materials
PCR amplification and purification of DNA targets..........ccccvvvvvvvvvvviiiiinennennn. 20
Plant materials, viruses and RNA synthesis
Design of oligonucleotide probes and printing ............ccceeeeeiiiiieeeeeeeeeeeceeeiiiinnns 24
Sample labeling, hybridization and image analysis

Results

Effect of target and probe length variation on hybridization signal inye/28t
Spacer effect

..................................................................................................... 35
Detection of tymoviruses singly and in MIXtUres .........ccccceeeeeeevevvvevvivnvinennn 36
Hybridization with short oligonucleotide probes..............cvveiiiiiiiiiiniiee, 38
Hybridization with long oligonucleotide probes..........ccccvvvvviiiiiiiiiiiiieeeeeee, 38
Influence of temperature on signal intensities of long oligonucleotide
O] 0TSSP 44

D] Yo U 151 (o] TP E TR PPPOP 46

lll. CHAPTER II: GENOMIC APPROACHES TO DISCOVERY OF VIRASPECIES

DIVERSITY OF NON-CULTIVATED PLANTS ... 50
[T goTo {3 o3 1 o] o PSSP RPPPPPRUPUPPPTPI 50
GENOMIC APPIOACNHES ... .. eaeaeees 55

Vi



Y= 10 01011 o [T SRRRPPP 55

INAIVIAUAI PIANTS.......ccce e e e e e e —————- 55
e N o T (6 £ 55
LAWNIMOWET ... e e e e e e e e e e e e e e nnn s 56
RUN-Off WALET ... 56

ENFICRMENT ... e 57
ASRIN A ettt et e e e e e e e e e e e e e e e e e rrreees 58
VLP-VINA Lttt e e e e e e e e e e e 58
VIrUS @0SOIDENTS. ...t 59
Group-SPECITIC PHIMEIS .oeveeeieiiiieiee e e et e e e e e e e e e e e e eeeeeeaanne 59
SIRIN A e ettt raaaaaaaaaaaaaaaaaaaans 61
R A ettt et e e e e e e e e e e e e e e e 62

AMPHTICATION ... 63
SISPA @nd VIDISCA ...ttt 63
RANAOM PCR .. 64
R C A et 65
MacCro/MICrOarTaY targetS .......cceiee ittt 66

D=1 =0l 1 (0] o P PPPPPPPPPPPTPR 68
AATTY S . ettt e e eaans 68
Y=o 18 1= o o U PURUSRR 73

FULUIE PIOSPECTS ..ttt et e et e e et r e e e et e e e e e e e eaan e eees 77

IV. CHAPTER llI: FIRST CHARACTERIZATION OF A PLANT VIRUS

BELONGING TO THE FAMILY TOTIVIRIDAE.........cccoiiiiiiiiiiieiieeeceee e 79

1 0o [0 [1 i o] o PP PPPPPRPPP 79

Methods and MAtEIIAIS.........ueeeiiiiiiiiiie e 83
Plant Material ...........e e 83
Screening of plants for the presence and absence of the putative tativ@3is
Mechanical transmission Of the VIFUS ..........uueiiiiiiiiiiee e 85
Digoxigenin-labeled RNA probe Synthesis ........cccccceeviiiiiveeviiiiciiciee e 86
Fixation, dehydration and embedding of plant stem tiSSUes...........cccccceeeeeennnn. 87
Sectioning and tissue section pretreatMment.............coovvvvvviveviiiiiciie e 88
In situ hybridization for localization of plus-strand viral RNA in the infected stem
TISSUBS ..ttt ettt e et et e e e e e e e e e e e e e r e 88
Ruellia humiliscontrols for fungal staining............ccceeveeiiiieiiiiiie, 90
Localization of fungal endophytes in stem cross-sections using cotton blue stain
.......................................................................................................................... 90
Isolation of fungal endophytes from stem tissues of virus-infected pinsed
DY ASRNA ©XIrACHON. .....eeiiiiiiiiiiie e 91
Seed transSMISSION ANAIYSIS........ccceiiiiiiiieeier e 91
Determination of the precise 3'- and 5'-ends of the viral dsSRNA .................... 93

vii



R BSUIS ..o e e 95

Screening of totivirus-infected plant samples..........ccccoovvvviiiciiiii e, 95
Symptoms and mechanical transmission of the Virus...............ciiiiiieiiennnnnn. 95
Localization of the viral RNA in the stem sections of infected plants biu
NYDIAIZALION .. 98
Localization of fungal endophytes in the stem sections using cotton blue staining
........................................................................................................................ 101
Isolation of fungal endophytes from stem tissues of infected plants folloyved b
ASRINA EXIrACHON.......coiiiiiieieeiiiite ettt e e e e e e e e e eeeeeeeneees 106
Seed transSMISSION ANAIYSIS......coeeee e i e 106
Determination of the precise 3'-end of the viral genome.............cccccceeeeeeennn. 108
[ o U 1] o] o [ SRR 111
V. CONCLUDING REMARKS .....cuttitiiiiiiiiiiiiiiee e a e e e e e e e e 115
VI BIBLIOGRAPHY ...ttt ettt e e e e as 119
WV APPENDIX ..ttt e e e e e e 133

viii



LIST OF TABLES

Table Page

l. Primer sequences used to amplify CDNA targets .......cccoovveeeeeeeeeieeieeeeeiceeeee e 21
Il. Sequences of DNA oligonucleotide target-specific probes used in the magratudy
...................................................................................................................................... 29
[ll. List of all primer sequences used in the characterization of théyeutativirus
.................................................................................................................................... 84
IV. Sequences of DNA oligonucleotide non-target probes used as controls in the
MICTOAITAY STUAY ...ttt e et e et e e e e e e e e e e e e e e e e eeeeebbeennnn e es 133



LIST OF FIGURES

Figure Page

1. Schematic outline of the strategy used to convert RNA and DNA into labeled cRNA
for the microarray detection of viral SEQUENCES ...........ceiiiiiiiiiiiiiiieeeeeee e 23

2. TVCV and CaMV cDNA hybridization fluorescence intensity as a function gétar

and Probe 18NGLN........ e 33
3. Signal patterns after hybridization of 100 and 300 bp cDNA targets of TVCV to six
different length probes from 21-mer to 70-mer for the same target ...............coeeeeeee.. 34
4. Impact of spacers on hybridization efficiency of shorter probes.............cccceenn. 37

5. Signal patterns after microarray hybridization of labeled cRNA fronuf#yfected
Asclepias viridisused as a negative control and Mrlepiasasymptomatic virus
infectedA. viridis at 46 °C to a set of short target-specific and non-target probes .....39

6. Comparison of hybridization efficiency of targets against probes with ahduwi
] 0= (0T £SO TOP P PPPTR 40

7. Addition of oligo-d(A) to hybridization mixture helps reduce non-specific
(0)Y7 0110 1124 11 o] o FAu PSR PPPPPPTRPURRTP 41

8. Hybridization results of AsAV-, TYMV- and KYMV-infected samples as Eng
1y (=To (0] g S o] g 40T [ = 43

9. Virus-infected (A) and uninfected (BRuellia humilismaintained in the greenhouse
10. dsRNA from inoculateNicotiana benthamianéNB), Chenopodium quinogCQ),
and putative virus-infecteld. NUMIlIS.............coooiiiiiiiic s 97

11.In situ hybridization for localization of plus-strand viral RNA in the stems of infected
R UMITIS .t e e e e e e e e e e e e e e bbb 99

12. Closer view of the hybridized and stained sections to determine the site ofNAval R
accumulation inside the infected plant stem tiSSUES ...........uvviiiiiiiiiieieeeeeeeeceeeeiiiiees 100



13. Leaves of fungal-colonized and non-coloniRedhumilisplants plated on the PDA
L T=T 0= TSRS 102

14. Localization of fungal endophytes in stem sections of colonized and non-colRnized
humilisusing cotton blue StaiNING............ouvviiiiiie e 103

15. Localization of fungal endophytes by cotton blue staining in the serial st¢ions
of virus infected plant R4, shown to contain the virus inside the stem tissue cells... 104

16. Localization of fungal endophytes by cotton blue staining in the serial steom sdc
virus infected plant R22, shown to contain the virus inside the stem tissue cells.... .105

17. dsRNA extracted from fungal isolates of the two putative totivirieciedR. humilis

xi



GENERAL INTRODUCTION

Most of the recognized groups of living organisms harbor viruses, whidbbgate symbionts
known to depend on their hosts for their replication and survival. Studiesyrityim marine
environments, have revealed an enormous diversity of DNA as weNlAs/iRuses, indicating
viruses as one of the most abundant biological entities (Azam & Wdd@4, Breitbart &
Rohwer, 2005b; Fuhrman, 1999; Suttle, 2005; Suttle, 2007). The discovery of the virus that
marked the beginning of the science of virology was made in the 1890s withebtameof a
causal agent, later namedTazbacco mosaic viry®f a disease causing mosaic and distortion on
tobacco plants (Beijerinck, 1898; lwanowski, 1892; Mayer, 18B#)acco mosaic viruglayed a
significant role in the history of virology for many other reasons apart breing the first virus to
be discovered. These include it being the first virus to be purifiedl€$ta 935), determination

of the chemical composition of the virus, the isolation of its protein andioadiel components,
reconstitution from its dissociated parts and determination of thersegof the first viral coat
protein. Despite the fact that with the further discovery of everglmqant virus and their
characteristics, new conceptual grounds are laid, the view of veiegesthogens still dominates
the field of plant virology due to an evident bias in plant virus studigards acute and chronic
viruses. This perception has less to do with what we know about viruses and moretto do wi
ignorance of what we do not know. Virus studies in wild plant communities are oft
underestimated relative to cultivated systems since virusesdmplants are generally considered
not to harm the hosltt is likely that most viruses are commensals, demanding no apparerg fitnes

cost from the host (Roossinck, 2005). The growing list of viruses being drecbw wild plants



suggests an important role for viruses in our ecosystem. Due to the sgrabgaiciations of
viruses with their hosts, a role of viruses in the evolution of the hegggested by researchers
(Filéeet al, 2003; Villarreal, 2005). Recent examples of beneficial effects v$es on their host

plants are slowly but steadily broadening the horizons of plant virology.

It has been long known that viruses can be latent or symptomless in someuhisst pl
even though they may cause symptomatic diseases in others. Symptorus oiffeotion can
vary greatly in expression and severity depending on a number of factodingchge of the
host, host cultivar, strain of the virus, environmental conditions and thenpeeseabsence of
other viruses (Department of Crop Sciences, 1991 ; Zitter & Murphy, 2009). In the pmamome
of tolerance (Kangt al, 2005), infected plants may have high titers of virus without exhibiting
obvious symptoms of infection. In such cases, viruses may move through the plamanner
similar to that in susceptible hosts, but disease symptoms arefustserved. It is possible that
such plants are nevertheless affected by the virus through a deoriasss not detectable by
simple visual observation (Paganal, 2008). Most of the viral sequences discovered during a
recent plant virus biodiversity survey, Plant Virus Biodiversitgt &cology project (PVBE),
came from asymptomatic, healthy-looking plant samples (Mekthady 2008; Muthukumaet
al., 2009; Roossinckt al, 2010), again supporting the idea that the presence or absence of
symptoms should not be related to virus infection. The mechanisms by whickyhesems are

generated, and by which plants resist these effects, are stilylard@own.

Since viruses are considered one of the most agriculturally importantcdogidzally
intriguing groups of plant pathogens, it was not surprising that most of tisesicataloged in
the Viral Identification Data Exchange database (1996) were derived frtivated crop species
and symptomatic hosts (Wreh al, 2006). Although our knowledge of viruses of non-cultivated
plants remains far from comprehensive, there have been some survagssis n plant

populations from non-managed ecosystems (Bodetghll, 2004; Frailest al, 1997; Kawakami



et al, 2007; Raybouldt al, 1999). These surveys studied the distribution of several known crop
plant viruses in non-cultivated plants using specific assays tndtreglants for those viruses.
Most of the unknown viruses in non-cultivated plants caught scientitgatian and were
discovered because the plants exhibited novel disease symptoms éCmlff@008; Gibbs,

1980; Hassamet al, 2009; Ooiet al, 1997; Robertson, 2005, 2007). The finding of the first
vascular plant virus, Stilbocarpa mosaic bacilliform badnavirus (SMB\sing mild to severe
yellow mosaic symptoms, in an extreme environment of the subantarctic Madgland
(Skotnickiet al, 2003) was followed by successful detection of several other known plasgsir

in host plants growing in the near Antarctic region (Polisatul, 2007).

Recent ecogenomic studies of plant viruses in the wild conducted at théeArea
Conservacion Guanacaste (ACG) in Costa Rica (Roossiralk 2010) and the Tallgrass Prarie
Preserve (TGPP) in northeastern Oklahoma (Melehat, 2008; Muthukumaet al, 2009;
Roossincket al, 2010) targeted native plants regardless of the presence or absegnmoptofiss,
and discovered several hundreds of new potential viral species. Thess wirdiable to link
each of the obtained viral sequence to its specific plant host in ariehgsttem. Only very few
viruses with sequence similarities high enough to be consideredraafteaknown species were
discovered from these studies. In most of the other cases, similarity ldsgbnenough to
indicate that the potential virus in the plant belonged to the same genuslpiafathe matched
virus sequence in GenBank. These results supported the concept originadisteddry Harrison
in 1981 (Harrison, 1981) of categorizing viruses of non-cultivated p{&fitsPAD, wild-
adapted) and crop plants (CULPAD, cultivated-adapted) into two grospd ba their
adaptation to existence. Virus taxa commonly associated with crop pleagatisgere relatively
absent in these non-cultivated plants. The exception to this case wastnedgs crop plant
virus, Zucchini yellow mosaic virug, member of the familotyviridaethat was found with high

frequency in the ACG in Costa Rica (Satal, Unpublished data).



One of the high incidence sets of viruses found in the TGPP were frorarths g
Endornavirus a group of persistent plant viruses. The term “persistent virus” mspleflects
one of the four lifestyles a virus can adopt, namely persistent, acuiaiccAnd endogenous
(Roossinck, 2010). The important characteristics of a persistent plantve 1) it usually causes
no or very slight disease symptoms, 2) it is present in low concentratithreshiost, and 3) it is
not horizontally transmitted 4) it does not move from cell to cell dueetéack of movement
protein (MP) and 5) it is seed transmitted, and maintains infectidhddifetime of the host.
Though all of the viruses belonging to this group have double-stranded (dsydtieAes, this
characteristic is not a criterion for persistence. In aninlifdsof a persistent virus is suggested to
begin with an initial phase of productive infection and antiviral host reggoilowever, the
virus is not fully cleared out by these host responses, and maintains tbigyoafpeonstant or
periodic reproduction (Villarreadt al, 2000). These viruses establish species-specific persistent
and inapparent infections that are stable on an evolutionary time Boalpersistence of a virus
tends to be highly host specific, possibly due to the need for a close coordif#tievious with
host regulatory systems (Villarreal, 2005). Virus persistence eppeeely on host mechanisms
for virus maintenance and probably for competition and exclusion of othergénatisaas well.
Currently, the mechanisms of virus persistence and maintenance, andriBenjuence for the
infected host are not very clear.

The best studied of the plant persistent viruses are those previoustiyagiptic viruses
(Boccardoet al, 1987). Cryptic plant viruses are seed-borne dsRNA-viruses which co-&kist w
their host plants throughout their lives without inducing any symptoms. Cryjptises went
undetected for a long period of time due to lack of research attention syagothot appear to
cause any economically important diseases. This sadly is stithteenwdith persistent plant
viruses which remain one of the most poorly characterized kinds of ptasési Cryptic viruses
were first noticed in plants in the late 1960s by Pullen, who observed srallike particles

(VLPs) in all plants of seven beet species (Pullen, 1968; Pullen, 196%g padicles were



neither mechanically transmittable to other herbaceous plantsjmoragéed from the host by
heat treatment. They were suspected to be an obligatory constituenttsfypial a couple of
years later, when a few beet plants not containing the VLPs were foundLPsevere purified
then and named &eet cryptic virugBCV) (Kassanis et al., 1977). The virus was shown to be
present in 90% of plants from three different sugar beet cultivars@icentration of 1pg or less
per gram of leaf tissue. Kassanis et al. also established that BCadteasransmissible via both
the ovule and the pollen (Kassaatsal, 1978). Lisa et al. 1981 first showed that particles of
Carnation cryptic virucontained double stranded (ds) RNA genomes, as was also true for other
cryptic viruses in alfalfa, meadow fescue, hop trefoil, red clover, whuteeckhnd ryegrass
(Boccardoet al, 1987; Liseaet al, 1981). Cryptic viruses were confirmed in 1985 to be plant
viruses and not viruses of fungi contaminating the host plants by BocdatdBoccardeet al,
1985). The report showed that the incidence and concentratihité clover cryptic virusvas
unaffected by systemic and surface fungicides. Viruses were redavesimilar amounts from
seedlings grown from surface-sterilized seeds. Further reportsipdosiipporting evidence
favoring a lack of association of cryptic viruses with fungi (Boccatdal, 1987). One of the not
so infrequent characteristics of cryptic viruses is that two eethiruses can be found in an
individual plant host. However, they do not appear to be dependent on each other.

Cryptic viruses now belong to the gerAlphacryptovirusof the familyPartitiviridae,
which include viruses not only in plants but also in fungi and more recenttyzpeo{Nibertet
al., 2009). In algae, the association of their dSSRNAs with chloroplasts anchamdria raised the
possibility of prokaryotic origin (Ishiharet al, 1992). Cryptic viruses have a small segmented
double-stranded RNA genome in the size range of 1-3 Kbp per segment. &) @igotic viruses
appear to persist indefinitely. They seem to be so well adapted to theithaddbey can survive
dramatic changes in growth and environmental conditions. A studyCaitiation cryptic virus
andBeet cryptic virushowed that 16 years of continudnwitro tissue culturing and

thermotherapy were unable to cure plants of these partitivirBzegdet al, 2005). Presence of



Pepper cryptic virusn all the tested cultivars of Jalapefio peppers indicated itsrmesat the

time of origin of the Jalapefio cultivar (Arancilgial, 1995). The other group of persistent plant
viruses mentioned above, the Endornaviruses, infect plants, fungi and cerayctare similar

to cryptoviruses in that 1) they are efficiently transmitted throug,s8 most of them do not
show horizontal spread, and 3) they are not associated with disegderagmHowever, unlike
cryptoviruses, which contain virions and consist of two dsRNAs each about ir3dngth,

none of the endornaviruses are associated with particles and each of #ssociated with a

large non-segmented ds RNA of more than 10 kbp, encoding a single open readingitihame
recognizable RNA helicase and polymerase domains. A recent phylogamadiisis of the
available isolates of Phytophthora endornaviruses from Europe and USAdstiaw these viral
isolates are highly conserved even in different hosts suggesting a popblattieneck during

their emergence (Kozlakidet al, 2010). Like partitiviruses, endornavirus persistence seems to
be very stable as well. All cultivars of bell pepper contain an endousaviat can be vertically
transmitted to other cultivars of pepper through crosses (Valverdati&réez, 2007). It is
suggested that crosses among different pepper genotypes by plant breedésto generate
new cultivars may have resulted in the spread of the bell pepper-dsRiffetent horticultural
types of pepper. It seems pretty likely that examples of such persistesgs exist much more
commonly than recognized.

Viruses belonging to the familyotiviridae, known to infect fungi, protozoa and
arthropods (Zhaeét al, 2010), have unsegmented dsRNA genomes that contain two partially
overlapping open reading frames (ORFs), encoding the viral coat protgiaffCRNA
dependent RNA polymerase (RdRp) (Ghabrial & Suzuki, 2009). A potentiastesrtsplant virus
belonging to the familyfotiviridae was found during a recent ecogenomic study of plant viruses
at the TGPP (Roossinck, 2010). In addition to high incidence of infection, tiévputirus was
also widely spread in several different plant host families makitig isecond most prevalent

viral family in the prairie. Due to their high abundance at variousitotain the prairie, six plant



host species includingmbrosia psilostachya, Asclepias viridis, Panicum virgatum, Ruellia
humilis, Sorghastrum nutamsdVernonia baldwiniwere chosen for repeated sampling for four
consecutive years of study (2005, 2006, 2007 and 2008). The incidence of occurrence of this
putative virus was most frequent and the titers highest in the plam¢siReaellia humilisamong

the six targeted host speci&s.humilis,a species native to United States is a perennial herb
belonging to the familAcanthaceaavith the common name Wild petunR. humilisis known

to tolerate a wide range of conditions including full or partial sunligbtsito dry conditions,

and almost any kind of soilhe multi-branched stem of this plant with hairy leaves may reach a
height of 60 cm but is usually less than 30 cm tall. The shorhodes give the plant a compact,
leafy and bushy appearance. The plant blooms from late spring until falbwéhder to purple
colored petals. In the field, after the seed dispersal in autumn, seedgased to effective
stratification temperatures during winter, and germination starésdrspring.

The viral sequence retrieved for this putative virus was il that of Black raspberry
virus F, a dsRNA totivirus assumed, without any supporting evidence,adumgal virus. Given
the very small amount of fungal tissue that is found in plants harboring endsptine number
of putative totivirus sequence reads obtained from individual plant ssmpkehigh enough to
suspect that it is a plant virus, replicating in the plant cellsgraian a virus of a colonizing
fungal endophyte. In addition, the sampled host plants did not exhibit any apparetaragrof
infection, and the retrieved sequence information for the virus showed imuslowvovement
protein gene encoded by the virus, suggesting the likelihood of it beingstg@rplant virus.

Several recent reports have mentioned totiviruses in plaritgg¢gt al, 2003; Covelliet
al., 2004; Coxet al, 2000; Kozlakidist al, 2006; Maraist al, 2009; Martinet al, 2006) but no
strong evidence has been provided to designate them as plant onvituggs. These reports
have been discussed in detail in the latter part of the study. Hovtestédl remained to be
determined whether these are plant viruses or viruses of fungalste®polonizing the host

plants. Recent studies on partitiviruses, one of the well-studied &frkrsistent plant viruses,



show that some plant partitiviruses are phylogenetically more sitoifangal partitiviruses than
other plant partitiviruses (let al, 2009; Sabanadzovic & Ghanem-Sabanadzovic, 2008; Strauss
et al, 2000; Veliceasat al, 2006), suggesting evolutionary connections between fungal and
plant viruses. One of the proposed hypotheses is that these persistevirgsas were originally
mycoviruses that escaped their normal host and became trapped in plagsud@ndophytic
association between fungal endophytes and plants. Hence, these virusezbbedo move cell to
cell due to lack of appropriate movement proteins. The other proposedsitisatat these
viruses are fungal viruses which use plants as their vectors, and theplezate in either of the
two hosts (Roossinck, 1997, 2010). Some of the phylogenetic analyses have showsnawplut
connections between plant and fungal viruses with the direction of iewoftdm plant viruses to
fungal viruses. One such example is that of hypoviruses of plant-pathfgagiievhich were
shown to be related to the plant potyviruses (Koetial, 1991) but in this case, the CP gene
seems to be lost during the transition to the new host (Kaatrdh 2008). Another such example
is that ofBotrytis cinerea virus RandSclerotinia sclerotiorum debilitation-associated RNA vjrus
which are hypothesized to be derived from a plant virus through loss of MPfirstlzase, and
loss of MP and CP in the second case (Marmtléil, 2007). In contrast to the hypovirus, plant
viruses in the familyartitiviridae are suggested to be related to fungal virusest(al, 2009;
Roossinck, 2010; Veliceasa al, 2006), and appear to retain their fungal character lacking the
movement protein. However, in the case of ourmiaviruses, a fungal virusrsppéave evolved
into a typical plant virus by capturing RNA segments encoding the proteinisidor formation
and systemic spread in plants (Rastgbal, 2009).

In addition to exploring the diversity and understanding the ecology of the itirsialso
important to investigate the positive roles played by viruses imtfisoement. The time has
come to broaden our horizons and open our minds to ideas such as “If there is ive select
advantage for the virus to cause disease, there might be a seldetwvtage for it to make its

host healthy” (Powledge, 1999). The compleritgcological systems presents considerable



challenges for experimentsassess the benefits of viruses in our ecosystem. While there are
some reports on beneficial viruses in the animal kingdome(zaily, 2007; Renaulét al, 2005;
Stoye, 2006; Tillmanet al, 2001), there are comparatively fewer descriptions of viruses
beneficial to plants. These beneficial viruses can act as obligateliststteaconditional
mutualists. Infection oKennedya rubicundplants byKennedya yellow mosaic virugas shown
to make the wild legume host less attractive to herbivores, siagethe plant’s longevity and
fitness (Gibbs, 1980). The observation of extended survival of viruseaf@tants under abiotic
stress (drought and cold) indicated the involvement of viruses withhtb&ts in potential
mutualistic relationships contributing to plant fithess under suckragtconditions (Xet al,
2008). In another example, white clover plants in soil infested with fungusayeathown to
produce more biomass and more ramets when infectedWiife clover mosaic viruhan when
virus-free, due to the viruses’ induction of repellent volatile elmssby the plant (van Mélken,
2009).

Persistent viruses appear to share a close relationship withakts, hinting at crucial
functions that can be played by these viruses in their hosts. One smghlexvas observed in
the case of a plant—fungus—virus interaction, where a persisteninvangndophytic fungus is
required for thermal tolerance of plants growing in geothermal solst@ntperatures over 50 °C
(Méarguezet al, 2007; Redmanet al, 2002). The fungus was shown to not be able to grow in
high temperatures in cultures, and fungal strains cured of the virus coylcbuile thermal
tolerance to plants, reflecting three-way mutualistic synii®@ue to hypovirulence, a
phenomenon in which fungal viruses significantly reduce the virulengatiobgenic fungi,
Cryphonectria parasiticdnas become a model system for studying fungus-virus interactions. In
chestnut blight, caused by the fund@iigparasitica hypoviruses in the familfypoviridaeare
known to be most significant in controlling the pathology of the fungus, thugadia mutualist
to plants (Milgroom & Cortesi, 2004). Recently, a hypovirulence-assodidt@dmycovirus,

Sclerotinia sclerotioruninypovirulence-associated DNA virus, has been reported from the plant



pathogenic funguSclerotinia sclerotiorungYu et al, 2010). Another example is the cytoplasmic
male sterility (CMS) trait of the ‘447’ line dficia fabawhich is correlated with the presence of a
dsRNA of high molecular mass of unknown origin (Pfeiffer, 1998). In sugar beet tmepffect

of BCV infection was investigated in field trials in 1990. The pneseof BCV appeared not to
affect yield loss of beets at four locations which also suffered froomgtit stress but yield losses
were found at one site where the crop was grown in land with good moistuterepeaperties.
Root and sugar yield were reduced by up to 17% and 20%, respectively, by BC\Win{¥atiet
al., 1994). The question that arises here is: Do persistent viruses havénalrolgght tolerance

as observed with acute viruses (&ial, 2008)?

Trifolium repensearly nodulin downregulation T{EnodDR), down-regulated in
response to expression of thedgenes oRhizobium leguminosaru(®uzukiet al, 2001) was
later shown to encode for the coat proteidfite clover cryptic virugBoccardo & Candresse,
2005). Artificial expression of thé/hite clover cryptic viru€P gene inotus japonicushowed
suppression of nodulation by the virus CP gene (Nakatsukasa-&kahe?005). In comparison
to the control, the growth of transformants was reduced and the number ofdolgtsnoer unit
root length was greatly decreased along with an increase in the catioantf endogenous
abscisic acid (ABA), which controls nodulation. The results suggestedpeession of
nodulation by increasing the endogenous ABA concentration, possibly by activatpigritie
innate immune response. It seems likely that similar exampleswkiste plants may have
acquired the genes of persistent plant viruses for their own benefiggessad for some
endogenous pararetroviral sequences (Stagieails 2007 ). These viral sequences may be
widespread in the EST databases, considered as a useless fratt@plant genome but the
MRNAs may be utilized by plants as epigenetic material forakleneficial functions
(Roossinck, 2010). Moreover, persistent viruses may be affectimdngsts in more subtle ways,
putting a selective pressure for the persistent virus to eliminatieost colonization by other

competing native viruses (Villarreal, 2005).
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It has been suggested that the evolution of plant viruses has been m@dhbar {987;
Roossinck, 2005). Thus it is possible that that the commonly found persistisesvmay lead to
the generation of novel viruses by recombining with infecting adutses. This is well
exemplified by a recent study on the members of plant virus ggmusiaviruswhich appear to
have evolved from a typical fungal virus into a plant virus by capturing RigAeets encoding
the proteins responsible for virion formation and systemic spreddritsffRastgoet al, 2009).
This supports the potential role of persistent plant viruses in theten of acute viruses and
broadens our vision on the diversification of the ways of viral evolutiotihd case of animals,
asymptomatic persistent viruses can act as a source of emerngieglizseases in new host
species. There exist examples which support the idea that some of thepadensic agents
originated from persistent infections of other hosts. One such exanpk of ehuman
influenza A virusvhich is not persistent and displays high genetic variability, but all 14 HA
subtypes of influenza A appear to have originated from a persistesthatucauses an
asymptomatic gut infection in aquatic bird populations and maintains akagsteitevel of
genetic homogeneity for years (Websterl, 1993). Another example is that of Hantavirus in
humans that can cause fatal acute hemorrhagic fever or pulmonary diseagieus seems to
have made a host jump from rodents in which it establishes an inapparetépeirsisction of
kidneys and other tissues. The virus is genetically stable in iteahhbst justifying its persistent
nature (Feueet al, 1999; Villarrealet al, 2000). The above mentioned cases and a few more
represent examples of persistent viruses resulting in acuteediseasiapted host species. Such a
switch between persistent and acute lifestyles has not yet bedy eldabited in plant viruses.
The relationship between endornaviruses and the SSRNA plus-senselkaphiaiies suggests
that either the dsRNAs evolved from an ancestral ssSRNA virus or visa (@ibbst al, 2000).
So, either these endornaviruses have evolved from acute, infectiossswrith a loss of CP
gene, or the acute alphaviruses have evolved from an ancestral endornangisseat with the

idea that emerging acute viruses can evolve from persistent viruses.
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Though roles of viruses seem apparent in contributing to their hosts’ fithessating
mutualistic relationships with plants, virus epidemics in wild plamtrmunities should not be
underestimated. Viruses may not be overtly damaging in communities of witd, @dahthey can
decrease the fitness of host plants leading to potential impad¢ite wild plant community.
(Friess & Maillet, 1996; Malmstrorat al, 2005b; Maskelkt al, 1999) Emerging infectious
diseases (EIDs) of newly evolved plant viruses pose a constant threamoongzally important
species, emphasizing the need to develop novel methods for viraligdiatf. According to
data in ProMED for 1996 to 2002, plant viruses were the cause of 47% of thtedepuerging
infectious diseases of plants (Andersdral, 2004). Introduction of new host plants or increase
in vector populations can result in increase in viral disease emeriggnieats. With global
climate changes, conditions affecting development and distribution afrsext bound to
change (Cantet al, 2009; Garretet al, 2006). Since temperatures for virus replication show
optima, temperature variations will also influence the prolifenadif viruses. Global climate
change or other factors can also lead to changes in agricultural pactecéand use patterns,
replacing crops in one location with crops from another region. The crops naewtuiced in to
a region can possibly be subjected to infection by a variety of négeimalis viruses, or may
spread their own viruses to native plants (Webstat, 2007). In Africa, several crops
introduced from other continents suffered from infections of virusésdimg Cacao swollen
shoot virus Cassava mosaic virusddaize streak virusandSugarcane streak virupresumably
originating from native plants (Bosque-Perez, 2000; Fargetie 2006).

Plant virus outbreaks can greatly affect both yield and quality afudiyiral products,
leading to significant economic damages and reduced public health. Plant hip$esubeen
more stringent than ever worldwide, as the potential employment ofgatrigens as agents of
bioterrorism threatens food security (Rodoni, 2009). The role of agneutt the health and
economy of a country coupled with the ease of deploying biological weapons ma&ekuagr

an attractive target for a bioterrorist attack (Casagrande, ZB0®ancement and ease of
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transportation of goods leads to increased chances of cross-border mavevireises and other
microbes. Plant biosecurity efforts aim at preventing the entry of watksmicrobes and
viruses along with plant importations (Rodoni, 2009). Prior virus bicsityesurveys in the
neighborhood of agricultural fields will allow investigators to decide whdteeinfection was
intentional or natural. Genomic approaches for rapid and accurate detégiantawiruses
become extremely important during the time of viral outbreaks. Knoelaldgut prevailing
viruses becomes particularly crucial since the undetected peeskawirus may invalidate most
of the tests to confirm that plants are virus-free. Ongoing studiessfmdiry of viral species in
cultivated and non-cultivated plants utilize many genomic approachesstenstic searches for
viruses in an unbiased fashion, although the identification of a completelytadnetavel plant
virus is always a bigger challenge.

The thesis has been divided into three principal chapters. Thehagter, for the most
part, represents a paper “Oligonucleotide-based microarrays forigketefcplant viruses
employing sequence-independent amplification of targets” that has beehedbh thelJournal
of Virological Methodsn January, 2010. The work demonstrates the utility of array
hybridization, its development and application in plant virus detectiofestuthe main aim of
this study was to develop a microarray based on a sequence-independeitainplihethod
with the potential to detect a broad group of plant viruses including ideteétnew virus
species, strains and variants. The method described demonstrates a e@ddarprfor nucleic
acid amplification and hybridization that should be effective in detentivgt plant RNA or
DNA viruses as long as the virus has representative sequence informailahla. The second
chapter represents a review “Genomic approaches to discovergladpeacies diversity of non-
cultivated plants” submitted as a co-author with Dr. Ulrich Melcher fobtiuk titled as “Recent
Advances in Plant Virology”. The Chapter summarizes several genppricaeches employed for
plant virus detection studies, discussing their suitability for invatitigs of viruses in non-

cultivated plants. A part of the conclusions from the second chapbetugéd in the Concluding

13



remarks section of the thesis. The third chapter represents thehabis in its manuscript draft
stage, and is titled as “First characterization of a plant virus belpigthe familyTotivirida€'.
This study primarily focused on two main objectives. The first objectivetavaharacterize the
putative totivirus, discovered in the native plants of Oklahoma, aplBnt virus or 2) a
mycovirus of a fungal endophyte colonizing the plants or 3) a virus thatdaansmitted
between plants and fungi. The second objective was to determine, if it i3 &iplanwhether

the virus is a persistent plant virus. In case it is a persistamit\ofus, it is possible that the virus
might be spreading in plants, perhaps through fungal endophytes, something whiebrhas

hypothesized but not observed before.

Research Goals and Objectives
The goals of this research were to:

1. To develop a microarray based on a sequence-independent amplification miétitbe w
potential to detect a broad group of plant viruses including detection of nesspiecies,
strains and variants.

Specific Objectives:

i) To examine the influence of various factors such as probe lenggkt, Eemgth,
spacer length and temperature on hybridization specificity and detecti
sensitivity.

i) To develop an extraction and amplification protocol suitable for sequenc
independent amplification of total nucleic acids from a variety of platénmaés.

iii) To produce a microarray comprising an appropriate subset of gedugrus-
specific oligonucleotides, and validate the efficacy of detectiomw@ppropriate

and characterized virus isolates and field samples.
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2. To characterize the putative totivirus as a fungal or a plant viroseothat can be
transmitted between plants and fuagd to test for the persistence of the virus in the
plant, if it is a plant virus.

Specific Objectives

i) To screen harvestdRl humilissamples for the presence or absence of the putative
totivirus.

i) To test for the mechanical transmission of the virus.

iii) To determine the precise localization of the putative totivirusantissue, using
in situ hybridization, in order to determine host of the virus.

iv) To test for the association of the virus with fungi by performing furtgaliag.

v) To isolate fungal endophytes from the infected plants and characteyize a
dsRNAs (i.e. viruses) that they harbor.

vi) To germinate seeds from the infected and uninfected plant samples,tdhdrtes
for seed transmission of the virus.

vii) To determine the complete sequence of the putative totivirus gendomingc

the precise 5"- and 3"-ends.
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CHAPTER |

OLIGONUCLEOTIDE-BASED MICROARRAYS FOR DETECTION OF PLAN
VIRUSES EMPLOYING SEQUENCE-INDEPENDENT AMPLIFICATION OF

TARGETS

INTRODUCTION

Development of sensitive and multiplexed detection tools capable of rapidlgconomically
identifying a broad spectrum of plant viruses is critical in epidemicibgied ecological
investigations, reacting to agricultural outbreaks and biodefense (Buoails, 2003; Webster

et al, 2004; Wheeli®t al, 2002) Common methods for plant virus detection include variations
of the polymerase chain reaction (PCR), serological assays such a dimkgd

immunosorbent assays (ELISA) and immunofluorescent antibody tests (M¢aze2002;
Websteret al, 2004), dsRNA and metagenomic approaches (reviewed in Chapter 2). PCR-based
techniques have improved tremendously and are preferred often for defiddntification of the
causative agent. Most of the molecular techniques, whetherrpostaucleic acid based, have
limitations, including a requirement for prior knowledge or presumptiosardagy identities of
viruses present in samples and detection restriction to a limited nofrdzardidate viruses.
Perhaps more importantly, most of these techniques lack the abilitietti devel viruses. For

broad-spectrum identification of plant viruses, there is a needfioplementary and
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comprehensive multi-targeted approaches for virus detection.

Microarrays, first developed to assay the differential expressiofiRdfAa in different
tissues or developmental stages (Schatred, 1995), were recognized soon for their potential to
identify pathogens. Arrays have been developed for the detection of amidhplant pathogens
(Jaaskeldinen & Maunula, 2006; Seifagtial, 2003; Senguptat al, 2003; Wilsoret al, 2002),
including a remarkable application of the technique in identificatidheofevere acute
respiratory syndrome (SARS) virus as a member of the déonahavirus(Wanget al, 2002;
Wanget al, 2003). Fewer arrays have been developed for the detection of plant vinases, t
earliest of which were for the detection and discrimination betwegtoparus isolates
(Boonhamet al, 2003). Early arrays consisted of PCR products amplified from cDNA ksrari
(Boonhamet al, 2003; Leect al, 2003) and were improved later using high purity artificially
synthesized oligonucleotides (Bystrickial, 2005; Deyonget al, 2005). Oligonucleotide
probes of 20-70 nt have been used successfully depending upon the desired levelaf detect
specificity (Bystrickaet al, 2005; Deyonget al, 2005; Pasquiret al, 2008).

In this article, 25- to 30-mer probes will be referred to as shodraligjeotide probes
and 50- to 70-mer probes as long oligonucleotide probes. Literature data shigigesile long
probes provide better detection sensitivity, only short probes allow effdissrimination
between closely related sequences (Gitaal, 2004; Letowsket al, 2004; Urakawat al,

2003). Arrays with both types of probes targeting several differeom¢smic groups of viruses

should provide both high sensitivity as well as strong discrimination ability.

Target preparation methods and their resulting lengths influenceatiilitysof duplex
formation and hybridization signal intensity (Létial, 2007; Pepliegt al, 2003; Peytavet al,
2005; Southeret al, 1999) Secondary structure formation in longer targets can cause a @ecreas
in hybridization efficiency by reducing the binding constant with probes by I@-fold,

increasing false-negative signals (Lietaal, 1992). To mitigate the effects of target secondary
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structure hindrances, determination of an optimum target length antzgatitechnical
conditions are critical to achieve an efficient and discriminating tigation. A recent study
(Liu et al, 2007) examined the effects of target length on hybridization efficiesiag different
length targets againBischerichia colgene probes. Unfortunately, effects of both target and
probe length on hybridization specificity and detection sensitivity int piams detection studies

have not been investigated.

Inefficient hybridization can result also from low target nucleid acncentrations. In
the case of microarrays for RNA viruses occurring at high contemsalabeled cDNA targets
can be generated by direct (Boonhaihal, 2003; Leeet al, 2003) or indirect (Bystrickat al,
2005; Pasquinget al, 2008) incorporation of the label during reverse transcriptioniosgatising
random primers, without amplification. However, for viruses present iarltivers, target
amplification is needed to increase the probability of virus deteclioe use of group- or genus-
specific primers (Deyongt al, 2005; Sugiyamat al, 2008) for amplification of viral sequences
is not suitable for detection of emerging unknown viruses. In addition, thereaayegmoups of
plant viruses for which no effective generic primers are avaithl#eo extreme nucleotide
sequence variability of genomes. Thus, there is a significant netiaefapplication of sequence-
independent amplification methods for detection of plant viruses, efipedhen prior
information about the identity of the virus(es) is not available.ethiod developed for non-
specific amplification of DNA (Bohlandeat al, 1992) was modified recently and used in a
macroarray system for detection of plant RNA viruses (Agindotan & P206y7).

The present study demonstrates the use of sequence-independent aimplsiagtng
from viral nucleic acid (VNA) (Melcheet al, 2008) or total RNA followed bin vitro
transcription to generate cRNA targets for detection of plans&s using microarrays. Though
the method was validated using either VNA or total RNA as substrates hebla two-fold

advantage for detection of encapsidated viruses. First, targets deoned A, isolated from
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virus-like particles, will contain lower proportions of host-derived nad@eids reducing the
background and improving target specificity and sensitivity of hybtidizaSecond, VNA, as

the substrate for random amplification, targets both DNA and RNA plargedr This study
describes the validation of an array constituting both short and long oligotidelprobes using
tymoviruses as model pathogens. Tymoviruses were chosen for the studglikegiase one of
the most prominent viral genera present in non-cultivated plants of lhea$a Prairie Preserve

of northeastern Oklahoma (Muthukun®ral, 2009) (Minet al, Unpublished data). Initial
experiments were performed witlurnip vein clearing viru¢TVCV, GenBank accession no.
U03387) andCauliflower mosaic viru¢CaMV, GenBank accession no. M90541) to examine the

effects of probe and target length variations on hybridization effigienc
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METHODS AND MATERIALS

PCR amplification and purification of DNA targets

Different length DNA products for TVCV (100, 300 and 1000 bp) and CaMV (92 and307 bp)
were amplified fronE. coliderived TVCV (Zhanget al, 1999) and CaMV (Armouet al, 1983)
plasmids using specific primers (Table 1). Total reaction mixtures pf @mprised of 16 of
nuclease-free water, 2ubof 10X Tagpolymerase buffer, gl of 25 mM MgCk, 0.35pl of
dNTPs/aa-dUTP (a mixture of 10 mM dGTP, dATP, dCTP each, 5 mM dTTP and 5 mM
aminoallyl-dUTP), 2.5 U of Tagolymerase (Invitrogen, Carlsbad, CA, USA) &ach of 0.4

mM forward and reverse primers angdldf the template plasmid. Cycle parameters for the PCR
amplification were as follows: 94 °C for 2 min followed by 30 cycles of 30 4 &€940 s at 48

°C and 1 min at 72 °C with a final 10 min extension step at 72 °C. Synthesized PCR products
were analyzed using 2% agarose gel electrophoresis in 40 mM TasadetM EDTA. DNA
fragments of 307 bp or below were purified using QIAquick Nucleotide RemovéDi&gen,
Valencia, CA, USA) while Qiaquick PCR Purification Kit (Qiagen) waed for 1000 bp

products. Purified samples were dried and suspendedliaf$iuclease-free water. All
oligonucleotides including primers and probes used in this study were sgathesmmercially
(Integrated DNA Technologies, Inc., Coralville, 1A, USA and Midland CedifReagent Co.,

Midland, TX, USA).

Plant materials, viruses and RNA synthesis

The thre€lTymovirusspecies used wekennedya yellow mosaic virgKYMV), Turnip yellow
mosaic virugTYMV) and a novel tymovirus (Miret al, Unpublished data), designated in this
study asAsclepiasasymptomatic virus (AsAV). The cDNAs for TYMV and KYMV were

provided by Dr. Yannis Tzanetakis, University of Arkansas, USA. Bridily purified viral RNA
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Table 1:Primer sequences used to amplify cDNA targets

Primer Sequence 5'to 3' Product Size (bp)

TVCV100F CAACCCAGGCGATGG 100

TVCV100R AACTTTTCCCAGATCTTGTACTCTA

TVCV300F CACCAGAAAGACACCTGCGA 300

TVCV300R GCAATGATGATGGTA

TVCV1000F CACCAGAAAGACACCTGCGA 1000

TVCV1000R CTAGCCACTCTCCGG

CaMV92F ATGTCCACAAGGTCACT 92

CaMV92R GAAATGCTTCGTCCAT

CaMV307F CGAGAAGCGAAGAGGAAAGAA 307

CaMV307R TCTGAACACACGAAATGCTTC
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of KYMV was extracted from virus particles prepared from an iefidtgumeKennedya
rubicunda(Dale & Gibbs, 1976), and total RNA was extracted from TYMV-infeBeaksica
pekinensigTzanetakiset al, 2007). The extracted RNAs were reverse transcribed using random
hexamersAsclepias viridignfected with AsAV was collected from the Tallgrass Prairie
Preserve, Oklahoma. Uninfect@dviridistissue sample was provided by Dr. Richard S. Nelson,

Samuel Roberts Noble Foundation, USA.

Virus-like particle isolation and subsequent VNA extraction from teftand uninfected
A. viridis plant tissue samples were performed as previously described (Metcie2008). The
strategy employed to convert viral RNA or DNA into a form suitable for hytaiain to detect
viral sequences is shown in Figure 1. The sequence-independent angiifncathod described
previously (Bohlandeet al, 1992; Wanget al, 2002) was modified slightly to make amplified
targets from mixed populations of single-stranded or double-stranded RNANGRAVINA
obtained from plant tissues was reverse-transcribed using an SP6 aimokompih twelve 3'-
end random nucleotides (5'-ATTTAGGTGACACTATAGAAN12). The second strandic
synthesis was carried out using two rounds of Sequenase (USB, Clevelands®Hwhich
also can synthesize cDNA from viral DNA genomes. The double-stranded wlaslthen PCR
amplified for 30 cycles using the SP6 anchor primer (5'-ATTTAGGTGBTATAGAA) with
Tagpolymerase. To incorporate the SP6 promoter on the 5-ends of TYMV and KYM¥<DN
obtained by reverse-transcription using random hexamers, another round of pidiRadion
was performed using SP6-Nandom primer and SP6 primer. To prepare targets for labelling,
amino-allyl UTP was incorporated into all three PCR amplified c¥dfaples byn vitro RNA
transcription with SP6 RNA polymerase using the MEGAscriptTM higld yranscription kit
(Ambion, Austin, TX, USA) at 37 °C for 16 h. The synthesized cRNA mixture \egastel with
DNase to remove template cDNA, purified using a Mega ClearTM kit (dmbdried and

suspended in 10l of nuclease-free water.
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Figure 1.Schematic outline of the strategy used to convert viral RNA and DNAabeled

cRNA for the microarray detection of viral sequences. The outline igdhbed, with blocking
and washing steps not depicted.

23



Design of oligonucleotide probes and printing

A collection of different oligonucleotide probes ranging from 25-n@&tmers were designed
for this study (Table 2 and Supplementary Table 1). Conserved regionsratsacy subgenus
level were identified from most viral species and used for designingddgenerate probes for
members offobamovirus, Caulimovirus, Potexvirus, Marafivirus, Alphacryptoviamnsl
Furovirusgenera. Degenerate probes were designed for genera, or if too compdetogenera,
by aligning sequences and submitting the alignment to Primo Deger@nateg( Biosciences,
Castro Valley, CA, USA). The program finds probe sequences with the égpstetacy to pair
with all probe members of the set. In the design, G-T mispairing was alloweidoaimg was
used in positions requiring all four bases.

Conserved 70-mer probes designed previously (Véaady 2002) were used as long
probes for TVCV (10003781) and CaMV (10000830). Five probes of different lengtB3 §1-
21, TV3781-24, TV3781-27, TV3781-30 and TV3781-50) were designed from within the
conserved 70-mer TVCV probe (10003781). TVCV-specific spacer probes veigaatbwith a
run of 20 consecutive thymidylates,{ito provide separation of the hybridization sequence from
the substrate. Spacers were located at 3'- (TV3781g3®iT5'- (T, TV3781-30) ends of the 30-
mer probe. Three short 30-mer probes correspondiltatafivirus (Marafi.4636),
AlphacryptovirugAcrypto2.66) and-urovirus(Furol1.773) were designed with and without a
spacer at their 3'-ends. Short probes specifiéfobrosiaasymptomatic virus 1, AAV1 (Melcher
et al, 2008) were designed with no spacer or 5-, 10- and 20-mer thymidylatesspiteir 3'-
ends. All the short TVCV-specific probes were plus-sense probes. REs{z®bes represent the
plus-sense viral sequence which will bind to the complementary minus-seaigeNA of the
incoming target sample. Conversely, minus-sense probes will bind to coempéaynplus-sense
viral RNA. Ten plus-sense and ten minus-sense virus-specific shorspwithe¢erminal oligo-
d(T) spacers were designed for the novel tymovirus, AsAV. In this stueyerm “virus-

specific” indicates that probe design was based on a specific vijusrsz and that its
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hybridization will not necessarily discriminate against other cyasdated species. Hence, cross-
hybridization to these probes by targets from related species of wrasdsoth expected and
observed. The ten minus-sense virus-specific short probes for AsAV wageedebkoth with and
without spacers for comparison purposes. Five plus- and minus-sendemeadsh of the 50-mer
and 70-mer virus-specific probes were designed for each of the threesspesz\V (Min et al.,

in preparation), KYMV (GenBank accession no. D00637) and TYMV (GenBarmssion no.
X16378). The complete genome sequences of these species were aliggétiustal W
(Thompsoret al, 1994). Regions of high sequence similarity for the three speciesdeetidied
from alignments and used to design long oligonucleotide probes. The 50-merpeobes
designed internal to the 70-mer probes for all three species.

Each oligonucleotide was suspended at a concentrationudfl 20 3X SSC (Invitrogen,
1X SSC =150 mM NacCl, 15 mM sodium citrate, pH 7.0). An Omni GridTM DNA micrgarra
printer (Gene Machines, San Carlos, CA, USA) with Stealth SM3B pine@hein
International, Inc., Sunnyvale, CA, USA) was used to print arrays on polycarmeitoated
slides (Carbo StationTM, Nisshinbo Industries, Inc., Tokyo, Japan). Each probentad ps
four replicates in different areas of the array, to give both adegelication and location
randomization. A Cy3-labeled oligonucleotide was printed on the slidesimeach block to
provide positional information on the array. The printed oligonucleotide bpdtan average
diameter of 100-110m and 25Qum center to center spacing. The humidity was maintained
around 57% during printing.

The printed arrays were subjected to UV irradiation (0.6%)/@imuraet al, 2004)
using a UV StratalinkerTM 1800 (Stratagene, La Jolla, CA, USA). Tlagaawere treated then
with a blocking solution (3% bovine serum albumin, 0.1 M Tris-HCI pH 7.5, 0.2 M NaCl and
0.1% sarcosyl) for 30 min, washed in TE buffer (10 mM Tris-HCI pH 7.2, 1 mM EDBGiA)0
min, rinsed briefly with gently flowing nanopure water and dried using a widkeiftige

(TeleChem International, Inc.). All of these steps were performed attesoperature. During
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the course of this study, several versions of the array were faloricabrporating new

oligonucleotides at different stages.

Sample labeling, hybridization and image analysis

The purified cDNA samples for TVCV and CaMV as wellmasitro transcribed cRNA samples
for tymoviruses containing aminoallyl-moieties were coupled to NH&-dgrivatized
fluorescent dye. The cDNA or cRNA samples dissolved in nuclease-#itee were denatured at
90 °C for 2 min followed by snap cooling on ice. The denatured targets were miReRihvif
0.1 M sodium bicarbonate andi2(14 nanomoles) of alexa647 dye (Invitrogen) suspended in
anhydrous dimethylsulfoxide (EMD Chemicals, Inc., Gibbstown, NJ, USA). Whilegbeote
from light, the coupling reaction proceeded 05 hat room temperature. The labeled cRNA
was purified using the Mega Clear Kit while QIAquick Nucleotide RemKitehnd Qiaquick
PCR kit were used for purification of 100-300 bp and 1000 bp labeled cDNA samples,
respectively. The fluorescently labeled cRNA was treated withgarfentation buffer (Ambion)
as per manufacturer’s instructions to produce shorter RNA products of 60-200 bgpédific
target interactions were blocked by addition of u@®ligo-d(Aed)/ug target, prior to
hybridization against probes with thymidylate spacers. The targe¢sdred, resuspended in 10
ul of water, denatured at 95 °C for 5 min and snap-cooled on ice for 30 s. Afteoradd20pul

of pre-heated Unihyb hybridization buffer (TeleChem International, Inc.), thedavgee

applied to the slide by flowing underneath a 25 X 40 mm lifter slip (Erie $madompany,
Portsmouth, NH, USA). The slide was placed in a sealed hybridizationtegdage (Corning
Life Sciences, Lowell, MA, USA). The available slots in the hybation cassettes were filled
with 10 ul of 3.5X SSC to maintain humidity during the reaction. DNA targets weredigbd at
42 °C for 16-18 h and cRNA targets were hybridized at 46 °C and 60 °C for 2 h. After

hybridization, the arrays were washed sequentially once in 2% SDS, 2Xn8®@ee in 1X SSC
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(Senguptat al, 2003). The slides were dried and scanned using a Scar"AExgyress scanner
(Packard Bioscience, Meriden, CT, USA). Array image acquisition gnalsanalysis were
performed using GenePix Pro 4.0 software (Molecular Devices, Sunnyvale, @}, Di8a

analysis was performed essentially as previously described (Seegjaht2003).
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RESULTS

Effect of target and probe length variation on hybridization signal intensiy

To test the effects of probe and target length variation on hybiatizefficiency, DNA targets of
different lengths were hybridized to arrays containing different lerigfbraucelotide probes
specific for the targets (Grovet al, 2007). Hybridizations of three TVCV cDNA targets (100,
300, 1000 bp) and two CaMV cDNA targets (92, 307 bp) were examined against shaxesbnse
degenerate 30- and 25-mer probes (Tobamo I-11l 4557, Caulimoa.4734) and long wiitis-spe
70-mer probes (10003781, 1000830) (Table 2). In all experiments, the fluorescence aalue of
oligonucleotide was required to be at least twenty times above tregaveackground signal to
be considered positive. Short degenerate probes did not show detegradile sith any of the
target lengths for either of the two species (Fig. 2). On the othdr tiemnlonger 10003781

TVCV probe produced a positive hybridization signal with the TVCVeibgt not with the
CaMyV target, while the opposite was true for the CaMV probe 1000830, inditatirexpected
specificity had occurred. Positive signals were strongest witheshioviCV and CaMV targets

(100 bp and 92 bp, respectively).

To test whether poor hybridization of targets to shorter probes was dagdneracy
present in the short probes, the 100 and 300 bp TVCYV targets were hybridinesttaya
containing six virus-specific probes with lengths ranging from 21 nt (TV3781e270) ht
(10003781) (Table 2). Once again, the longer target (300 bp) produced hylmid§igtials close
to background with all of the six different length probes (Fig. 3). Shorgetta(100 bp) did not
produce strong hybridizations with shorter probes but the hybridization eéfjcisproved
approximately five-fold as the probe length increased from 21 nt to 70 nt. To ekglain t
consistent higher efficiency patterns observed with longertsanggationship between the

targets’ hybridization efficiencies and overall Gibbs free ene(gi&3, which consider the
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Table 2: Sequences of DNA oligonucleotide target-specific pradexbin the microarray

study
Probe
Probe T?‘fget Sequence 5'- 3' Length
Species/Genus (nt)
Cauliflower mosaic ~ GTCACTACGAATGGAATGTGGTCCCTTTCGGCTTAAAGCAAGCTCCA
10000829 virus TCCATATTCCAAAGACACATGGA 70
Cauliflower mosaic ~  TCCATGTGTCTTTGGAATATGGATGGAGCTTGCTTTAAGCCGAAAGG
10000830 virus GACCACATTCCATTCGTAGTGAC 70
10003781 Turnip vein clearing AAATTCTGGAACTCGACATTTCGAAGTACGATAAGTCACAAAACGA 70
virus GTTCCATTGTGCTGTAGAGTACAA
10003782 Turnip vein clearing TTGTACTCTACAGCACAATGGAACTCGTTTTGTGACTTATCGTACTTC 70
virus GAAATGTCGAGTTCCAGAATTT
Caulimoa.473 Caulimovirus 28
4 TGCCTTTTGGITTAAAGCAAGCGCC
Tobamol-IlI Tobamovirus CAGAATGAGTTTCATTGTGCWGTIGAGTAT 30
4557
TV3781-21 Turnip vein clearing GAGTTCCATTGTGCTGTAGAG 21
virus
TV3781-24 Turnip vein clearing GAGTTCCATTGTGCTGTAGAGTAC 24
virus
TV3781-27 Turnip vein clearing AACGAGTTCCATTGTGCTGTAGAGTAC 27
virus
TV3781-30 Turnip vein clearing CAAAACGAGTTCCATTGTGCTGTAGAGTAC 30
virus
TV3781-50 Turnip vein clearing GATAAGTCACAAAACGAGTTCCATTGTGCTGTAGAGTACAAGATCTG 50
virus GGA
(T20)-TV3781- Turnip vein clearing TTTTTTTTTTTTTTTTTTTTCAAAACGAGTTCCATTGTGCTGTAGAGTA 30
30 virus C
(TV3781-30)- Turnip vein clearing CAAAACGAGTTCCATTGTGCTGTAGAGTACTTTTTTTTTTTTITTITTITTT 30
T virus T
Acrypto2.66 Alphacryptovirus GACTGCTCTACCTCAACTTTTTACTTACT 29
Acrypto2.66-  Alphacryptovirus GACTGCTCTACCTCAACTTTTTACTTACTTTTTTTTTTTITTTTITTITIT 28
T20
Furol.773 Furovirus CTATCCATAGTATTTATGATATTG 24
Furol.773-%,  Furovirus CTATCCATAGTATTTATGATATTGTTTTTTTTTTTTTTTTTITTT 24
Marafi.4636 Marafivirus CCTGGAAAGCTTGCCAGACCCTCGCTCTCATGCACGATG 39
Marafi.4636-  Marafivirus CCTGGAAAGCTTGCCAGACCCTCGCTCTCATGCACGATGTTTTTTTTT 39
Tac TTTTTTTTTTT
AAV1-TO5P Ambrosia GGTGAGGGGCCCACCTTCGACGCAAACACCGAGTTTTT 33
asymptomatic virus 1
AAV1-T10P Ambrosia GGTGAGGGGCCCACCTTCGACGCAAACACCGAGTTTTTTTTTT 33
asymptomatic virus 1
AAV1-T 5P Ambrosia GGTGAGGGGCCCACCTTCGACGCAAACACCGAGTTTTTTITTITTITITT 34
asymptomatic virus 1 TTTTTT
AAV1-T oM Ambrosia CTCGGTGTTTGCGTCGAAGGTGGGCCCCTCACCTTTTTTTTTTTITTTTIT 34
asymptomatic virus 1 TTTTT
Tymo.3202P  Asclepiasassociated AACATGAAAAATGGCTTCGATGGATTTTTTTTTTTTTTTTTTTT 44
) virus
Tymo.3202M  Asclepiasassociated TCCATCGAAGCCATTTTTCATGTTTTTTTTTTTTTTTTTTITT 42
(M virus
Tymo.3202M  Asclepiasassociated TCCATCGAAGCCATTTTTCATG 22
(NT) virus
Tymo.5391P  Asclepiasassociated ACTTACGACGACAACACTGACTATAACTTTTTTTTTTTTTTTTITTIT a7
) virus
Tymo.5391M  Asclepiasassociated GTTATAGTCAGTGTTGTCGTCGTAAGTTTTTTTTTTTITTTTTTTTT 46
(M virus
Tymo.5391M  Asclepiasassociated GTTATAGTCAGTGTTGTCGTCGTAAG 26
(NT) virus
Tymo.544P Asclepiasassociated CATGCACGACGCTCTCATGTATTTTTTTTTTTTTTITTITTTT 41
(M virus
Tymo.544M Asclepiasassociated AATACATGAGAGCGTCGTGCATGTTTTTTTTTTTTTTTTTTTT 43
@) virus
Tymo544M Asclepiasassociated AATACATGAGAGCGTCGTGCATG 23
(NT) virus
Tymo.829P Asclepiasassociated TCCTGGAATCCTGGGGCCCCCTTTTTTTTTTTTTTTTTTTT 41

M

virus
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Tymo.829M
(M
Tymo.829M
(NT)
Tymotp.3295P
()
Tymotp.3295
M (T)
Tymotp.3295
M (NT)
Tymotp.4978P
(T
Tymotp.4978
M (T)
Tymotp.4978
M (NT)
Tymotp.5007P
(T)
Tymotp.5007
M (T)
Tymotp.5007
M (NT)
Tymotp.5488P
(M
Tymotp.5488
M (T)
Tymotp.5488
M (NT)
Tymotp.5512P
(M
Tymotp.5512
M (T)
Tymotp.5512
M (NT)
Tymotp.5725P
(T
Tymotp.5725
M (T)
Tymotp.5725
M (NT)
AsAV1_70P.1
005
AsAV1_70M.
1074

AsAV1 50P.1
010
AsAV1_50M.
1059
AsAV2_70P.3
220
AsAV2_70M.
3289
AsAV2_50P.3
240
AsAV2_50M.
3289
AsAV3_70P.4
399
AsAV3_70M.
4468
AsAV3_50P.4
407
AsAV3_50M.
4456
AsAV4_70P.3
129
AsAV4_70M.
3198
AsAV4_50P.3
149

Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus
Asclepiasassociated
virus

GGGGGCCCCAGGATTCCAGGATTTTTTTTTTTTTTITTITTTT

GGGGGCCCCAGGATTCCAGGA

AACATGAAAAATGGCTTCGATGGAATTCTCTTTTTTTTTTTTTTTITTTT
TT
GAGAATTCCATCGAAGCCATTTTTCATGTTTTTTTTTTTTTTTTITTTI

GAGAATTCCATCGAAGCCATTTTTCATG

AACGACTATGCTCAGCTCTCCTCCAAAACCTTTTTTTTTTTTTTTTTTT
TT
GGTTTTGGAGGAGAGCTGAGCATAGTCGTTTTTTTTTTTITTTTTTTITT

GGTTTTGGAGGAGAGCTGAGCATAGTCG

CAAATCCACCATTGTCGCCAATGCTTCCCGTTTTTTTTTTTTTTTTTTT
TT
CGGGAAGCATTGGCGACAATGGTGGATTTGTTTTTTTTITTTTTTTTITI
TT

CGGGAAGCATTGGCGACAATGGTGGATTTG

GGCACTTACGACGACAACACCGACTACAACTTTTTTTTTTTTITTTTTT
TTT
GTTGTAGTCGGTGTTGTCGTCGTAAGTGCCTTTTTTTTTTTTTITTTTTT
T

GTTGTAGTCGGTGTTGTCGTCGTAAGTGCC

TACAACATTGCCGTGCTCTACTCTCAATACTTTTTTTTTTTTTTTITTTT
TT
GTATTGAGAGTAGAGCACGGCAATGTTGTATTTTTTTTTTTTTTTITTTI
T

GTATTGAGAGTAGAGCACGGCAATGTTGTA

CCTCGCTCTGTTCGCCAAGCTGATGATCGCTTTTTTTTTTTTTITTTTTT
TT
GCGATCATCAGCTTGGCGAACAGAGCGAGGTTTTTTTTTTTITTTTTTT
T

GCGATCATCAGCTTGGCGAACAGAGCGAGG

CCTCTTCACCTACACAAGAGCGGTTCGAACCCTCCGAACCTCCGACC
CCGCCGGCTTCGTTCGAACCCAG
CTGGGTTCGAACGAAGCCGGCGGGGTCGGAGGTTCGGAGGGTTCGA
ACCGCTCTTGTGTAGGTGAAGAGG
TCACCTACACAAGAGCGGTTCGAACCCTCCGAACCTCCGACCCCGCC
GGC
GCCGGCGGGGTCGGAGGTTCGGAGGGTTCGAACCGCTCTTGTGTAG
GTGA
CTTCAATCAGAAACTGAGAGACTCTCGCAATTCATCGACCACTATTG
TTGGTGGACGTACAGAGTCCCAT
ATGGGACTCTGTACGTCCACCAACAATAGTGGTCGATGAATTGCGAG
AGTCTCTCAGTTTCTGATTGAAG
ACTCTCGCAATTCATCGACCACTATTGTTGGTGGACGTACAGAGTCC
CAT
ATGGGACTCTGTACGTCCACCAACAATAGTGGTCGATGAATTGCGAG
AGT
TCCACCATCGTCGCCAATGCTTCCCGGTCTGACCCAGATTGGAGACA
TACTGCCGTCAAGATATTCGCCA
TGGCGAATATCTTGACGGCAGTATGTCTCCAATCTGGGTCAGACCGG
GAAGCATTGGCGACGATGGTGGA
CGTCGCCAATGCTTCCCGGTCTGACCCAGATTGGAGACATACTGCCG
TCA
TGACGGCAGTATGTCTCCAATCTGGGTCAGACCGGGAAGCATTGGCG
ACG
TTCCGACCCTTCCATTTCTCTCATCATCCTCCTTGGAGACCCTCTCCA
GGGAGAGTATCATTCCACTTCC
GGAAGTGGAATGATACTCTCCCTGGAGAGGGTCTCCAAGGAGGATG
ATGAGAGAAATGGAAGGGTCGGAA
TCATCATCCTCCTTGGAGACCCTCTCCAGGGAGAGTATCATTCCACTT
CcC
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AsAV4_50M. Asclepiasassociated GGAAGTGGAATGATACTCTCCCTGGAGAGGGTCTCCAAGGAGGATG
3198 virus ATGA
AsAV5_70P.4 Asclepiasassociated CTCCACCCAATTCGGACCCCTCACCTGCATGCGCCTTACTGGAGAGC

824 virus CCGGCACTTACGACGACAACACT
AsAV5_70M. Asclepiasassociated AGTGTTGTCGTCGTAAGTGCCGGGCTCTCCAGTAAGGCGCATGCAGG
4893 virus TGAGGGGTCCGAATTGGGTGGAG

AsAV5_50P.4 Asclepiasassociated ATTCGGACCCCTCACCTGCATGCGCCTTACTGGAGAGCCCGGCACTT
833 virus ACG

AsAV5_50M. Asclepiasassociated CGTAAGTGCCGGGCTCTCCAGTAAGGCGCATGCAGGTGAGGGGTCC
4882 virus GAAT

KYMV1_70P. Kennedya yellow TCTCTTCACCTACACGCGAGCCGTCAGAACGCTCCGCGTCTCCGACC

1012 mosaic virus CCGCAGGCTTCGTTCGGACCCAA
KYMV1_70M Kennedya yellow TTGGGTCCGAACGAAGCCTGCGGGGTCGGAGACGCGGAGCGTTCTG
.1081 mosaic virus ACGGCTCGCGTGTAGGTGAAGAGA

KYMV1_50P. Kennedya yellow TCACCTACACGCGAGCCGTCAGAACGCTCCGCGTCTCCGACCCCGCA
1016 mosaic virus GGC

KYMV1_50M Kennedya yellow GCCTGCGGGGTCGGAGACGCGGAGCGTTCTGACGGCTCGCGTGTAG
.1065 mosaic virus GTGA

KYMV2_70P. Kennedya yellow CTGCAGTCCGAGACCACCCGACTTCTCCCCTTCATTGATCACTACTGT

3425 mosaic virus TGGTGGACTTATCGTGTCCCCT
KYMV2_70M  Kennedya yellow AGGGGACACGATAAGTCCACCAACAGTAGTGATCAATGAAGGGGAG
.3494 mosaic virus AAGTCGGGTGGTCTCGGACTGCAG

KYMV2_50P. Kennedya yellow ACTTCTCCCCTTCATTGATCACTACTGTTGGTGGACTTATCGTGTCCC
3445 mosaic virus CT

KYMV2_50M Kennedya yellow AGGGGACACGATAAGTCCACCAACAGTAGTGATCAATGAAGGGGAG
.3494 mosaic virus AAGT

KYMV3_70P. Kennedya yellow AACCCAAGCCACTCTCGTGGCCAACCACTCCCGTTCTGACCCCGACT

4594 mosaic virus GGCGCCACACAGCAGTCAAA
KYMV3_70M  Kennedya yellow TTTGACTGCTGTGTGGCGCCAGTCGGGGTCAGAACGGGAGTGGTTGG
.4660 mosaic virus CCACGAGAGTGGCTTGGGTT

KYMV3_50P. Kennedya yellow CGTGGCCAACCACTCCCGTTCTGACCCCGACTGGCGCCACACAGCAG
4609 mosaic virus TCA

KYMV3_50M Kennedya yellow TGACTGCTGTGTGGCGCCAGTCGGGGTCAGAACGGGAGTGGTTGGC
.4658 mosaic virus CACG

KYMV4_70P. Kennedya yellow GGCAGACCCCTGTCTTGAACTGGTCATCATTCTCGGCGACCCTCTAC

3334 mosaic virus AAGGCGAGTACCACTCCACTTCC
KYMV4_70M  Kennedya yellow GGAAGTGGAGTGGTACTCGCCTTGTAGAGGGTCGCCGAGAATGATG
.3403 mosaic virus ACCAGTTCAAGACAGGGGTCTGCC

KYMV4_50P. Kennedya yellow TGGTCATCATTCTCGGCGACCCTCTACAAGGCGAGTACCACTCCACT
3354 mosaic virus TCC

KYMV4_50M  Kennedya yellow GGAAGTGGAGTGGTACTCGCCTTGTAGAGGGTCGCCGAGAATGATG
.3403 mosaic virus ACCA

KYMV5_70P. Kennedya yellow TGCAACGCAGTTCGGCCCTCTGACCTGCATGCGCCTCACTGGCGAAC

5026 mosaic virus CTGGCACCTACGACGACAACTCA
KYMV5_70M  Kennedya yellow TGAGTTGTCGTCGTAGGTGCCAGGTTCGCCAGTGAGGCGCATGCAGG
.5095 mosaic virus TCAGAGGGCCGAACTGCGTTGCA

KYMV5_50P. Kennedya yellow GTTCGGCCCTCTGACCTGCATGCGCCTCACTGGCGAACCTGGCACCT
5035 mosaic virus ACG

KYMV5_50M  Kennedya yellow CGTAGGTGCCAGGTTCGCCAGTGAGGCGCATGCAGGTCAGAGGGCC
.5084 mosaic virus GAAC

TYMV1_70P. Turnip yellow mosaic CCTGTTCACCTATACCAGAGCAGTCCGCACACTCCGAACTTCAGACC

1033 virus CAGCAGCATTCGTAAGGATGCAC
TYMV1_70M  Turnip yellow mosaic GTGCATCCTTACGAATGCTGCTGGGTCTGAAGTTCGGAGTGTGCGGA
1102 virus CTGCTCTGGTATAGGTGAACAGG

TYMV1_50P. Turnip yellow mosaic TCACCTATACCAGAGCAGTCCGCACACTCCGAACTTCAGACCCAGCA
1038 virus GCA

TYMV1_50M  Turnip yellow mosaic TGCTGCTGGGTCTGAAGTTCGGAGTGTGCGGACTGCTCTGGTATAGG
.1087 virus TGA

TYMV2_70P.  Turnip yellow mosaic CTTCCCTCTGAAACTCTCAGGCTGCTACCATACATCGACATGTACTG

3356 virus CTGGTGGAGTTACCGCATTCCTC
TYMV2_70M  Turnip yellow mosaic GAGGAATGCGGTAACTCCACCAGCAGTACATGTCGATGTATGGTAG
.3425 virus CAGCCTGAGAGTTTCAGAGGGAAG

TYMV2_50P. Turnip yellow mosaic GCTGCTACCATACATCGACATGTACTGCTGGTGGAGTTACCGCATTC
3376 virus CTC

TYMV2_50M  Turnip yellow mosaic GAGGAATGCGGTAACTCCACCAGCAGTACATGTCGATGTATGGTAG
.3425 virus CAGC

TYMV3_70P.  Turnip yellow mosaic TCCACCATAGTGGCCAACGCTTCACGCTCCGACCCAGACTGGCGACA

4520 virus CACCACCGTCAAGATCTTCGCGA
TYMV3_70M  Turnip yellow mosaic TCGCGAAGATCTTGACGGTGGTGTGTCGCCAGTCTGGGTCGGAGCGT
.4589 virus GAAGCGTTGGCCACTATGGTGGA
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TYMV3_50P. Turnip yellow mosaic AGTGGCCAACGCTTCACGCTCCGACCCAGACTGGCGACACACCACC

4528 virus GTCA 50
TYMV3_50M  Turnip yellow mosaic TGACGGTGGTGTGTCGCCAGTCTGGGTCGGAGCGTGAAGCGTTGGCC
4577 virus ACT 50
TYMV4_70P.  Turnip yellow mosaic CGCCGACCCCGCCCTCGAGCTCGTCATAATTCTCGGCGATCCTCTMC
3265 virus AGGGCGAGTACCACTCCCAATCG 70
TYMV4_70M  Turnip yellow mosaic CGATTGGGAGTGGTACTCGCCCTGKAGAGGATCGCCGAGAATTATG

.3334 virus ACGAGCTCGAGGGCGGGGTCGGCG 70
TYMV4_50P.  Turnip yellow mosaic TCGTCATAATTCTCGGCGATCCTCTMCAGGGCGAGTACCACTCCCAA

3285 virus TCG 50
TYMV4_50M  Turnip yellow mosaic CGATTGGGAGTGGTACTCGCCCTGKAGAGGATCGCCGAGAATTATG

.3334 virus ACGA 50
TYMV5_70P.  Turnip yellow mosaic CTCCACCCAGTTCGGCCCCCTCACATGCATGCGCCTAACCGGGGAAC
4948 virus CCGGAACTTACGACGACAACACT 70
TYMV5_70M  Turnip yellow mosaic AGTGTTGTCGTCGTAAGTTCCGGGTTCCCCGGTTAGGCGCATGCATG
.5017 virus TGAGGGGGCCGAACTGGGTGGAG 70
TYMV5_50P.  Turnip yellow mosaic GTTCGGCCCCCTCACATGCATGCGCCTAACCGGGGAACCCGGAACTT
4957 virus ACG 50
TYMV5_50M  Turnip yellow mosaic CGTAAGTTCCGGGTTCCCCGGTTAGGCGCATGCATGTGAGGGGGCCG
.5006 virus AAC 50

70-mer probes fofurnip vein clearing virusindCauliflower mosaic virugare probes described by Wang
et al, 2003; M-Minus sense probe, P-Plus sense probe diled/Spacer probe, (NT)-Non-tailed/Non-
spacer probe. Probes not indicated as P or M asegainse probes.

32



L]

60000 4

B 100bp target
09 F1300bp target
40000+ [0 1000bp target

30000

20000+

Fluorescence Intensity =

10000 +

Y N
o =5 2 3
= ' | 24 I~
8 o< 8 -
o E 8 g
= 8 = £
° S
L3+
Probes ©
(B)
:é‘ R W92 bp target
?:' 50000 - E3307 bp target
3
£ 40000
o
2 300004
4]
2 20000
£
3 10000+
[T
0 - ey
= =1 =] oy
w - 0 (] (3]
= =0 @ =
o« o< (=] =T
] = 2 @
2 @ =3 o
2 g = £
° S
w
[&]
Probes

Figure 2. TVCV and CaMV cDNA hybridization fluorescence intensity fametion of target
and probe length. Signal patterns observed after microarray hybridizai@hOf¥CV cDNA
targets of three different lengths and (B) CaMV cDNA targetsrofdifferent lengths to a set of
short and long TVCV- and CaMV-specific oligonucleotide probes. The long {@68037381
and 10000830) are TVCV- and CaMV-specific perfect match 70-mer prodesmdd—IIl 4557
and Caulimoa.4734 are short degenerate probes for TVCV and CaMV witindiveva
nucleotide mismatches, respectively. Error bars represent tiimsdadeviations for analyzed
probe replicates.
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Figure 3.Signal patterns after hybridization of 100 and 300 bp cDNA targets of TVGK to
different length probes ranging from 21- to 70-mer for the same tadfsix probes are
sequence-specific perfect match probes. The suffix numbers of probig gpar length, for

e.g. TV3781-21is a 21 nt long probe. 10003781 is the long TVCV-specific 70-mer probe. Error
bars represent the standard deviations for analyzed probe replicates.
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occurrences of secondary structures in the DNA targets, was edaléatealculated using the
DNA mfold server (Zuker, 2003), the negative valuea@ffor 300 and 1000 bp targets were
twice and seven times lower than for the 100 bp target, respectivetigefmore, both of the
longer targets contain an additional sequence capable of forming a haiigse loop could pair
in pseudoknot fashion with sequence complementary to the probe used. The observed
hybridization inefficiency of probes with longer targets may thus be duert@fion of
secondary structures in longer DNA targets, which is a well docuth&atd®r affecting probe
binding for both DNA and RNA molecules (Lined al, 1992; Liuet al, 2007; Pepliegt al,
2003; Southeret al, 1999). The superior hybridization of TV3781-50 relative to shorter probes
could be due to its substantially higher calculated melting tempe(aiyré6 °C vs. 53 to 58 °C)
or to its extra length. The extra length could circumvent possibly limitegsaibility of short

surface-bound DNA probes to targets.

Spacer Effect

To test the theory of limited accessibility of shorter probes hindésthgdization efficiency, a
spacer molecule was introduced to increase the distance betwedWAlgrdbe sequence and
the slide surface. To find an optimum spacer length, oligo-d(T) spdadiffecent lengths (5-
mer, 10-mer and 20-mer) were attached on an AAV1-specific probe. The preteebybridized
to the complementary target synthesized after virus purificationAmbrosia psilostachya
(Melcheret al, 2008). The results showed that 20-mer spacer length produced the $taodges
most specific hybridization signals (data not shown). Further expesmanmé performed using
the selected 20-mer oligo-d(T) spacer. TVCV cDNA targets of 100 and 300 bhwmidized
to probes TV3781-30,,4-TV3781-30 and TV3781-30-f, providing no spacer, a 5-engyT
spacer and a 3'-endgglspacer, respectively. No effect was observed on the hybridization
efficiency of the longer target (300 bp) when hybridized to TVCV-spgesgacer-probes,

whereas the hybridization efficiency of the shorter target (100 bp) improvedpecer-probes
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(Fig. 4). The signal intensity of the shorter target with probe TV378IL,8®as 6.2-fold higher
than that of the same probe without the spacer, whereas the signal fof pfrdb&781-30
increased only 2.5-fold relative to the non-spacer probe, indicatingphetrs were optimal
when placed on the 3'-end. Although the calculatgdalues for TV3781-30-% and To
TV3781-30 are the same, and slightly higher (less than 3 °C) than that of T8G,/8tere was a
significant difference among the hybridization efficiencies ofdhlibsee probes, suggesting that
the increased hybridization efficiency was due not to an effect,dfult to the increased length
of the probe. To ensure that the increase in intensities were nat doe-specific hybridization
of targets to the spacer, hybridization intensities of targdtg¢e target-irrelevant probes
(Marafi.4636, Acrypto2.66 and Furol.773) were compared with and without 3'-end spacers.
Regardless of the presence or absence of spacers, these probes prodsitiekitdss than 20%
of target-specific probes with spacers at either ends. Togethessthles suggested that the
hybridization efficiency of short probes could be improved to produce ddtearad specific
signals by addition of oligo-d(T) spacers at 3'-ends. These findingamageeement with
similar previous reports using spacers with different slide cheesgtChouet al, 2004; Peplies

et al, 2003; Southeret al, 1999).

Detection of tymoviruses singly and in mixtures
To validate the DNA array with material from plant samples, the avesytested for sequence-
specific detection usintymovirusspecies: AsAV, KYMV and TYMV. Labeled and fragmented

cRNA targets of pure and mixed samples were hybridized on separate arrays
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Figure 4.Impact of spacers on hybridization efficiency of shorter probes. Hybtidin of 100
and 300 bp TVCV cDNA targets to probes TV378J,;TV3781-30 and TV3781-30-§
provided with no spacer, 5'-engyEpacer and 3'-endgSpacer, respectively. 10003781 is the
long conserved TVCV-specific 70-mer probe. Hybridization of incomingetany three target-
irrelevant control probes (Marafi.4636, Acrypto2.66 and Furol1.773) with and witheod 3'-
spacers was also monitored to test for non-specific pairing of tanggtaders.
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Hybridization with short oligonucleotide probes

To test the hybridization method using short oligonucleotide probes, cRNA tdegetsd from
an AsAV-infected and uninfected contdl viridiswere hybridized to an array containing a set
of ten AsAV-specific probe pairs along with other unrelated viral prolies cRNA target from
an uninfected plant did not hybridize with any of the viral probes on the array, mgR6imers
to 70-mers, validating the design of the array and the hybridization prgkégobA). Labeled
AsAV target demonstrated highly specific hybridization with short ¥ssfecific probes (Fig.
5B). All minus-sense probes hybridized with strong signals to the tahjietplus-sense probes
did not hybridize or hybridized poorly. Hybridization with long oligonucleotid#ps (described
below) also showed such preferential hybridization to minus-sense probgmadrhe
hybridization performance of plus-sense probes (discussed below) caugddaus ton the
minus-sense probes in what follows.

As in Figure 4, short minus-sense probes without spacers displayed wealdizatibr
signals than corresponding probes with spacers (Fig. 6), when hybridizeNAotargets from
infectedA.viridis, confirming the importance of spacers for short oligomers. A possible
disadvantage of using an oligonucleotide spacer is the potential liasg patween the spacer
and the target molecule. A 20-mer oligo-d(A) was added to the fragcheRINA target just prior
to hybridization to bind to the complementary oligo-d(T) spacer and prevgnaadom pairing
between targets and spacers. The false positive signals observdirhghridizations were
lowered to near background levels, resulting in a decline in non-specific lzghods without a

loss in signals for specific hybridizations (Fig. 7).

Hybridization with long oligonucleotide probes
Long oligonucleotide probes are becoming employed widely in arrays for pattheigetion
studies (Agindotan & Perry, 2008; Pasquéhial, 2008; Wanget al, 2003). The study used two

types of long probes, 50-mer and 70-mer, to compare their array performaircst agNA
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Figure 5. Signal patterns after microarray hybridization of label®&#RciRom (A) uninfected A
viridis used as a negative control and (B) AsAV-infedediridis at 46 °C to a set of short
target-specific and non-target prob&alfle 3. Probe numbers 1-91 in both A and B are the non-
tymoviral probes on the array ranging from 25- to 70-mers, whereas probe nug¥ik2s are

the specific tymoviral probes. There are ten tymoviral prolsisétiplets, P(T), M(T), and

M(NT) as shown imrable 2 P, M, T and NT stand for positive-sense, minus-sense, tailed/spacer
and non-tailed/non-spacer probes, respectively. The results for gdehare presented in the
same order, P(T), M(T), and M(NT), with M(T) probe showing the strongesldigeach

set.
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Figure 6: Comparison of hybridization efficiency of targets against preitesnd without
spacers. The figure displays the signal intensity comparisorebptiie AsAV-specific short
probes with and without spacers, when hybridized to labeled cRNA té@at&sAV-infected
A. viridis. Only five of the ten with vs. without spacer probe comparisons avensiaror bars
represent the standard deviations for analyzed probe replicates.
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targets derived from thréeymovirusspecies (AsAV, KYMV and TYMV) and an uninfectéd
viridis using a hybridization temperature of 60 °C (Telechem International). RBgusdows the
compiled results from five individual hybridizations. The cRNA target fasnuninfected plant
did not hybridize with any of the viral probes on the array. As shown in figurersBSsAvV
target hybridized with short probes, cRNA targets for all threeispevhen hybridized to an
array containing longer probes also demonstrated a lack of hybridization tgrmaviral probes
on the array (data not shown). For ASAV and TYMV targets, all speoiiig probes hybridized
strongly to their respective viral targets. In contrast, only threef five KYMV probe pairs
(50-mer and 70-mer) were able to detect the target species.hEngvad probe-pairs (KYMV2-
50M/KYMV2-70M and KYMV4-50M/KYMV4-70M) produced signals below the detent
threshold and did not qualify as positives. These two probe pairs were nokecedsi further
analyses. The average ratio of mean median intensities for 7@ ®@mher probes was about
1.1 for 13/15 of the probe pairs, indicating the ability of 50-mer probes to pradsteng
signals as 70-mer probes under optimal hybridization conditions. Aci@@diross-
hybridizations to probes with targets derived from heterologous spesiesoWserved, reflecting
the successful representation of conserved regions within the Ggmasirs on the array (Fig.
8A). Cross-hybridization signals resulted from probe sequence identitgiagdrom 60 to 88%
and increased approximately linearly with sequence identity valoegxBmple, the AsSAV5,
KYMV5 and TYMV5 probe group has the highest (greater than 78%) sequemtiiés of all
probe pairs, and produced the strongest cross-hybridizations with vietstdrggeneral, 50-mer
probes with less than 75% overall sequence identity and 70-mer probes svitiale30%
overall sequence identity with non-target sequences were virussgeecific under the
described hybridization conditions. Cross-hybridizations of targetstieierologous species
were more intense with 70-mer probes than with 50-mer probes, whickxpexdes since
shorter probes provide greater discrimination between hybridizing nacl€is. In total, ~34%

(9/26) of the heterologous 50-mer probes and ~46% (12/26) of the heterologoas Fbbes
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hybridization reactions performed at (A) 60 °C and (B) 46 °C. Each columneafgdie signal
intensities of the fifteen 50- or 70-mer species-specific oligontidk probes hybridized to the
incoming viral targets.
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produced a hybridization signal greater than 35% of the strongest feigtiat probe. The
observed cross-hybridizations did not hinder the identification of ihai@litarget species in the
respective infected samples since multiple homologous probes hybnidiketheir targets with
stronger signals.

To test for simultaneous detection of multiple viruses in a siaghpke, cDNAs of
AsAV, TYMV and KYMV were mixed prior tan vitro transcription and the labeled cRNA
mixture was tested on an array (Fig. 8A). The results showed that teegeed multiple viruses
did not interfere with the detection of any single virus in the sample. Peitse 1, 2, 3 and 4 of
AsAV and TYMV as well as 1 and 3 of KYMV, which achieved high signal intexsswith
mixed species targets, were virus species-specific in single tadiradis, as cross-species
hybridizations were absent or weak (Fig. 8A). The signatures dira# viral species were
readily detected by 14 out of 15 probe pairs in the mixture. These resutinsteate that the
array approach can reliably detect multiple viruses present in indiythrak, and has a

potential for screening of viral species in environmental samples.

Influence of temperature on signal intensities of long oligonucleotiderobes
Hybridizations of the uninfected control target and all three virgkta were repeated at 46 °C
instead of 60 °C to test the effect of temperature on hybridizatioruAiheected sample did not
hybridize with any viral probe on the array (Fig. 8B). The decrease in hyirigizemperature
was accompanied by a decrease in signal intensities of targeiesjmemfoligonucleotide
probes. The temperature decrease did not result in positive hybadiratKYMV2 and

KYMV4 probes, false negatives at 60 °C. However, a variation in sétystifvhybridization
between 50-mers vs. 70-mers was observed at 46 °C. The average ratm oheakan
intensities for 70-mer to 50-mer probe rose to 1.6 for 86% (13/15) of the probevhain
hybridized at 46 °C compared to an average of 1.1 when hybridized at 60°C. Two afothe pr

pairs AsAV2 50M vs. AsAV2 70M and TYMV1 50M vs. TYMV1 70M, hybridized to their
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targets at 46 °C, with almost equally strong signals. Concurrent wittreade in the
hybridization temperature, the percentage of heterologous probes producidghbn signals
greater than 35% of the strongest signal for that probe also iedrigam 34% (9/26) to 46%
(11/26) in the case of 50-mer probes and from 46% (12/26) to 57% (15/26) in tlué ¢8smaer
probes. Thus, comparison of hybridizations performed at two different tetaps showed that

hybridization performed at 60 °C produced more sensitive and specific detégtials.s
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DISCUSSION

One aspect of this work was to investigate and optimize parametecstldinfluence the
hybridization efficiency of oligonucleotide probes using polycarbodiinlide shemistry for
microarray detection of plant viruses. The oligonucleotide probes attachetycarbodiimide-
coated slides are bound most likely via thiamine bases forming oovaleds in the presence of
UV irradiation (Kimuraet al, 2004). Thus, it is possible that immobilized DNA containing
thymine bases on polycarbodiimide-coated slides may limit oligonuclestissibility to the
DNA target. This risk is higher presumably for smaller immobilizexbes than longer probes.
The use of terminal thymidylate spacers produced an improvement in thdization efficiency
of shorter probes. Although the exact mechanism is not proven, the suggested syjsattias
the spacers are extending these probe sequences away from the fsltde swaking the probes
accessible for interaction with the target. Another benefit of oligotihyate spacers is that the
spacer itself decreases the possibility that a thymidine intertia trus sequence will be used
for attachment.

The observation that targets hybridized preferentially to probes of onédypwaias highly
reproducible. Investigations elsewhere (David Wang, personal commanjdadve indicated
similar observations with double stranded fluorescent targetseadazsts using single-stranded
fluorescent targets of both polarities produced signals with appropadatelementary
oligonucleotides. The reason for such extreme strand prefererteegi@irprobe hybridization in
presence of a double-stranded fluorescent target remains to be elucidated.

Target length is also an important parameter in hybridization studiest(al, 2007;
Peplieset al, 2003; Peytavet al, 2005; Southeret al, 1999). Shorter fragments of around 100
bp target length produced stronger hybridization signals on the array than logges fiar both
TVCV and CaMV species. The observations above suggest that stronges saridlbe due to

secondary structure formation in the longer target strands makitay tje regions inaccessible
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to probes. The present results were in agreement with a recent studig.usitid.6S rRNA gene
probes which showed enhanced hybridization with PCR amplicons of less than 150 bp and
fragmented rRNA between 20-100 nt (letial, 2007). In summary, these results contributed to
the establishment of efficient probe design and target synthesis staiagprove the sensitivity
and specificity of virus detection for the microarray format. The methscrided herein
provides a viable procedure for nucleic acid amplification and hybridizatibshbald be
effective in detecting most plant RNA or DNA viruses as long as the tiss representative
sequence information available. In it, viral nucleic acid concentratisris/bridization are
increased by preliminary particle enrichment and by synthesisviifo transcribed cRNA
containing aminoallyl moieties. In previous reports using microarmagistect plant viruses,
labeling of targets produced using random primers was either achieved byratiorpof
labeled nucleotides during reverse transcription of the total @®Anhamet al, 2003; Leeet

al., 2003) or using indirect fluorochrome labeling (Bystriekal, 2005; Pasquiret al, 2008).
These procedures did not include a PCR amplification step that couldsad¢he sensitivity of
this technique. Direct incorporation of the fluorophore at the reversgctiption step can result
in a loweramount of DNA obtained than by indirect labeling, due to poor incorporation of
fluorophore-labeled nucleotides into DNA during polymerization. Combining seqte
independent target amplification amdvitro transcription with indirect labeling ensures a highly
efficient label incorporation as well as sufficient targeldyi the final cRNA product. A
fragmentation step was added to decrease the formation of possible sectsndames in
labeled cRNA target molecules and increase the diffusion rate of¢je¢ taolecules.

While long probes are reported to be superior in sensitivity, short oligatide probes
are suitable for efficient discrimination between closely eel&pecies. Hence, a potential exists
for the utilization of longer probes for detection of viruses at high@momic levels like genus
or family level, along with shorter probes for discrimination betwéesety related viral species

or strains. The study successfully validated the use of both long and st with spacers)
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under the described hybridization method and conditions. Comparison was nodoiehatsen

the two types of long probes (50-mers vs. 70-mers) under two differemndizgbon
temperatures using thr@gmovirusspecies. An augmentation in hybridization signals occurred
with an increase in hybridization temperature (60 °C). This coutkplained by the
destabilization of secondary structures within target molecueasing their accessibility to
probes. These results disagree with an earlier report (€hady12004) that observed a reduction
in hybridization signal intensities at higher hybridization temperat{é@SC and 63 °C) for both
50-mer and 70-mer probes. One explanation for this discrepancy could be thenesaptal-to-
noise ratio provided by the polycarbodiimide slide chemistry (Kinetial, 2004). The results
demonstrate the use of 50-mer oligonucleotide probes as an attraciee, @specially for plant
virus detection studies given the inherent nucleotide variabilityriomes of most plant viruses.
The 50-mer probes can produce an ideal balance between probe sensitiviggcaiaitgpnaking
the assay specific enough, but not too specific to overlook closely releedpgcies.

Because the emphasis of this report is on the description of methodsjer besting of
many viral strains was not undertaken. However, several featuti@s aficroarray are
particularly promising with regards to its ultimate use as a singgicurate hybridization method
for detection of a broad group of viruses. First, the reproducible absefateeofiybridization by
targets prepared from uninfected plant samples made the interpretagsnltsf simple and
reliable. Second, all three individual species used in this repogtreadily detected by
hybridizations to the appropriate oligonucleotides without any non-sphglfiidization to
unrelated viral probes. Virus-specific hybridizations produced stronglsifpr multiple virus-
specific probes providing explicit interpretations. Since the probe desigfi fong
oligonucleotide probes was focused on regions conserved among the three ispex$asot
surprising to observe some cross-hybridizations between heterologous sipelged, they
demonstrated the ability of the array to detect and differentiate &etslesely related

uncharacterized plant viruses. Third, signature sequenceslufeairal species were detected
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readily in the mixed viral target validating the feasibility of microarray for simultaneous
detection of multiple viruses in a single plant sample.

Although most of the oligonucleotide probes performed as predicted, some probes
worked better than others. Since it has already been reported that oligadagieatbes binding
to different regions of a genome yield different signal intensitie& Stormo, 2001; Lockharét
al., 1996) the ability of an oligonucleotide probe to yield a good hybridization $ggnal
unpredictable just on the basis of sequence information alone. Thugplemuibbes per species
should be used in oligonucleotide array designs to obtain reliable informatiande seldom do
they all prove effective (Agindotan & Perry, 2008).

In conclusion, the report illustrates a significant step forward mt pleus diagnostics by
detailing for the first time, a microarray method with the potential tactiatbroad group of plant
viruses. Such a hybridization approach can facilitate the development oedylawulti-viral
detection system of considerably expansive application for identificafiboth known and

related uncharacterized emerging viruses.
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CHAPTER I

GENOMIC APPROACHES TO DISCOVERY OF VIRAL SPECIES DIVERSIOF

NON-CULTIVATED PLANTS

INTRODUCTION

The study of virus infections in non-cultivated (‘wild’) plants to explthe ecological roles,
diversity, and distribution of these plant-associated viruses in unexeagsystems is a long-
emerging field in science, bringing together the disciplines dbggpvector biology,
epidemiology and virology. In 1981, Harrison noted that the kinds of virusesatssowith
cultivated plants (CULPAD, cultivated-adapted) were distinct fioose that tended to be
associated with plants in natural habitats (WILPAD, wild-agdp(Harrison, 1981).
Unfortunately, the plant viruses known to Harrison were overwhelmihghetthat caused
diseases in crop plants, with but a few that caused diseases in attisr phere was very little
knowledge of viruses that did not call our attention to them by causingusbsymptoms in
plants of economic interest to us. This is still largely true todegurithation of the initial plant
source of viruses catalogued in the Viral Identification Data Exchangbata (Brunét al,
1996) shows that most known viruses are from cultivated crop species andregtnptosts
(Wrenet al, 2006).

The study of plant viruses was initiated in plant pathology (Schodthalf, 1999), a field
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in which interest is in what makes a plant diseased and how thaselisen be prevented. The
view of plant viruses as pathogens still dominates plant virology debpitealization that
disease is not a necessary consequence of virus infection. Underisomstances, virus
infection of plants actually contributes to improving their fitn@eneficial effects of viruses on
plants often only become apparent under particular ecological cigueest An indirect
example is the Curvularia thermal tolerance virus whose presecfungus irfCurvularia
plants increases the thermal tolerance of the plant—fungal corafitexing it to grow closer to
the edges of hot pools in Yellowstone National Park (Margtet, 2007; Rodrigueet al,
2004). The observation of increased drought and cold tolerance of virus-inflectesd(Buet al,
2008) also indicates that viruses can make mutualist contributionsitdipiass under some
circumstances. Infection #fennedya rubicundplants byKennedya yellow mosaic virumsakes
the plants less attractive to herbivores, thus increasing thigsdiangevity and fithess (Gibbs,
1980). Virus infection may negatively affect the fithess of one pfsaties more than it will that
of another species (Malmstrosh al, 2005a; Malmstronet al, 2005b). As a result, virus
infection of the second species provides it a competitive advantagatusianmixed species
populations. The relative success of ecotypesrabidopsis thaliananfected withCucumber
mosaic virugCMV) is influenced by the density of plants (Pagaml, 2008). Infection of some
A. thalianaecotypes by CMV accelerates their production of seed (Ratgdn2008). White
clover plants in soil infested with fungus gnats produce more biomasscaiadamets when
infected withWhite clover mosaic virukhan when virus-free, due to the viruses’ induction of
repellent volatile emissions by the plant (van Mdlken, 2009). Further natiadtiteractions
between plants and viruses await identification and description. Theratign of such
interactions and the mechanisms involved in possible adaptation of folare® environments is
changing the world’s view of viruses simply as pathogens.

The practical importance of discovering viruses in native plants isliustrated by

agricultural history in Africa, where numerous crops introduced from otihr@iments have fallen
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victim to viruses Cacao swollen shoot viruMaize streak virusSugarcane streak virysiruses

of cassava mosaic) presumably originating from native plants (Bosyee;R000; Fargettst

al., 2006). A phylogenetic study of potyviruses of Australia suggestethénaemerged by
transfer of these viruses from native ecosystems into culiicatgs when cultivation began in
human history (Gibbst al, 2008a; Gibb®t al, 2008b). Another practical driver of explorations
of virus biodiversity occurs when native plants are considered for pramedi alternative food

or forage crops. Such situations result in screening the planadooé multiple viruses
(Odedareet al, 2008; Odedarat al, 2007). Non-cultivated plant species growing near crop
lands (often called weeds) are often surveyed for the presence o§\hasenay affect crop
plants (Royeet al, 1997; Sampangit al, 2007; Sivalingam & Varma, 2007).

One view of the origin of viruses (Jaspars, 1999) suggests thats/inase had a long
association with their hosts, consistent with vertical transomssi viruses. Some viruses have
been suggested to have co-diverged with wild plants long before doniestafgtlants (Gibbs
et al, 1999; Larteyet al, 1996). Comparative analysis of viral genes has led to the concept that
viral genomes consist of certain hallmark genes that were piadéstearliest stages of life and
numerous accessory genes acquired from a variety of organisms in motdineeg (Kooninet
al., 2006). Since viruses are obligatorily dependent on hosts for replication, andheynbave
survived eons of evolution, the net effect of viruses on ecosystems musteralgbe positive.
Therefore, it is unrealistic to expect that viruses always cassas#. The supposed long history
of plant-virus association also requires that under most circumstangessvare in a kind of
equilibrium with their hosts (Thresh, 1982). The viruses do not strongly ndygatffect the
plants, nor do the plants strongly negatively affect virus replicaioa.equilibrium is often
disrupted by introductions of vectors or of other viruses or plants in agas, resulting in
outbreaks (Websteaat al, 2007). Comparison of virus phylogenies to plant phylogenies to
understand evolution and the influence of ecosystem properties on thautistrand evolution

of plant viruses is hampered by incomplete knowledge of existing viruses,| as \wed inability
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to find fossil viruses.

Studies, primarily of marine sediments, have shown a great dyvefsitruses at
individual localities, and evidence suggests considerable trasfsfezse agents from one
environment to another (Breitbart & Rohwer, 2005b; Djikehgl, 2009; Hubergt al, 2009;

Short & Suttle, 2005; Suttle, 2007). Viruses of crops show both worldwidebdisbms for some
known pathogenic viruses, through continentally limited distributiansighly local

distributions. Distributions of viruses not associated with cromdesare uncharacterized. Does
each locality have its unigue catalogue of viruses associatieghants, implying a very large
diversity? Or is diversity more limited, with viruses being ndlyiglobally distributed?

Although dwarfed by the number of studies on viruses in crop species, some knowledge
of viruses of non-cultivated plants has accumulated. There handiimided surveys for viruses
in plant populations from non-managed ecosystems (Boaagih 2004; Fraileet al, 1997;
Raybouldet al, 1999). These surveys studied the distribution of known viruses of crts pia
non-cultivated plants, including orchids (Kawakaghal, 2007), using specific assays
(serological or RT-PCR) to screen the plants for those virusedehae rates of infection of
single plant species with single viral species cover a widesrdmyg frequently were between
30% and 70%. Previously unknown viruses have been discovered in non-cultivated plan
because those plants exhibited novel symptoms (Caaféd, 2008; Gibbs, 1980; Hassahal,
2009; Ooiet al, 1997; Robertson, 2005, 2007). To investigate the diversity of viruses in extrem
environments, plants growing near the Antarctic circle have beemmed for the presence of
viruses (Polischukt al, 2007; Skotnicket al, 2003). Recent inventories of non-cultivated plant
viral biodiversity sampled plants without regard to symptomel¢htret al, 2008; Muthukumar
et al, 2009; Roossinckt al, 2010). The Plant Virus Biodiversity and Ecology (PVBE) project
(Wrenet al, 2006) developed several hypotheses about such viruses. First, vieuBegaent in
non-cultivated plants. Between a quarter and a half of all specimens anecadksgested in

PVBE project had evidence of virus presence. Second, previously unknowes\aresabundant.
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Of several hundred potential viral species detected, only 17 refgds@mses whose sequences
were in the general GenBank/DDBJ/EMBL database. Third, asialigsuggested (Harrison,
1981), the taxonomic distribution of the prominent viruses of non-cultivatatsplifered from
that of crop viruses. Virus taxa, suchPasyviridaeandGeminiviridag abundant among those
causing crop disease, were relatively absent in the PVBE sampleth,Fviruses of non-
cultivated plants often have features not found in their crop relafeegxample, several PVBE
putative viruses had additional open reading frames (ORFs) ovedegtipindard ORFs. Last,
viruses naturally exhibit a limited number of types of distributions armptargs and plant
species. The project undertaken at the Area de Conservacion Guaifa€ss) in Costa Rica
(Roossincket al, 2010) provides support for many of these hypotheses, except that one particula
crop virus was found with high frequen&@uycchini yellow mosaic virug, member of the
Potyviridae.

This chapter summarizes genomic approaches to the detection oedyssbviruses in
plants and of their diversity, and discusses the suitability of the agpes for investigation of
viruses in non-cultivated plants. The past three decades have guiaghimome sequences for
most of the known plant viruses. The availability of these gene segueneenade it possible to
design genomic approaches to identify viruses related to known taxa. @eapgproaches survey
the sequences derived from genomes present in a sample for sequencessohimienclude
genomics and metagenomics. Genomics refers to the study of genawie arganism, while
metagenomics refers to study of genes present in an environmenpéd s&enomic approaches
use various combinations of methods for sampling the environment, enrichingséonp
content of viral genomes, amplifying nucleic acids, and detecting nefated sequences among
the amplified nucleic acid. These methods include, particularlyy asrbridization to

macroarrays and microarrays, and various megasequencing approaches.
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GENOMIC APPROACHES

Sampling
As one moves from genomics to metagenomics, there are numerous steps feave as a
focus for investigation. These levels include individual plant orgahele plants, assemblages

of fresh plants, and the collection of viruses released into ansteosy

Individual plants

The study of multiple single plants is exemplified by the PVBE pr¢j&‘cenet al, 2006)
carried out in Oklahoma and modeled after the similar ACG project ctatbiimcCosta Rica
(Roossincket al, 2010). In this approach, care was taken to record the location and species of
plants from which individual samples were taken. In this way, it washj@ss tie putative
viruses to host species. In this approach, usually, samples of youngdeataeen, assuming
that viruses tend to accumulate best in younger leaves. A comparisga$ ofEuphorbia
marginataplants revealed random patterns of recovery of a tymovirus amopgedifiplants,
suggesting that the choice of organ may not be very crucial (Hatked{t2009). Individual
plants are also the targets of investigations that focus on plahtapparent symptoms of
disease or on assay for specific viruses (Ciaffal, 2008; Gibbs, 1980; Hassahal, 2009; Ooi

et al, 1997; Robertson, 2005, 2007).

FTA cards

A recent development that promises to facilitate broad surveysliefdual non-cultivated plants
for virus presence is the ability to recover usable nucleic acid fronsisggiaf plant material on
Flinders Technology Associates (FTA) cards (Alabal, 2008; Ndunguret al, 2005; Oworet

al., 2007). These cards, designed for storage of nucleic acids, eitheiripurified form or
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within pressed tissue samples, can allow affixing of the tissue samtplkefield itself. It has
been reported that DNA can be preserved within a pressed plantftissuare than 14 years and

preservation of plant viral RNA has also been demonstrated (€vedy 2007).

Lawnmower

At a slightly higher level, collections of plant material from a djegtiarea can be made and
processed for analysis of viral content. Unpublished results (S&tedidUnpublished data)
illustrate this approach, nicknamed the ‘lawnmower’ approach. All abmeexd parts of plants
growing in a 30 x 30 cm area were combined, mixed, and aliquots of the mixturpraesgssed
for identification of putative viruses. Eight plant species weeatifled as contributing to the
mixture. All three aliquots revealed the presence of a carmovirus, dttirodgferent
proportions from the three preparations. From this information aloneirtisecould not be
assigned to a host species. However, analysis of individual plamt®ther nearby locations
revealed a nearly identical virusliespedeza procumbenghich was one of the species in the

mixture. The additional sequences allowed assembly of a complete genome.

Run-off water

At the highest level of metagenomics yet attempted, viruseseweared from water. Although
some of these viruses, like the marine bacteriophages, are likedgw of marine organisms,
there are reports of non-bacteriophage viruses in water. One studyeaan Antarctic lake
(Lopez-Bueneet al, 2009), and found evidence of phycodnaviruses and mimiviruses, among
others. Eukaryotic probable hosts of these viruses inhabit theAakéher study (Djikengt al,
2009) focused on a lake in Maryland, and identified sequences belonging tarthimfacting
taxaPartitiviridae, Bromoviridae, Luteoviridae, Flexiviridae, Tetradae, Tymoviridae,
SequiviridaeandTobamovirusTheir presence in the lake sample can be interpreted as run-off

from plant material, particularly since the levels of these semsewere much higher in autumn
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than in spring. However, it is not known which plant species contributed winich v

Enrichment

Regardless of the methods used for detection of viral sequences, ptiesatfildetection are
increased by enriching starting material for viral nucleic acidslefsonstrated by the
metagenomic studies, viral sequence may be present at lowTthressenrichment for viral
sequence before initiating sequence analysis is advisable. An@frtechniques can be and have
been employed. Virus purification from agueous sources involves membraatefiland
ultracentrifugation (Djikengt al, 2009). In vertebrate virology, virus particle concentration by
differential and isopycnic centrifugation as a prelude to large-seajgencing has proven
effective in identifying viruses containing single- and double-strduiiiéA, and has led to the
identification of a novel anellovirus in healthy donors (BreitbaRé&wer, 2005a). Enrichment
is often achieved simply by using a body fluid, such as serum or plasma, poés andehus
having fewer cellular nucleic acids to interfere with detectiopehatants of cell cultures also
serve as good starting materials for vertebrate virusese{ijét al, 2008). The equivalent in
plant virology, collection of phloem or xylem, has not been used extensBielpii-Buela &
Garcia-Arenal, 1999; Waigmarat al, 2004), but may be necessary for viruses that have their
highest titer in phloem or xylem. A further underexplored resource ¢®as$ighloem or xylem-
feeding insects. They may serve as a concentration mechanism fesvirvascular streams.
Better documented approaches involve extraction of nucleic acids froiegtions of virus-like
particles by differential or isopycnic centrifugation, purification of detdtranded RNA
(dsRNA), immunocapture, group-specific PCR or RT-PCR, isolation of siBNo®NA, and

representational difference analysis (RDA).

57



dsRNA

The double-stranded RNA approach is used frequently in identifyingsatiapparent viral
disease in crops and ornamental plants. For example, the size of dsRiii&d fiom a
grapevine with leafroll symptoms not attributable to any recognizdtbleassociated virus
suggested the presence of a member oftbsteroviridae a suggestion subsequently confirmed
using family-specific RT-PCR primers for the HSP70 homologue of thgyfgAlkowni et al,
2004). Because plants do not have appreciable amounts of dsSRNA, and dstkiNdsisan
obligatory component of plant cells hosting replication of an RNA vihis mhethod (Roossinck
et al, 2010), enriches for dsRNA by binding to CF cellulose. The dsRNA is thenrtexhve
dsDNA and amplified using primers with random oligonucleotides at 3reimds. Crucial to this
procedure is removal of DNA before reverse transcription, ssRNA, addmaterminated
primers after dSDNA synthesis. As expected, the procedure is stut¢ebtaining sequences
from putative viruses from groups not known to have capsids. Also as expactigdpriruses

and geminiviruses are absent.

VLP-VNA

In the virus-like particle (VLP) approach, investigators assume itzhiparticles are present, and
enrich for them by differential centrifugation of plant homogenétane, 1986, 1992). After
DNase | treatment to remove external DNA, nucleic acids are &edrhg proteinase K-SDS
treatment and phenol:chloroform extraction prior to alcohol pretigoitavith a coprecipitant to
yield putative viral nucleic acid (VNA). The extraction procedure agepted from one designed
for Cauliflower mosaic virusconsidered one of the most stable of virus particles (Hull, 1978). A
similar procedure has been developed for clinical samples (igjiteal, 2008). The VLP-VNA
procedure should enrich RNA-containing plant viruses from a variety ofagasavell as DNA-
containing viruses. As applied to PVBE samples, plant-infecting &eteztéd wer@adnavirus,

Flexiviridae, Tymovirus, Comoviridae, Chrysovirus, Luteoviridael TobamovirugMelcheret
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al., 2008; Muthukumaet al, 2009). With viruses present in high titre, 100% of retrieved
sequences were virus-derived in some samples. In other cases, comarsegiiences often
included those derived from other symbionts (bacteria and fungi). Soghyisdespite the large
number of samples containing bacterial species, only few bacteriophagecssquere

retrieved. Remaining sequences were likely plant sequence, thougls vionsgletely unrelated

to sequences of known ones were not ruled out. The unknowns should become less aha proble
as more and more plants have their genome sequences determined. Even thoaighpthet
sequences may be those of crop and ornamental species, they will likibgdeeclatives of non-
cultivated plants of interest. Relative to the VLP-VNA method, 8ieINA method (Roossinait

al., 2010) was more successful. This was mostly because amplificatidrPe¥MA samples

was more sensitive to inhibition of the PCR.

Virus adsorbents

Viruses can also be purified from complex mixtures, by binding specifima#iysolid support,
such as special plastics (Rowhanal, 1998). Antibodies can provide specificity. However, for
most applications, the specificity of available antibody preparaisaio® narrow to guarantee

discovery of all unknown viruses in samples.

Group-specific primers

For numerous known taxa of plant viruses, genomes of sufficient species hakeihad t
sequences determined for the design of universal primers to be atleffiptse primers are
generally highly degenerate and extremely useful when targeting@ufaargroup of virus
genomes in a single or multiplex PCR reaction (Alkoetral, 2004; Donehoweet al, 1990 ;
Foissacet al, 2005; Heet al, 2008; Paximadist al, 1999; Saldarellet al, 1998; Teycheneyet
al., 2007). For example, RT-PCR screening of several plant viral gewardiimg Closterovirus

Vitivirus, Trichovirus FoveavirusandCapilloviruswas performed using degenerate primers
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followed by cloning and sequencing the amplified products (Foetsalc 2005; Saldarellet al,
1998). Polyvalent detection RT-PCR tests were exploited as one oétheds in surveying the
plant virus diversity of the sub-Antarctic Kerguellen Island @faet al, Unpublished data).
Results showed that one of thepaeolum majuplant samples identified by RT-PCR as being
infected by a virus belonging to the geMNepovirusvas confirmed positive by sequencing.
Degenerate family- or genus-specific amplified products when ugadgass against a
microarray consisting of a comprehensive set of probes can also aectlerdiscovery of novel
viruses.

Although simultaneous detection of up to eight viruses by multiplex PCR &as be
reported (Sanchez-Navarep al, 2005), the number of targets that can be effectively detected
simultaneously is limited. Increasing the number of primer pairs iret@ion mixtures
increases the chances of unexpected interactions. Further rgmadlects tend to be
preferentially amplified over larger fragments, thus causing abidentification of viral
targets. Amplified fragments of the approximate expected size aaiyukirther analyzed to
detect mispriming and otherwise confirm the identity of the product. A frelyugsed way to
confirm and achieve the identification of the specific amplificatimupct to the species level is
sequencing.

Degenerate primers should be designed so as to attain maximum cafaragant
sequences, keeping in mind that degeneracy can drastically reduoad¢hletration of any single
defined sequence in the primer mixture. It must also be kept in mindriegative result does
not mean that viruses of the targeted taxon are absent, sincentke giesign may have not been
able to include them. A cautionary example is provided by the case ofebamild mosaic virus
and banana virus X, where degenerate primers worked for the formeedissipigh molecular

diversity, but not for the latter which is otherwise highly conséd eycheneyat al, 2007).
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SRNA

The discovery of RNA silencing has roots in the study of the ‘recovery’ premamof plants, in
which induced siRNAs interfered with virus production (Ding & Voinnet, 208g)a logical
extension of that discovery, several laboratories are using sialldeep sequencing to
discover virus-like sequences. The strength of the megasequencingchppridastrated by the
range of results obtained after laboratory infection of approgr@eplants with nine viruses
(Donaireet al, 2009). Tombusvirus infections resulted in over half of the total AsRid
Cucumis mel@andNicotiana benthamianplants being virus derived. In no virus-host
combination were the virus-derived sequences less than 1% of thélibtaligh some genomic
regions were overrepresented, especially in the infectidn tfalianawith a crucifer-infecting
tobamovirus (Qet al, 2009), all regions participated in sSiRNA generation. The larger number of
reads available through megasequencing, compared with cloning and sequericasgp@saible
complete or near complete genome coverage (Doatak 2009; Kreuzest al, 2009). The

small lengths of the siRNAs (21-27 nt) do make the risk of misassemdxdy eoncern when
multiple infections are possible. Such infections are expected whemnexg wild plants.
Therefore, there must be good coverage throughout the genome sequence and astboddy
must be carefully chosen (Kreueeal, 2009). Nevertheless, contigs of the order of kbp were
assembled readily, and evidence of the presence of low levels ofiexpected viruses (a
badnavirus and a mastrevirus) was also obtained (Kielede 2009). At this point, it is not clear
whether the low level siRNAs are signs of an on-going infection or amear@s of a successful
silencing attempt by the plant. In either case, the procedure can |eedtifidation of possibly
novel viruses. A bias of plant enzymes to processing small RNAs atcG@gions (Donairet
al., 2009; Hoet al, 2008) may interfere with detection of GC-poor viruses and prevent rgcover

of complete sequences.
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RDA

Subtractive hybridization coupled with PCR, in a method called represeatadifference
analysis (RDA), has been used to enrich viral sequences in samgblegtyerior knowledge of
which sequences might be present (Chetrag, 1994). The method targets polyadenylated
RNAs, and is thus ineffective for plant viral RNAs that are not polyddeed, The polyA tail is
used to exclude the large amounts of rRNA usually present in RNA ptiepard he polyA
requirement in ‘random’ hexamer amplification can, however, be byhagsesing a mixture of
hexamers that has been depleted of rRNA-complementary oligonucte(@iugohet al, 2005).
Nevertheless, a prerequisite for RDA is the availability ohia @gf samples, one infected and one
not infected, the latter to be used as the subtracting agent. Thieneept makes RDA difficult
to apply to plants from natural environments, unless one is focusingmis with obvious
symptoms of disease and has plants of the same species available tiogtrsiected. RDA can
be used to identify novel viruses in symptomatic plants infected witkes of unknown
etiology.

The method (Chanet al, 1994) relies on PCR to differentially amplify non-homologous
pathogen sequences present in the ‘tester’ DNA (from infected sampbd)daurt from the
‘driver’ DNA (from uninfected sample). The tester and the driver DddAiples are digested
using a restriction enzyme, and an adapter is added only to the tester RI¥A Tige driver
DNA is used in excess over the tester to drive the reaction. Thesdigestombined, heated to
melt the double-strands and then cooled to anneal them back togetheestitissin the
formation of three kinds of molecules: tester/tester, tesiezfd driver/driver sequences. Due to
excess of driver DNA, the tester/tester molecules will be ertifiivepathogen sequences
because the non-pathogen tester sequences will anneal to the conmgoigDbiAt fragments of
the driver DNA. The ends of the re-annealed DNA are filled itovi@d by PCR amplification
with a primer specific for the adapter sequence. The testerftesiecules with the pathogen

sequence will be amplified exponentially since they contain adappeesees on both ends. The
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tester/driver fragments will undergo linear amplification sithegy have only one adapter
sequence, whereas the driver/driver fragments will not be aetpilfie to lack of adapter
sequence. Nuclease digestion (mungbean nuclease) is usually useovi® uemianted ssDNA.
More rounds of RDA can be performed by combining the resultant pathogen-eraichkcbns

with an excess of driver DNA restriction enzyme fragments.

Amplification

In most genomic approaches for detection and identification of noveésirtie nucleic acids
obtained by the enrichment methods discussed above are not suitablectarsdirie detection
methodologies. Often, detection methodologies require shorter moleculesalgenerated by
enrichment. Long nucleic acids hybridize poorly to microarrays. Many seqgeaneithodologies
require access to sequences from free ends of molecules. Sequengiiresg raultiple coverages
of the same genomic region. Array hybridization is driven by the condentadtthe target

nucleic acid. For these reasons, various amplification approachebdwvemployed.

SISPA and VIDISCA

Since its original description, PCR has been refined in many wdybilche requirements of
multiplex amplification, as well as amplification of targetshadhknown genome sequences. In
humans, viruses have been recovered from clinical specimens by vafiartechnique known
as sequence-independent single primer amplification (SISPA). DNA etthinSISPA from
serum was cloned in lambda gt11 and clones encoding human astrovirus antigen were
recovered after immunoscreening, resulting in the first sequences afubhéMatsuiet al,

1993). This effort was followed by the use of SISPA in the recovenhepatitis G virus
genome (Linneret al, 1996). In SISPA, an asymmetric adapter sequence is ligated to both
termini of blunt-ended DNA molecules for subsequent PCR amplificatitmansingle primer.

The feasibility of the method has been demonstrated for both singhelstr and double-stranded
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RNA and DNA viruses (Ambrose & Clewley, 2006). The adapter sequentestain
restriction endonuclease sites to facilitate cloning (Reyesm, KB91). HCoV-NL63, a new
human coronavirus, was recovered using a variant of SISPA calleddigngsrery-cDNA-
amplified fragment length polymorphism (VIDISCA) (van der Hetlal, 2004). The method
follows the same principle as SISPA, except that it uses two rriméhe PCR step specific to

each adapter attached on the ends of the DNA fragment, as is done FLth¢edhnique.

Random PCR

Random PCR, a technique similar to SISPA, uses the first primer witlqueumucleotide
sequence at the-Bnd, followed by a random or degenerate sequence dt¢ne.3A subsequent
PCR amplification step is carried out with a second, specific pdomaplementary to the-b5
region of the first random primer. This removes the need for an adggatisoni step required in
the SISPA approach. A modified version of such a random PCR amplificattegstivas

utilized by Wanget al. (2003) for amplifying viral nucleic acid to be identified using a
microarray. RNA was reverse transcribed using a random primerghavinique sequence at the
5-end, followed by the second strand synthesis using Sequenase. The product wasl then use
the template for PCR amplification using just theéquence of the first random primer. The
study revealed the presence of a previously uncharacterized coromasrvisal isolate

cultivated from a severe acute respiratory syndrome (SARS) p&iech amplification strategies
have also been used for RNA or DNA viral sequence recovery from plaples through high-
throughput sequencing of the cDNA libraries. One such example included sukadagtation

of the Wangget al.(2002) procedure for virus discovery in the PVBE project (Meletet,

2008; Muthukumaet al, 2009). The procedure was developed to sequence nucleic acids
amplified and cloned randomly from virus-like particle fractions ofifpfeomogenates. The
extracted nucleic acid (RNA and DNA) is, in the first round, subjecteglvirse transcription,

followed by second strand synthesis, both with random dodecé&tezndnated oligonucleotides
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whose 5ends contain a defined sequence. In the second round, the defined sequense alone i
used as a single primer for standard PCR amplification. Evideas®btained for the presence
of several undiscovered viral sequences belonging to differentfamikes. Array-based
techniques utilizing such random amplification methods have also beemg@tosprove their
worth in detection of previously unknown viruses. A macroarray-basedaqgpusing a similar
random amplification strategy has been developed for detection of planviRuses (Agindotan
& Perry, 2007, 2008). In another approach using microarrays, nucleic acids desimguldnt
specimens infected witfiymovirusspecies were subjected to a similar version of the random
PCR followed by cRNA generation (Grovetral, 2010). The method was adapted to amplify
both RNA as well as DNA viral genomes. The results indicated the popsiieletial of the
technique for virus discovery by detecting viral sequences with 70er$tgher sequence

identity.

RCA

One of the most useful methods for amplification of whole circular DNA gerasrolling
circle amplification (RCA) using the phi 29 DNA polymerase. The distsiung features of this
polymerase include its high processivity, strand displacemenityctiroof-reading activity and
synthesis of long products, which make the enzyme most suitable fofitienetimplification
of circular DNA molecules. The application of RCA for detection of unknavaular viral
genomes is achieved through multiply primed RCA, where random primerbimdtiple sites
of the template molecule. The method entails strand displacement anficatigii of the viral
genome by the enzyme, followed by analysis of the genome-length amplificaithrcts by
cloning and sequencing. The technique has successfully been used foetkierdef several
novel papillomaviruses from different animals (Re&bal, 2004; Rectoet al, 2005; Rehtanet
al., 2006). For plant viruses, multiply primed RCA was first applied to i@yrthe complete

circular DNA genome of a bipartite begomovirus, DF-BR2, infecting tomdRefstanzet al,
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2006). RCA can also amplify DNA from the nuclear covalently closed form ofitigfatirus
(Margeridonet al, 2008) and thus, presumably, also of the nuclear genome from members of the
Caulimoviridae Recent studies investigating cereal-infecting and tomato-infegéminiviruses
in Germany and Thailand respectively, revealed several new gemmingecies using direct
sequencing of RCA products (Agindotan & Perry, 2007; Knierim & Maiss, 2007; Sc¢lablady
2007). Shepherdt al.(2008) showed that RCA amplification could be successfully applied to
amplify and further clone nucleic acids from dried plant tissugkemnstored up to 6 months at
room temperature, though virus genomes could also be cloned from 47% of 10dys@mples.
The multiply primed RCA approach has become a powerful tool for thetidete€ unknown
viruses since it allows the detection of circular DNA viral@®es without the need of specific
primers.

In the PVBE study, surprisingly little evidence of the presencerofrgéruses was
found. This could be due to the biodiverse nature of the TPP eauogystdeing conducive to
geminivirus establishment, or an inadequacy of the methods used. The VARAGNISRNA
methods have not been tested with geminivirus-infected material. Thuppssible that the
expected failure of dsRNA in this regard also extends to VLP-VN#& recent development of
rolling circle displacement amplification using the phi 29 DNA payase promises to be a

method that can fill the gap (if there is one).

Macro/microarray targets

The first step in target sample preparation for microarrayeisxtraction of total nucleic acid or
viral nucleic acid, which generally entails a combination of phenokafdon extraction and
nucleic acid precipitation using a few milligrams of suspect tisEue second step involves
enrichment of the extracted nucleic acid for detection. Target nwd@& concentration is a
significant determinant of efficient hybridization. Speciesnuge or family- specific primers

(Deyonget al, 2005; Sugiyamat al, 2008) can be used for amplification of known viruses, but
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not for detection of emerging viruses of unknown taxa. In the case of miagredor RNA
viruses occurring at high concentrations, labeled cDNA target$e generated by direct
(Boonhamet al, 2003; Leect al, 2003) or indirect (Pagaet al, 2009) incorporation of the label
during reverse transcription using random primers, without performinga@iRfication.
However, for viruses present in lower titers, target amplificatioeésled to increase the
probability of virus detection. There are many groups of plant viruseghioh no effective
generic primers are available, due to extreme nucleotide sequeratslitsaof genomes or
scanty sequence information.

The rapid sequence-independent amplification approach originally lokbdry
Bohlanderet al. (1992) was adapted and used in a macroarray system for detection of plant RNA
viruses (Agindotan & Perry, 2007). Another recent sequence-independeniatiplitbased
microarray approach had the capacity to assess, in one assay, thegpoéseuitiple known or
related unknown plant viruses (Growtral, 2010). The method generated randomly amplified
target nucleic acid followed by incorporation of amino-allyl-matifnucleotides durinig vitro
transcription. The resulting cRNA was labeled with a dye by cogipd reactive esters. Reverse
transcription was performed using chimeric anchor-random priméosvéal by second-strand
cDNA synthesis using just the anchor primer to aid incorporation of a sequesgnized by
SP6 RNA polymerase for subsequentitro transcription. Since fluorescently labeled
nucleotides are not efficiently incorporated during reverse transerigtie to steric hindrance
caused by dye molecules (Zbual, 1994), combining sequence-independent target amplification
andin vitro transcription with indirect labeling ensured a highly efficient llaeorporation as
well as a sufficient target yield of the final cRNA product.

Target nucleic acid lengths are well known to influence the abilitiupfex formation
and consequent hybridization signal intensity (&iwl, 2007; Pepliest al, 2003; Peytavet al,
2005; Southereet al, 1999; Zhuet al, 1994).Secondary structure formation in longer targets can

cause a decrease in hybridization efficiency Bytaa Jd-fold by reducing the binding constant
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with probes, increasing false-negative signals (Lénal, 1992). Strategies known to be adopted
for reducing the effects of secondary structure in the target awdel include fragmentation of
the target (Lanet al, 2004; Mehimanret al, 2005), incorporation of modified bases in the
target (Nguyen & Southern, 2000), or including auxiliary oligonucleotides wéthtatiget
sequence to disrupt secondary structures (Maldonado-Rodegagz1999).

In conclusion, although sequence-independent amplification and post-synthesis
processing methods are sometimes prone to errors producing spurious hesdtsdthods have
proved their efficacy in the discovery of previously unknown viruses. dlsgyay great potential
when combined with suitable end-stage detection methods such as micreaaequencing

for the identification of unknown viral sequences in wild plants.

Detection

In this section we discuss array hybridization and nucleotide sequencing\as fréenciple
means of detecting novel viruses. The products of the group-specifiermirichment approach
discussed above are usually analyzed initially by gel electrepispbut confirmation of a
produced band representing viral sequence requires that the band be skdiiemlzely, the
array analyses, discussed in the following sections, can providmneeithat a virus related to
particular known viruses is present in a sample, but confirmation bgcudrs sequence-specific

amplification and sequencing will be required.

Arrays

Nucleic acid hybridization has already proven to be a powerful tool fectiten of virus satellite
RNAs as well as viruses which do not produce coat proteins (Harrison & Robinson, 1982
Harrisonet al, 1983; Yamaguchet al, 2005), and are thus non-detectable by serological
methods. Array-based hybridization methods have potential utility in disgo¥ viruses without

prior knowledge about the identity of the virus(es) (Graataal, 2010). Microarrays, first
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developed to assay differential expression of MRNAs in differentessor developmental stages
(Scheneet al, 1995), are emerging as an important tool in pathogen detection. A number of
studies have demonstrated the ability of microarrays to detecabimtial and plant pathogens
(Chapmaret al, 1990; Chiuet al, 2008; Jaaskelainen & Maunula, 2006; Kisdeal, 2008;
Mihindukulasuriyaet al, 2008; Seifarttet al, 2003; Wilsoret al, 2002), including a remarkable
application of the technique in the identification of the SARS virusnasraber of the genus
Coronavirus(Wanget al, 2002; Wanget al, 2003). Using current methodologies, microarrays
provide the capability for parallel yet specific testing to deretividual viruses or mixtures of
viruses in single plant samples with sensitivity comparable t&&LSome of the earliest arrays
designed for the detection of plant viruses were for potato virusasqBoonhanet al, 2003;
Bystrickaet al, 2005) and cucurbit-infecting tobamoviruses (ketal, 2003). Since then,
numerous successful variations of the technique have been designed fiwrdefeseveral plant
virus groups including characterized and related uncharacterizeds/{Bgstrickeet al, 2005;
Deyonget al, 2005; Groveet al, 2010; Pasquingt al, 2008). These studies demonstrate the
value of microarrays as one of the important approaches to be used ty idesitépecies
diversity. They are driven in part by the need to identify pathogenisesrin economic plants
such as grapevine (Engatlal, 2010), known to support a wide variety of viruses, and by the
need to screen imported plant varieties for a broad range of viR@se<(Singh, 2008; Rodoni,
2009). Microarrays are created by spotting capture probes onto a solid supfaae, usually a
glass slide. Target nucleic acid is extracted from the tegileareverse-transcribed, amplified
where appropriate, and labeled with a fluorescent dye during one of tlesgnacsteps. The
labeled target molecules are then hybridized against the arrayesspExcess target is washed
off from the slide surface and virus presence is detected as fluoresadrieved after
hybridization of the labeled target to the sequence-specific agbearray. Macroarrays, like
microarrays, are also based on hybridization and formation of taet-duplex between the

nucleic acid of the pathogen (target) and the complementary pathogéicspedeic acid

69



sequence (probe). One of the main differences between macraarchgscroarrays is scale,
with macroarrays typically having tens to hundreds of spots, while anfes more often have
hundreds to thousands of spots. The second distinction is that macroartgpgcaly created

on membranes, while microarrays are usually spotted on glass ot piggtiorts. One of the
biggest drawbacks of microarrays is the high cost associated witliseewhereas macroarrays
are a relatively inexpensive alternative, without a requiremerspfecialized instrumentation or
reagents. On the other hand, macroarrays are limited to a much smaller ntiprobes per
support.

Microarray as well as macroarray hybridization assay systemslathe following
procedural steps: (1) selection of probes and their immobilization ionssplport surfaces
(microarray) or membranes (macroarray), (2) target nucl@cpaeparation, and (3)
hybridization and detection of hybridized products. Variations in array meihaddde choice of
surface support, probe immobilization method, probe type, probe design appnapgatimualeic
acid processing, target labeling strategy, hybridization and wasbiditions, method of
scanning and of analysis of the result.

Probe design is of primary importance in development and utilizatiomagfbased
detection systems, since probes determine both the sensitivity arfitcgpedithe hybridization
reaction. Two different probe types can be used to construct artagsnplified from genomic
DNA or cDNA libraries (Boonharet al, 2003; Leeet al, 2003), and (2) chemically synthesized
oligonucleotides (Agindotan & Perry, 2007; Bystrickaal, 2005; Deyongpt al, 2005). Using
synthetic oligonucleotide probes has advantages over cDNA probes, sugh parity, less
intensive preparation and less susceptibility to errors due ts-coomgaminating PCR products.
In addition, oligonucleotide probes can be modified to orient the binding of probesstaptiat
either by addition of a terminal reactive group or a spacer molecwdduoe steric hindrance
during hybridization due to the proximity of the probe to the support suiBmmmhamet al,

2003; Groveet al, 2010).
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Oligonucleotide probes of 20-70 nt, length depending upon the desired levidatiohe
specificity, have been used successfully (Agindotan & Perry, 2008; &gzt al, 2005;
Deyonget al, 2005; Pasquiret al, 2008). Short (25- to 30-mer) and long (50- to 70-mer)
oligonucleotide probes have their own specific advantages. While longspabade better
detection sensitivity, only short probes allow efficient discrimorabetween closely related
sequences (Chaat al, 2004; Letowsket al, 2004; Urakawat al, 2003). Several probe design
software programs are available (Emrettal, 2003; Wernerssoet al, 2007), and are
continually being improved to aid in the choice of oligonucleotide probes e Hatasets.
Four main criteria considered during the design of probes for microareayd pthe desired
level of specificity to their respective targets, (2) inspiio form stable secondary structures that
may hinder target accessibility to probes, (3) consistency inttreimodynamic properties such
as melting temperatures and (4) absence of complementarity tonathbeic acids that might
contaminate targets, e.g. host plant DNA.

Focusing on highly variable regions of viral genomes for probe design cdtrimes
probes that are highly strain-specific, useful for epidemiologitalies of virus distribution and
spread. Focusing on moderately conserved regions leads to probes tha¢czalldétuses
belonging to a species. Focusing on highly conserved regions yields pralvesalgaize viruses
at the genus and family levels. There exists a potential for myeatiays containing degenerate
family- or genus-specific, species- and strain-specific probecstdsget different taxonomic
levels of viruses and increase the accuracy of identification. Eegesition on the support
surface can be achieved either manually (Agindotan & Perry, 2007)atically (Boonharmet
al., 2003). Several factors such as spotting buffer (in which the probeissokveld), temperature
and humidity maintained while printing can influence spot morphology, and must bderedsi
to prevent artifacts during analysis.

Hybridization and washing parameters, pre-hybridization procedures$ipdusiad

temperature of hybridization, salt concentration and pH of the hybiatzatffer and the
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stringency of washing steps must be optimized to achieve the best sgramitivspecificity of
detection (Boonharat al, 2007). The free binding sites on the support surface are usually
blocked with a protein and/or a non-homologous DNA before hybridization. Cbioése
appropriate hybridization temperature and salt concentration isugrial, since the resulting
stringency will determine to what extent near perfect matchesevidiscriminated from perfect
matches. Use of formaldehyde in the hybridization buffer is practaesduce the hybridization
temperature. Stringency of the washing procedure can be enhamedda®d by decreasing or
increasing the salt concentration of the washing solution. Aftaxdisbings, target—probe
duplexes can be detected using a method dictated by the choice of labglmgestilution laser
confocal scanners are generally employed for detection of fluotebeefabels used in
microarrays (Boonharat al, 2007). For membrane hybridizations, autoradiography using X-ray
film or scintillation detectors are employed to visualize the hybridise case of radioactive
probes and probes generating chemiluminescence. Some of the non-radialeling detection
methods rely on antibodies or other chemicals attached to enzymes thatseafooaation of
colored precipitates from an appropriate substrate (Agindotan &,P@0y; Sugiyamet al,
2008).

In conclusion, exploiting the use of taxonomically high-level probes, sughrais- or
family-level probes, with non-specific amplification and labelirgtmads, provides great
potential for microarrays in discovery of new or uncharacterizedes. Microarrays can enable
the detection of unexpected interactions of already known viruselsitives of known viruses in
new plant hosts. Moreover, the use of degenerate family- or genufiespplified products as
targets for microarrays provides great promise to accelgmidiscovery of new or unusual

viruses.
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Sequencing

Deep sequencing (also known as megasequencing) of cDNAs made from mRN&tipopul
associated with a single organism has been shown to be capable of digcprariously

unknown virus-like sequences. In humans, deep sequencing of cDNA from RNAezkfrach
post-mortem liver samples or serum samples resulted in the idaimifiof a novel arenavirus,
Lujo virus (Brieseet al, 2009). With plants, in one approach, large quantities of cDNA from a
plant specimen were subjected to megasequencing and subsequentrbaticfassembly of the
resulting reads (Adanet al, 2009). Test application of the method to a tomato plant infected
with Pepino mosaic virusesulted in one-fifth of the sequences deriving from the virus with 97%
coverage of the genome. When applied to an unknown virusLfiamnis spicata complete

genome coverage of a novel cucumovirus was obtained with two-fifthe skejuence reads
deriving from this virus. Similarly, cDNAs from a Syrah grapevine ugoieg vine decline
resulted in the identification of signatures of seven viruses aidgiincluding a previously
undescribed marafivirus (Al Rwahndt al, 2009). The approach is not specific to crop plants or
plants with obvious symptoms of disease and thus could be applied to healthy-app&aring
cultivated plants. At present, the expense may prohibit surveys of hunddateffrom

multiple regions. However, anticipated advances in sequencing promise scaketsuoh deep
analysis possible.

Specifically amplified bands can, of course, be directly sequenced usingr 8aam-
termination methods and the primers used in the amplification PiidRadvantage of this
approach is the longer reads generated, thus reducing the problem semidgof a series of
shorter contiguous sequences. Cloning of specifically amplified bammdsamdomly amplified
sequences, followed by chain-termination sequencing, has the sameageantlirect sequence
of minimizing misassembly. The disadvantage is that minor vaiiatit® population may be
inadvertently focused on as representing the whole sequence.

In both deep sequencing of cDNA and specific amplification, the amplifigettaare
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submitted for sequencing. The traditional method of creating a clongylibith subsequent
sequencing of clone inserts has been used for the VLP-VNA method of tHe rajgct
(Melcheret al, 2008). More cost effective and higher yielding is the use of pyrosequemcing. |
this procedure (Roossingh al, 2010), the final amplification before bead attachment is done
using oligonucleotides with sample-specific tags. Four nucleotide tagsifiicient to
differentially tag a set of 96 samples. Runs of two or more of the sacheotide are avoided in
tag design due to increased chances of computationally misassigningcesgoietained by
pyrosequencing.

It must be stressed that obtaining sequences by these methods frobrspgaiamen
grown outside the laboratory, whether from cultivated or non-cultivalents, is different from
the traditional way of determining definitive sequences of viral gendmése latter case, the
virus has been purified from the original source and propagated in a plant tmbe free of
viruses. It is not uncommon to find field grown or non-cultivated plantshthag evidence of the
presence of multiple viruses. The possibility of multiple infectiogsires cautions in
assembling sequence reads, since without sufficient overlap bewesn sequences from
separate viruses of the same plant specimen may be assembled mistdkenéythe virus is at
high titer and the entire sequence run is devoted to a single sourcetohatarial, complete or
almost complete coverage of the genome sequence is likely to be obtainetieMesethe’s
and 3 ends are likely to remain undefined, unless pursued independently, bectneseaatiom
nature of the priming used in amplifying the sample nucleic acids. Whéiteths low or when
multiple samples are processed in a single sequencing run, each withcaivdkstag at the end,
the likelihood of internal gaps in the sequence is higher. When the cargigigned relative to
the framework of a known virus, and they do not overlap, one can infer that ¢heifferent
parts of the same genome. However, should there be two or more contlgpming one region,
it will not be possible to match them reliably with one or more contigs nomther region of the

genome. Gaps between contigs are not randomly distributed. In the PVBE, majee areas of
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genomes had eight to ten or more fold coverage than others which weserged by only one
or two contigs. The non-randomness is due to the choice of randomly terminates pPVBE
used primer ends with 12 ambiguous nucleotides. The sequence attachgdhoovisiver,
influenced the places at which amplification initiated, judging byctiterminality of many
sequence reads at a short sequence strongly resembling that of theTisproblem can
potentially be overcome by training software on known sequences to idsadifignces unlikely
to favor priming at certain sites unintentionally (Waeigal, 2007).

Analysis of the sequence data to identify sequences of relativeaswhk/iruses is
typically begun with BLASTn and BLASTXx searches using the nucleotideladuced protein
sequences as guery of nucleotide and protein databases, respentigeBL ASTx searches are
usually more productive in identifying putative viral contigs, beedhe nucleotide sequences
found in the non-cultivated plants are often considerably diverged freimkhown relatives.
Still, these searches do not always retrieve all sequences oifcalpastirus. Further sequences
may be retrieved by searching the data using amino acid sequences of knuses ag tBLASTN
queries. These searches may, however, retrieve sequences of viragasdastantly related to
the virus whose amino acid sequence was the query.

In both the dsRNA approach and the VLP-VNA approach, there were also sexjtreaic
could be assigned a plant origin and sequences clearly derived from bactenigi. The
proportion of unassignable sequences depended on the plant spedasd¢héte to the sample.
For example, a species\ditis, relative of grapevine, whose genome sequence has been
completed, had no unassignable sequences, while a sample of a brown aideraduindess
well studied, had the highest proportion of unassignable sequenciésikMmaret al, 2009).
The analysis methods discussed above will identify relatives of knimuses. Viruses belonging
to completely unknown taxa will be overlooked by this approach. Theoreticalypmoach in
which resulting sequences are compared to those from a known uninfeatedysta as using

RDA, to identify novel sequences could identify sequences belonging to mmsasss However,
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in dealing with non-cultivated plants, there is no such thing as aa&elgifininfected plant. An
approach that should work in cases where multiple specimens with musiipierses are being
examined is to retrieve unassigned sequences and perform a self BE&&Th. These
approaches rely on the unknown virus being present in reasonable titetiptlensplecimens to
exclude the possibility that absence in some specimens is due ticatadsidomness.

Many megasequencing studies of viruses produce, as end resultpa@rdaten of what
fraction of the total nucleotides sequenced were assignable to indivehebgor families.
Assignment to species is more difficult. If contiguous sequenceaezajed that cover the
region designated by ICTV (Fauquedtal, 2005) as being determinant at the species level
(sequences with greater than a specified percentage identitgarda@ as belonging to the same
species), assignment to a species is straightforward. If not, @idameed to be generated to
allow pairwise comparisons. If the sequence of interest shows afaliffierence equivalent to
that distinguishing the closest related species among themselyesd tentative conclusion is
that the sequence is from a separate species.

Soon to be realized improvements in genomic megasequencing will yield mampjamgw
genome sequences. These are fertile ground for exploration for videssasme searches for
certain viruses, especially pararetroviruses, have been pedfgHnlnet al, 2008). Directly
similar viral sequences will be recognized by the annotation processesyfeudistant
relationships may require specialized searching of the genorttessefplants. Difficulties in
discriminating between actual viruses and endogenous genetic elé@entseen anticipated
(Bousalenet al, 2009). Unfortunately, the plants whose genomes will be sequenced will
probably be crop and ornamental plants. Nonetheless, the sequences will expand magenow
of virus biodiversity and possibly reveal viruses whose linehges died out leaving no trace

among extant viruses.
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FUTURE PROSPECTS

Anticipated developments in several areas will make more exterigigebiodiversity
inventories likely in the future. Multiple DNA sequencing methods altem#o chain
termination and pyrosequencing have been developed recently and more @segfonthe
near future (Eicet al, 2009; Fulleret al, 2009; Harriset al, 2008). Direct sequencing of RNA
has also become a possibility (Ozsotailal, 2009). These approaches should allow the
massively parallel sequencing of plant-associated and environmadigitracids to obtain very
deep coverage of individual samples or to allow the simultaneous arddlismige numbers of
appropriately tagged samples. These developments will require funir@vements in
computational processing of the large amounts of data, including methodssftr the accuracy
and reliability of sorting and assembly processes (Zehial, 2008). In particular, analysis of
recombination is jeopardized bysilico recombination events.

Improvements are also anticipated in virus concentration methods. Tagsevioive
specialized coatings capable of adsorbing a variety of viratlestior the development of
molecules able to bind dsRNA selectively from extracts of plant rbtdmplification methods
may also be improved and standardized (Djikenal, 2008). Chromatography matrices that can
bind and thus concentrate RNA (Branogical, 2003) may be useful in providing sufficiently
concentrated starting material from aqueous sources for surveys ekvimusodies of water.
Dielectrophoretic coatings in flow devices may be able to concentrateparticles from
complex mixtures (Davalost al, 2008).

Eventually, it will be necessary to create profiles of viruseseptes large areas.
Sampling schemes will need to be employed that will at the same tomegabd confidence of
recognizing all viruses in an ecological region, and yet be able tofydeasit or geospatial

heterogeneities in the viruses detected. An alternative that magdetbe larger-scale
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information without the specific knowledge of plant source is the gvainon of drainage water
from watersheds of interest. Monitoring of streams for the pres¥rapecific viruses has been
documented (Bobeet al, 2007). In addition, virus particles have been purified from water from
Lake Needwood by tangential flow filtration and analyzed by metagenuoetitods (Djikengpt
al., 2009). From 60% to 70% of the source-identifiable sequences of the nudlsitram this
fraction were from viruses. The waters from Lake Needwood containethéesof 28 virus
families of which about 45% were likely of plant origin (Djikeeigal, 2009). Imperfect database
matches suggested the presence of many previously undescribed gpbaidtad viruses. Soil
may adsorb particles from decayed material and thus be another sasembbages of vectors,
such as arthropod sweeps or nematode soil filtrates, can be examinestritordevirus
populations of plants that the vectors have sampled (Metraih 2009). In all such cases,
though, there is selection for virion particle stability, such ¥irases with less stable particles
will be underrepresented in the samples.

Although nucleotide sequencing will continue to be the primary method of expanding our
knowledge of virus biodiversity, other methods, under development, may alsbuientA
major failing of nucleotide sequencing is that it can only recogeigeences as viral sequences
when they are related to those of known viruses. Viruses with cotgplerelated sequences
may exist. In a metagenomic survey of virus diversity, these sequeiides iw the category of
sequences that have no database hits either with nucleic acid oratim pin this regard,
advances in mass spectroscopy may make it possible to idergify\ikal capsid sequences
from virus particle preparations. Screening of environmental sampldsdigoa microscopy can
reveal viral particles and suggest RT-PCR or PCR tests fortidete€ the genomes inhabiting

those patrticles.
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CHAPTER 1lI

FIRST CHARACTERIZATION OF A PLANT VIRUS BELONGING TO THE

FAMILY TOTIVIRIDAE

INTRODUCTION

During a recent ecogenomic study of plant viruses in the Tallgrass Preserve (TGPP) of
northeastern Oklahoma, several putative viral signatures were disddielcheret al, 2008;
Muthukumaret al, 2009; Roossinckt al, 2010) . Most of these viruses which were determined
across a wide range of host plant species are new to sciencef tBeenost prevalent groups of
viruses in the TGPP belonged to the faribtiviridae Viruses belonging to the family
Totiviridae known to infect fungi, protozoa and arthropods (Ghabrial & Suzuki, 2009eFhai
al., 2010) are one of the best characterized fungal viruses. The viral nsephlige family have

an undivided dsRNA genome comprising of a coat protein (CP) gene and an RdiAleat

RNA polymerase (RdRp) gene, and employ three different mechanismepfession of the

RdRp (Ghabrial & Suzuki, 2009). At present, four genera have been formalynized in the
family Totiviridae Totivirus Giardiavirus, LeishmaniavirusVictorivirus. Viruses in the genus
Totivirusare known to infect yeast, smut fungi, protozoa and arthropods. Members in the genus
Victorivirus infect filamentous fungi, while those in the gen@iardiavirusandLeishmaniavirus

infect parasitic protozoa. Totiviruses are packaged in isometticlparcontaining an
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unsegmented, uncapped 4.6-6.7 kbp dsRNA genome. The member viruses in thetédnis
are known to be associated with dsSRNA species suspected of beintesatelkfective dsRNAs.
In yeast and smut totiviruses, satellite dSRNAs can encode killer theinprovide a benefit to
the infected host (Ghabrial, 1998).

The study presented here focuses on a putative virus belonging to tiyeTativiridae,
discovered during the virus biodiversity survey and found in a numbeantfipbst species from
several different plant families. The incidence of occurrendki®irus was most frequent and
in highest titers ifRuellia humilisamong the six plant speciesnibrosia psilostachya, Asclepias
viridis, Panicum virgatum, R. humilis, Sorghastrum nutans, Vernonia baljlefrasen for
repeated sampling for four consecutive years (2005, 2006, 2007 and 2008) of the soubéy. D
stranded RNAs, considered a hallmark of RNA virus infection (Detlds, 1984), of ~ 5 Kbp
were detected from virus-infected plant samples as a first sign pfékence of the virus. The
putative virus was recovered in plant samples collected from difflyeations in the prairie for
all four years, suggesting an even temporal and spatial distributiba @irus in the TGPP.
Under the assumption that non-overlapping contigs obtained from the sannspgleimen derive
from the same viral species, the sequence data obtained during the tRUBEUggested several
variants and strains of this putative virus, and quite a few relateskgiin the TGPP plants.
Since the virus-infected plants did not show any obvious viral symptoms, algyldasignate the
putative totivirus, found predominantly i humilis asRuelliaasymptomatic virus 1 (RAV1).
Further research on this virus in the present study was conductedRusiagilisplants collected
from the TGPP.

The genome size of RAV1 was in the range characteristic ¢ifvaue species, and an
almost complete sequence of the dsRNA genome (~ 4700 bp) of the virusemblasl. The
putative RdRp encoded by the dsRNA showed highest similarity to the RdRpkfrB&pberry
virus F, a dsRNA totivirus assumed, without supporting evidence, ddloggal virus. There

were two possibilities involved in this case. First, the virus iyeorirus of a fungal endophyte
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that is colonizing the host plants. This seemed a little eliyligince the virus was often found in
high titers and only a small amount of fungal tissue is usually founéimspharboring
endophytes. The second possibility was that we may have found tlueficstbed plant virus,
replicating in the plant cells, in the familytiviridae

Virus families containing mycoviruses have been observed to inclucédens infecting
organisms other than fungi. A number of viruses in the faRalyitiviridae are plant viruses and
some members in the famili@sartitiviridae and Totiviridaealsoinfect protozoa. However, there
currently are no formally recognized plant viruses classifigtié familyTotiviridae Some
recent publications have mentioned totiviruses in plants (GCeatedl, 2004; Kozlakidist al,
2006; Maraiset al, 2009) but no strong evidence has been provided to identify them as plant
viruses. The dsRNAs associated with cherry chlorotic rusty splodimasya cherry disease are
suspected to be genome components of fungal viruses since fungal mycelivisiviady
microscopic examination in the affected leaf areas (Akbtal, 2003). All attempts to culture or
isolate fungi from plants failed, making their designation as fungase$ uncertain. In another
report, the dsRNA isolated from apparently healthy blackcurranstioated similarity to the
RdRp of the type member of thenusT otiviruswas thought to be derived from fungi infecting
Ribes(Coxet al, 2000). In the case of blueberry fruit drop disease, the dsRNA isaolatad f
symptomatic blueberries showed closest sequence similarity to a mefnve genud otivirus
suggesting it could be a plant virus but more work was needed to furthefyidemtsource of the
virus in plants (Martiret al, 2006).Thus, it remained to be determined whether the dsRNAs
associated with these viruses represent genomes of plant or fungakvifhe first objective of
this study was therefore to assess in more detail the host of theedestt putative totivirus,
suspected to be a plant virus, bearing in mind the possibility of the virusaaigigovirus.

Plant viruses in the familRartitiviridae, which also includes viruses in fungi, are one of
the best studied plant persistent viruses, previously called crypigesirThe term “persistent

virus” in plants is based on one of the four lifestyles a virus daptanamely persistent, acute,
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chronic and endogenous (Roossinck, 20I0g characteristic properties of a persistent plant
virus include lack of apparent disease symptoms induction, low viraeotmation in the host, no
horizontal transmission of the virus, no cell to cell movement due to theflascovement

protein and a near 100% seed transmission of the Whimugh, so far, all of the viruses
belonging to this group have double-stranded (ds) RNA genomes, proposed techiaggart
suitable genome for persistently intracellular viruses (Buck, 19@6)characteristic is not a
criterion for persistencd.he persistence of a virus tends to be highly host specific, possibly due
to the need for a close coordination of the virus with host regulatstgrayg (Villarreal, 2005).
Virus persistence appears to rely on host mechanisms for virusemamge and in animals
probably for competition and exclusion of other viral agents as well. Tio¢ meazhanism of
virus persistence and maintenance and their consequences for tredihfesttare not very clear.
It seems likely that persistent plant viruses exist in naturenumder far larger than determined.
Two of the important characteristics of a persistent plant viatspttomoted the idea that the
putative totivirus may also be a persistent plant virus wieeeptitative virus did not express any
apparent symptoms on infected host plants and the retrieved sequence iofofondbe viral
genome showed no obvious movement protein gene encoded by the virus. So, the second
objective of the study was to test for the persistence of the virshost plants.

Here, we represent results of research that addressed two mdiargpuésrstly, whether
the putative totivirus, designatedRselliaasymptomatic virus 1, is a mycovirus of a fungal
endophyte that is colonizing the host plants or a plant virus. Secondly, ifukesva plant virus,
is it possibly a persistent plant virus. Usingitu hybridization (ISH), the viral RNA was shown
to localize inside the cells of the virus-infected plant stem sex;tiodicating it to be a plant
virus. Seed transmission analysis on the progenies of virus-infeatgtdspimples demonstrated
vertical transmission of the virus, and hence persistence of thervitehost plants. Another
interesting question considered in the study was the likelihood of traimmi$she virus

between the plant and fungi.
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METHODS AND MATERIALS

Plant material

A total of 33wild R. humilisplants were collected without reference to symptbore the TGPP
of northeastern Oklahoma. The intact plant were harvested lateHtowering stage, along with
their roots on August 22009, and transplanted into pots on Aug. 23, 2009. The soil media was
a 50%/50% (v/v) mixture of native top soil and Turface MVP (Préfileducts, Buffalo Grove,
IL, USA). After the plants recovered from their transplant shock, andgnemith had emerged,
the plants were watered with tap water every other day, and fed bimonthi§galit Peter’'s Peat-
Lite fertilizer (Scotts, Marysville, OH, USA). The environmdmanditions in the air-
conditioned greenhouse averaged to 24 °C, 50 % relative humidity, angrn@® s m?
photoactive radiation with a photoperiod of 16 h. After a decline of th¢ pigoulation was
noted, a transplant was performed with the surviving population. All healthy plent
transplanted into new geranium pots. The soil media was 40/60% (v/vrendftTurface MVP

and autoclaved Metro Mix 350 (Sun Gro, Bellevue, WA, USA).

Screening of plants for the presence and absence of the putative watus

All the primers used in this study are listed in Table 3. To screensdlor the presence of the
putative totivirus, 100 mg of leaf tissue was harvested fromRabbmilissample collected
from the prairie. The tissues were ground in liquid nitrogen and mixed with 28@utraction
buffer (0.1 M NaCl, 0.01 M Tris, pH 8, 0.1 mM EDTA, and 1% SDS). The mixture wassctatr
with 200 pl phenol:chloroform (1:1 [v/v]) twice and precipitated by aoidiof 3 M sodium
acetate (25 ul) and 100% ethanol (500 pl). The nucleic acids weregalidté, 000 g for 10
min and the pellets were washed in 500 ul of 70% ethanol. The final RINAspeére

resuspended in 50 pl of sterilg® Reverse transcription, PCR amplification, cloning and
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Table 3 List of all primer sequences used in the characterization of theveutat
totivirus.

Primer Sequence 5'to 3'

Primer 1: Random dodecamer CCTTCGGATCCTCCN

Primer 2: Linker CCTTCGGATCCTCC

Primer 3: TotiFwd1 GGCAGTATCA

Primer 4: TotiRevl GCTTGATCCCACC

Primer 5: TotiFwd2 ACAATATACAGAAYKGRAGGCAGTATCA
Primer 6: TotiRev2 ACAATAATGCTARRGCTTGATCCCACC
Primer 7: TotiFwd3 GGACTACATGGACCGAGGAAG

Primer 8: OligodC adapter GACTCGAGTCGACATC®HC

Primer 9: RACE adapter GACTCGAGTCGACATCG

Primer 10: TotiRev3 CATGCTTGTGACTGCATTCCTC
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sequencing were performed as previously described (Roosgtiatk2010). Briefly, RNA was
converted to cDNA by reverse transcriptase using a random primer livikeasequence at the
5'-end (Primer 1) followed by removal of any un-reacted template améngrby treatment with
RNase A and further heating to 85°C. The samples were purified using QiaBgruBfitation
columns (Qiagen, Valencia, CA, USA) and eluted in 0.1X EB buffer. Thisoellasved by PCR
amplification using the linker primer (Primer 2) which had variaslainations of four
nucleotide tag sequences attached to them for individual samplesi(Rkessal, 2010). The

amplified products were sequenced on a Roche 454 GS FLX sequencing machine.

Mechanical transmission of the virus

To test for the mechanical transmission of the virus, leaf tissu@stwo infectedand two
uninfectedr. humilisplants were separately homogenized in 0.1 M phosphate buffer, pH 7.2. The
homogenates were rubbed onto the carborundum-dusted leaves of two herbacgesis spe
includingNicotiana benthamianéNB) andChenopodium quinogCQ). A total of 8 plants (4 NB
and 4 CQ, inoculated with two totivirus-positive and two totivirus-negativeogemates) were
kept in the greenhouse at 25°C, and observed daily over a period of 4 weeks fonsympt
expression. To test for the infectivity of these indicator plantRNI, which is considered as a
hallmark of RNA virus infection, was isolated from all 8 plants 14 dpiessribed previously
(Roossincket al, 2010). Briefly, nucleic acids were extracted with extraction buffdr a
phenol:chloroform (1:1 [v/v]) The aqueous phase was removed andeadjast6.5% ethanol
and passed through a CF11 cellulose column using a low speed table-tdpgeer@olumns
were washed with three column volumes of application buffer followed by AsiRNion in
elution buffer. The dsRNA was precipitated at -20 °C overnight byiaddif 3 M sodium
acetate and ice cold absolute ethanol followed by a centrifugation at 10, D@8 pellet was
dissolved in NAE buffer (sodium acetate and EDTA) and again precgpitatie absolute ethanol

at -20 °C overnight. After centrifugation, pellets were suceeblsivashed with 70% and 100%

85



ethanol, the supernatant was discarded and tubes were air-dried follogespbysion of
dsRNA in 5Qu of 0.1 mM EDTA pH 8. Once purified, 10 pl of sample aliquots were analyzed on

a 0.8% agarose gel stained with ethidium bromide.

Digoxigenin-labeled RNA probe synthesis

To synthesize a labeled RNA probe iimsitu hybridization, the first step was the synthesis of a
cDNA product of 340 bp from within the coat protein region of the RAV1 genome by RT-PC
The viral dsRNA that served as a template for the RT reaction alageis from &R. humilis
during the earlier study, and was stored as -80 °C (Roossiratk2010). The same study also
revealed a more or less complete sequence for this totivirus whialsesn designing specific
primers (mentioned below) for the second round of PCR. Reverse transciCR
amplification, cloning and sequencing were performed as previously desgRbessinclet al,
2010). Briefly, RNA was converted to cDNA by reverse transcriptase agiagdom dodecamer
primer with a linker sequence at the 5 -end (Primer 1) followedrogval of any un-reacted
template and primers by treatment with RNase A and further heating@o B8 samples were
purified using Qiagen PCR purification columns (Qiagen, Valencia, CA, @8dkluted in

0.1X EB buffer. This was followed by PCR amplification using the linker prifldgmer 2).
Samples were amplified in an Idaho Technologies Rapid Cycler Il using 1f3hel RT product
in a 15 ul reaction mixture. The second round of PCR amplification wasmpedarsing RAV1-
specific primers. The reaction contained a final concentration of 1 x bdffenedium Mg++
buffer, Idaho Technologies), 0.5 pl 10mM dNTPs, 1pl of 20 uM TotiFwd1 (Primer 3), 10l of 2
UM TotiRevl (Primer 4), 1 pl of the randomly amplified product and 2 unita@fpblymerase
(Invitrogen). Cycle parameters for the PCR amplification wer®lows: 94 °C for 1 min; 65 °C
for <1s; 72 °C for 45 s, with a slope of 9, followed by 40 cycles of 94 °C for < 1G;féb€ 1

s; 72 °C for 30 s, with a slope of 5, and a final 5 min at 72 °C and 5 min at 37 °C.Uliiregres

amplicon was gel purified and ligated into pGEM-T Easy vector (Promeadisbh, WI, USA)
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for transformation intde. coli DH5a. Colonies were selected based on colony PCR results (data
not shown) and the plasmid prepared for DNA sequencing confirmed that theselxgepon had
been amplified. Linearization of the plasmid was performed using manwidstprotocol by
digestion withNcd (Promega) followed bin vitro transcription to generate Digoxigenin (Dig)
labeled minus-sense RNA probe. Que(5 ul) of the linearized plasmid, @& each of 10mM

ATP, CTP and GTP, {il each of 10 mM UTP and Dig-labeled UTP (Roche Applied Science,
Indianapolis, IN, USA), 1l (20 U) of RNAsin (Promega), & of 10X transcription reaction
buffer (Ambion, Austin, TX, USA), 1l (20U) of SP6 RNA polymerase (Ambion) angl3f

H,O were mixed and incubated at 37 °C for 2 holine mixture was treated with RNase free
DNase (Promega) followed by phenol: chloroform (1:1 [v/v]) purifaraas described above.
The final RNA pellet was resuspended in 100f water. The purified RNA band (~ 400 bp) was

visualized on a 0.8% agarose gel stained with ethidium bromide.

Fixation, dehydration and embedding of plant stem tissues

Stem tissues from infected and uninfected plants were cut intbpetes and placed in glass
vials containing a fixative solution of 4% paraformaldehyde (PFA).vidle were put in a
vacuum chamber twice for 15 min each at 4 °C with a 1 h shaking in between, al€o dth&°
vials containing the tissues and the fixative were then set for anigiveshaking for 14 h at 4
°C. The fixative was removed and tissue samples were treatetiXviRkBS (Phosphate buffered
saline) twice, each for 30 min at 4 °C. Samples were then dehyuiratggaded series of
ethanol solutions consisting of 30:70, 40:60, 50:50, 60:40, 70:30, 85:15 and 95:5 and 100:0
ethanol in water (v/v) at 4 °C. This was followed by a gradeésefiHisto-clear (National
Diagnostics, Atlanta, GA) solutions consisting of 25:75 50:50, 75:25 and 10@dHear in
ethanol (v/v) at room temperature. The samples were then iefiltvéith ParaplaStembedding

medium (Sigma) by transferring them into a 1:4 (v/v) mixture of wax astbidiear for
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overnight at room temperature, followed by a 1:2 (v/v) mixture for a fawshat 42 °C, and then
to pure wax at 60 °C. This was followed by two wax changes each day for élyseatdhe same
temperature. Tissues were then embedded into blocks at room tempandtstered at 4 °C

until sectioning.

Sectioning and tissue section pretreatment

The embedded tissues were sectioned with a microtome (Sakura Finetekcd,otra, USA) to
be 10 mm thick and transferred to Superfrost plus microscope slides (MéfRational, West
Chester, PA, USA). The sections were immobilized on the slides by adding a dvaggobver
the section on the slide and placing the slide on a slide-warmer set dgbd2°few minutes (2-3
min). The extra water around the section was then wiped off the slide asidiegheas left on the
slide-warmer overnight. The slides were then stored at -80 °C untilgaliogefor the ISH. For
the ISH pretreatment of tissue sections, the slides were treakeHstib-clear twice (10 min
each), followed by a graded series of ethanol solutions consisting of @8(090:10, 80:20,
60:40 and 30:70 ethanol in water (v/v) for 2 min each. The slides hemeihsed with water (2
min) and 1X PBS (5 min), treated with 100 mM triethanolamine, pH 8.0 mix&db@a 1l acetic
acid (in 200 ml triethanolamine) for 10 min. This was followed by two more rinshslXiPBS
for 5 min each and then a final wash with water for 2 min. All of these stepsp@dormed at

room temperature.

In situ hybridization for localization of plus-strand viral RNA in the infected stem
tissues

Previously published protocols for RNA situ hybridization (Coeret al, 1990; Dinget al,
1996) were modified and used here for localization of the plus-straidRiira The sample

slides were treated with 2X SSC (15 min) and proteinase K buffer (MUms-HCI pH 8, 50
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mM EDTA) (5 min) at room temperature, followed by proteinase Krireat (1 pg/ml in
proteinase K buffer) (30 min) at 37 °C, washing in 0.2% glycine (3 emd 1X PBS (12 min) at
room temperature. This was followed by a treatment with 4% PFA sol@@omif) and another
rinse with 1X PBS (12min), both performed at room temperature. The slideghadated in
hybridization buffer for 2 h at 60 °C. Tl vitro hybridization buffer contained salts (0.3 M
NaCl, 0.01 M Tris-HCI, pH 6.8, 0.01 M NRQ,, and 5 mM EDTA), 50% deionized formamide,
1.25 mg/mL tRNA, Denhardt’s solution (0.002 g/L each Ficoll 400, polyvinylpgoak, and
BSA), and 12.5% dextran sulfate. The minus-sense Dig-labeled RNA prslaewatured in
boiling water for 5 min with subsequent quenching on ice, and mixed with hybidizatffer at

a concentration of 300 ng/ml hybridization buffer. One hundred microlitre®bép

hybridization buffer mix was applied to each slide section, and covered witleiastipv The
slides were incubated for hybridization at 60 °C for overnight. Theéssawere washed, first
with 5X SSC (30 min) followed by a washing in 50% formamide in 2X SSC (1XiS$8Q5 M
NaCl and 0.017 M sodium citrate) (1dmd then with 0.2X SSC (1 h), all steps carried out at 60
°C. All the treatments from here on were performed at room temperghaslides were washed
with maleate wash buffer, pH 7.5 (20 min), followed by treatments witbhlbgking reagent
(Roche Applied Science) in maleate wash buffer (30 min), buffer 1 (@aidvHCI, pH 7.5, and
0.15 M NaCl) (20 min), and 1% BSA in buffer 1 (30 min). This was followed by a 2 h tnetatme
with anti-digoxigenin-alkaline phosphatase (DIG-AP) (Roche Appliedrse), prepared in 1%
BSA solution (in buffer 1) at 0.75 U/ml of solution. The slides were agaiadingh 1% BSA in
buffer 1 (30 min) followed by buffer 2 (0.1 M Tris-HCI, pH 9.5, 0.1 M NacCl, and 0.05 M WgClI
for 16 min. Later, the slides were incubated with nitroblue tetrazdINBT)/5-bromo-4-chloro-
3-indolyl phosphate (BCIP) solution (2 Tablets of NBT/BCIP [Sigma] and 0.0048agnisble
hydrochloride[Sigma] in 20 ml water) for 6 to 8 h, rinsed with TE buffer, and then examined

under a light microscope.
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Ruellia humilis controls for fungal staining

To examine the efficacy of the cotton blue stain for localization of fiergdophytes, we tested
the dye on fungal colonized and non-coloniBRdumilisstem sections. To obtain the fungal
colonized and non-colonizéRl humiliscontrols, surface sterilized seeds (washed in sterile water,
2% sodium hypochlorite for 1 min, 70% ethanol for 1 min, and again rinsedigidydn sterile
water), harvested from a totivirus negative plant, were gerntirfdéscribed in detail in a section
below) after a vernalization period of 70 days at 4 °C. Three sgediiere colonized with a
fungus Curvularia protubertaa class Il endophyte) by incubating the roots and lower 1/3
portion of the stems in a solution of 0.035% agar containilgddres per ml, and one seedling
without any colonization was used as a negative control. Aieofour seedlings were put back
in soil and grown for 30 days. Leaves were excised from all four samiples (folonized and
one non-colonized) and again subjected to surface sterilization. Tortds successful fungal
colonization of plants, small leaf pieces from individual plants w&reed on 1X Potato dextrose
agarose (PDA) media plates. Only one out of the three colonizetdgdaes showed a
characteristic fungal outgrowth Glurvularia protuberateon PDA plates. It was used as a
positive control plant colonized by the fungus. No fungal outgrowth was olsieove leaves of
non-colonized plant, which was used as a non-colonized negative control. giakdolonized
and non-colonized plants were then processed for fixation, dehydration, engheahdin

sectioning of tissues as described above.

Localization of fungal endophytes in stem cross-sections using cottolué stain

The fungal colonized (positive control) and non-colonized (negative comRrdiumilissections
as well as the serial sections of totivirus-infected plardésedeto be positive for the viral RNA by
ISH, were all stained with cotton blue in a similar manner to teshéopresence of fungal

endophytes. The tissue section pretreatment before the cotton blirgystaia performed on all

90



the sections as described in a previous section. After pretreatnbatshides, a drop of 70%
ethanol was placed over the section followed by a drop of 0.05% lactophenol cott@rdrhe
Diagnostics, Santa Maria, CA, USA). The section was allowed to staif foirBat room
temperature followed by destaining of the excess stain by washimd WiPBS for 5 min. A
coverslip was gently placed over the section avoiding air bubbietharslide was further

examined under a light microscope.

Isolation of fungal endophytes from stem tissues of virus-infected gots followed by
dsRNA extraction

Isolates of fungal endophytes were cultured from the two virustedgaant stems on PDA
media plates. Plant stems were surface sterilized as describeqd abd\wstem pieces were placed
on 1X PDA media. Fungal colonization was observed on plates within a weekeentLvher
grown for another week with agitation (100-150 rpm) at 25 °C in 100 nqutlilX Potato
Dextrose (PD) medium supplemented with amplicillin, streptomycin aratyetine at 5qug/ml
each. Mycelium mats were filtered through Miracloth (Gadbem, San Diego, CA, USA),
frozen at -80°C for 30 min and lyophilized over night. Two hundred mg of lyophilizedimyce
per isolate were ground in liquid nitrogen until completely pulverizedcEment of double-
stranded RNA was performed as described previously (Roossiratk2010) and mentioned
briefly in a previous section. After purification, 10 pl samplguadts were analyzed on a 1.2%

agarose gel stained with ethidium bromide.

Seed transmission analysis

Seeds were harvested from the uninfected and the two virus-infeckeohilisplants.Seed coats
were removed and naked seeds were surface sterilized as described hb®axds were

vernalized at 4 °C in a moist petri dish for 70 days followed by sowing of sestsiie soil.
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The moist stratified seeds were shallowly sowed into individelhlreserts filled with 40/60%
(v/v) mixture of Turface MVP and autoclaved Metro Mix 350 (Sun Grbp Sowed seeds were
placed under a mist system that had a bottom heat. The mist sysdeswitedned on for 16 s
every hour for 13 h a day to try to keep the soil moist but not very Wwetbdttom heat was
provided by a heating pad set to 29 °C. The seedlings were transplantediuido@hglastic
square pots, and the soil media was a 40/60% (v/v) mixture of Turface aokheeddVetro Mix
350. The plants were moved to a greenhouse, watered every other day, and fedybimitbnt
1g/L Peter’s Peat-Lite fertilizer (Scotts). The environmlextaditions in the greenhouse ranged
from 22-33 °C, 50-97% relative humidity with a photoperiod of 16 hours. Aftelays, 100 mg
of leaf tissue was harvested for RNA extraction from 16 progenieseated plants (nine and
seven from the infected parent plant R4 and R22, respectively). feeagaount of tissue was
used for the RNA extraction from three uninfected plant progenies aregbsitive control
parent plants harvested from TGPP during the earlier study. Begisvere ground in liquid
nitrogen and mixed with 400 pl of guanidine extraction buffer (8 M guaniddheyM MES (pH
6.7), 20 mM EDTA, 50 mM mercaptoethanol). The mixture was centrifuged for 15 minGH0
x g and extracted with 150 ul phenol:chloroform (1:1 [v/Vv]) twice and pretgatby addition of
100% ethanol (0.75 vol) and 1 M acetic acid (0.25 vol). The nucleic acids weréuged at
11,000 xg for 10 min and the pellets were washed in 700 ul of 75% ethanol. The final RNA
pellets were resuspended in 25 pl of steri® ldnd then treated with RNase free DNase as per
manufacturer’s instructions (Promega) followed by phenol: chloroform yi]) purification as
described above. The RT reactions were carried out the same wayridsedesigove. Briefly,
reverse transcription was performed with random dodecamer primea Wiénd linker (Primer
1) followed by RNase A treatment and purification of cDNA using Qiagamuas. The first
round of PCR reaction contained 2.5 pl of 10X buffer (Invitrogen), 0.5 pl 16MMPs, 1ul of
20 uM linker primer (Primer 2), 1 unit of Taq polymerase (Invitrogen) andol fhk RT product

in a total reaction mixture of 25 ul. Cycle parameters for the &@Rification were as follows:
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94 °C for 3 min followed by 39 cycles of 30 s at 94 °C, 30 s at 55 °C and 1 min at 72 °C with a
final 10 min extension step at 72 °C. Specific PCR amplification wasrpestl with the same
specifications and conditions as above, using 1 ul of the randomly amplified tpaodut p

each of 20 uM totivirus specific primers (TotiFwd 2: Primer 5 and Bsti® Primer 6).

Synthesized PCR products were analyzed on a 0.8% agarose gel stairettigiitin bromide.

Determination of the precise 3'- and 5'-ends of the viral dSRNA

The dsRNA extracted from RAV1-infect®& humiliswas stored at -80 °C, and served as the
template for the reverse transcription reaction. To determine-dral 3f the dsRNA molecule,
RT reaction was performed as described above using 1 pl of 20 uM gene$pagdrd primer
(350 bp inwards to the known 3'-end) (TotiFwd 3: Primer 7) instead of tHermaprimer (primer
1). This was followed by RNase A treatment and purification of cDNA usi@@gen column.
The synthesized cDNA was then tailed with dGTP. The tailing reaction csedpyf 5 pl of RT
product, 4 ul of 5X tailing buffer (Promega), 1 ul of 10 mM dGTP, 1 ul of Tedmina
deoxynucleotidyl transferase (TdT) (20 units) and 9 ul of water. Thaoeawixture was
incubated at 37 °C for 10 min, 95 °C for 10 min and then cooled on ice. The tailed c&NA w
PCR amplified using an oligodC adapter primer (Primer 8) and the geriiesfpeward primer.
Total reaction mixtures of 2d comprised of 2.5l of 10X buffer (Invitrogen), 0.5l of 10 mM
dNTPs, 1ul of 20 uM Primer 7, 1ul of 20 uM Primer 8,1ul of tailing product, 0.5l of Taq (2
units) and 18.5u of water. Cycle parameters for the PCR amplification were asaisil94 °C
for 3 min followed by 39 cycles of 30 s at 94 °C, 30 s at 55 °C and 1 min at 72 °C with a final 10
min extension step at 72 °C. This was followed by a second round of PCR witimthe sa
specifications and conditions as above, using 1 pl each of 20 uM RACE adap&(Brimer

9) and primer 7. Synthesized PCR products were analyzed on 0.8% agarose geirapticam
of ~400 bp was gel purified. The purified DNA product was ligated into pGER&Sy vector

(Promega) and transformed irifo coli DH50. Colony PCR was performed on five white

93



colonies as described for the second round of PCR using the adapter primer §)rand the
gene-specific forward primer (primer 7), and the amplified produets then submitted for
sequencing. Attempts were made in a similar manner to determine the 5'teadnufiecule

using a gene-specific reverse primer (TotiRev 3: Primer 10).
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RESULTS

Screening of totivirus-infected plant samples

Thewild R. humilisplants, sampled from the TGPP were transplanted and maihtaitiee
greenhouse. Total RNA was extracted from all 33 plant samples, gedtsdlio reverse
transcription using a random primer with a 5'-linker sequence fetldsy a PCR using just the
linker sequence primer, resulting in the synthesis of dsDNA whicHuwéer run through 454
sequencing. For each sample, all contigs assembled by the 454 process pipedi used as
BLASTn and tBLASTx queries of the nr/nt nucleotide database and aSBt4ueries of the nr
protein database. The search results obtained suggested the prefiemgeitative totivirus in
two of the 33 plant samples, and the most closely related virus in Bledtesaas Black
raspberry virus F. The viral contigs identified from the infectedpéesrshowed a considerable
level of nucleotide sequence identity with RAV1 and BRFV, idemtifithem as members of the
BRFV like virus group. These two plant samples containing totivikessequences were further
processed for the localization of the viral RNA usimgitu hybridization and for all other

analysis.

Symptoms and mechanical transmission of the virus

No obvious viral symptoms were noticed in plants screened positivatiforus presence, and
they looked as healthy as uninfected plants (Fig. 9). Attempts to ttahsnpiutative virus
through mechanical transmission by rubbing the infected plant leaf homogematésedeaves
of herbaceous plants includihg benthamianandC. quinoafailed. These indicator plants were
chosen since they are susceptible to infection by most of the knownmeatlyaransmitted
plant viruses. The inoculated plants did not develop any symptoms, nbedidppear to contain

the virus when checked by performing a dsRNA diagnosis of the inoculatesl gkampi. As
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Figure 9: Virus-infected (A) and uninfected (B) humilismaintained in the greenhouse
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Figure 10: dsRNA extracted from the inoculabédenthamian@NB), C. quinoa(CQ), and
putative-virus infected. humilis

Lanes 1 of A) and(B) contain the 1 kb DNA ladder (Invitrogen).

(A) Lanes 2, 3, 6 and 7 contain dsRNA frbimbenthamiandNB # 4, NB # 22) an€. quinoa
(CQ # 4, CQ # 22) inoculated with the two putative virus-infeBedumilis(R4 and R22) leaf
homogenates. Lanes 4, 5, 8 and 9 contain dsRNA KobenthamiangNB # 5, NB # 22) an€.
quinoa(CQ # 5, CQ # 12) inoculated with two uninfecidhumilis(R5 and R12) leaf
homogenates.

(B) Lane 2 shows the dsRNA extracted during the earlier study from RAV1edfectumilis
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shown in Fig. 10A, no dsRNA band indicative of a totivirus RNA (~ 5 kbp) could be observed f
any of the inoculated plants, suggesting a lack of mechanical transmissiernvotith Fig 10B
shows a control dsRNA band, extracted from the RAV1 infeRtdalmilis processed during the
discovery of the virus. Before the screening of the totivirus positivesplatiempts for

mechanical transmission were made with all 3 plant samplBis banthamianandC. quinoa

The inoculated plants did not show symptom expression, however inocukatésiypéere not

processed for dsRNA diagnosis.

Localization of the viral RNA in the stem sections of infected plants by situ
hybridization

The uninfected (R5) and the two virus-infected (R4 and R22) ptants were fixed, embedded
and sectioned. The cross-sections were hybridized with thelmBgethminus-strand RNA probe
followed by immuno-histochemical staining. The distribution of the plus-straaldRNA in the
stem sections was observed under a light microscope. Positivel\ethfsdls exhibited a dark
brown/purple reaction product. In infected stem sections, the viral RIidAXMarly detected in
most of the tissue cells including pith, cortical and epidermal celis TEA-11F). In addition,
the cambial zone was one of the strongly hybridized regions, but it was difbcde the
individual vascular cambium cells due to these cells growing intrusiviedyeach other (Fig. 11B
and 11E). Figure 12 shows a magnified view of portions shown in Fig. 11, fgarsjith,
parenchyma, collenchyma and epidermal cells. As shown, the viral RNAregpedocalize
inside these cells, indicating virus presence inside the ptiat(Eig. 12A-12H). The two virus-
infected sample (R4 and R22) sections differed in signal intenditylwidization, most likely
reflecting a difference in the strength of virus infection in these smmBlupport for this
explanation came from the results of sequencing randomly amplified DM#®esized from the

total RNA of these samples. The ratio of the number of viral reads taaheamber of reads
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Virus-infected: R4 Virus-infected: R22 Virus-uninfected: R5

Figure 11:In situ hybridization for localization of plus-strand viral RNA in the sterhifected
R. humilis Positive cells exhibit a dark brown/purple reaction product.
(A), (D) and(G) Portion of the stem cross-section containing pith cells from the-wifested

[(A) and(D)] and uninfected sampl€&).

(B), (E) and(H) Portion of the stem cross-section containing vascular cells andaiazobe
from the virus-infected(B) and(E)] and uninfected sampl€sl).

(©), (F) and(l) Portion of the stem cross-section containing cortical and epideritzairoen the

virus-infected (C) and(F)] and uninfected sampl€p. Bars = 0.03 mm.
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Virus-infected: R4 Virus-infected: R22  Virus uninfected: R5

Figure 12: Closer view of the hybridized and stained sections to die¢etime site of viral RNA
accumulation inside the infected plant stem tisstlies figure shows magnified view of the
portions shown in figure 1Positive cell{shown with arrowsgxhibit a dark brown/purple
reaction product.

(A), (E) and(l) Portion of the stem cross-section containing pith cells from the virustéafe
[(A) and(E)] and uninfected sampl€b .

(B), (F) and(J) Portion of the stem cross-section containing parenchyma cells from the virus
infected [B) and(F)] and uninfected samplé3).

(©), (G) and(K) Portion of the stem cross-section containing collenchyma cells fronirttse v
infected [C) and(G)] and uninfected sampl€K) .

(D), (H) and(L) Portion of the stem cross-section containing epidermal cells fromirtie
infected [D) and(H)] and uninfected sampl€k). Bars = 0.01 mm
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obtained for each sample was eight fold more for the sample showing strongdizatibn
signal (R4) than for the sample with weaker signal (R22), suggestower viral titer for the
latter. In contrast to the infected samples, there was no such positiidizgtion signal (except
a minimal background) for viral RNA in non-infected stem sections (BiG-111 and 12I-12L).
The results show localization of the viral RNA inside the plant celtggesting its identification

as a plant virus.

Localization of fungal endophytes in the stem sections using cotton bla&ining
Virus-freeR. humilisseedlings were colonized with a fungal endoph@teyvularia protuberata
at the two-leaf seedling stage. Successful colonization of thalfisndate was confirmed by
observing a characteristic outgrowth@fprotuberateon PDA media by plating surface-
sterilized leaves from colonized plants (Fig. 13). Leaves from non-gelbpiants did not show
any such fungal outgrowth on the media plate. To test for fungal endophytézeitioalusing
cotton blue dye, the stems from colonized and non-colonized plants were fixeddeohbe
sectioned, stained with cotton blue dye and observed under a light microscopen A figure
14A and 14B, the colonized plant stem sections showed stained strudtores (gth arrows) of
the shape characteristic of fungal hyphae in the intercellular spaoeeC. protuberatashould
most likely be located. No such hyphal structures were found in the ihi&cepaces of the
non-colonized plant stem sections (Fig. 14C and 14D). These results sdggediable
employment of cotton blue stain for detection of fungal endophytes in coldRizednilis
samples.

The serial sections of virus-infected stem (R4 and R22) sections, showr&in toe
virus inside the cells, were later stained with cotton blue dye tozecatiy fungal endophytes
present inside the virus-infected cells. Figures 15 and 16 compam@patistem sections

stained for virus and fungus localization for plants R4 and R22, respeciihel\search for
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Figure 13: Leaves of fungal-colonized and non-colonRedumilisplants plated on the PDA
media. Successful fungal colonization of the plant is demonstrated by g characteristic
outgrowth ofC. protuberata something which was not observed in non-colonized plants (B and

C).
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Figure 14: Localization of fungal endophytes in stem sections of cebbaizd hon-colonized.
humilisusing cotton blue staining.

(A) and(B) Portion of the stem cross-section fr@mprotubertacolonizedR. humilisplant.

(C) and(D) Portion of the stem cross-section from a non-colonReaumilisplant.

Arrows in(A) and(B) indicate stained structures characteristic of fungal hyphaevelsierthe
intercellular spaces. Bars = 0.01 mm
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Figure 15: Localization of fungal endophytes by cotton blue staining isettied stem sections of
virus-infected plant R4, shown to contain the virus inside the sterne tieds.

The micrographs on the right show portions of the section cut serially togrshown on the
left. (A), (C), (E) and(G) show portion of stem cross-sections containing pith, parenchyma,
collenchyma and epidermal cells respectively, from the infected Riaaftenn situ
hybridization. The same micrographs were shown in fig. 12A-12D.

(B), (D), (F) and(H) show the cells in the same region, after cotton blue staining, mamsbe
serial sections in micrographs on the left in order to look for fungal entespimgide the virus-
infected cells. Bars = 0.01 mm
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Figure 16: Localization of fungal endophytes by cotton blue staining isetli@ stem sections of
virus infected plant R22, shown to contain the virus inside the stem tiltgle ¢

The micrographs on the right show portions of the section cut serially toghghown on the
left. (A), (C), (E) and(G) show portion of stem cross-sections containing pith, parenchyma,
collenchyma and epidermal cells respectively, from the infected RR&fterin situ
hybridization. The same micrographs were shown in fig. 12E-12H.

(B), (D), (F) and(H) show the cells in the same region, after cotton blue staininge@asrsthe
serial sections in micrographs on the left in order to look for fungal entispimgide the virus-
infected cells. Bars = 0.01 mm
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fungal endophytes found no structures inside the virus-infected celictdristic of or similar to
fungal hyphae. Thus, the results did not support an association of the virasfuitgus in these

samples.

Isolation of fungal endophytes from stem tissues of infected plantslimved by
dsRNA extraction

Although no virus-fungus association was observed by cotton blue stainingabteetions of
the virus-infected stem sections, the likelihood of interaction ofitiie with a fungus could not
be ruled out. In case of possible virus transmission between a fungus atahth&ingal
endophytes in other parts of the plant stem might harbor the virus. In orderthatesingal
isolates were cultured from different parts of the infected platésis on PDA plates, and
further grown in liquid PD medium supplemented with antibiotics. Myceliwatswere filtered,
lyophilized and processed for dsRNA extraction. Figures 17A and 17B show tha gsBfiles
of fungal isolates from the two virus-infected samples. A total of eightread morphologically
different fungal isolates could be isolated from plants R4 and R22ctesie No dsRNA band
indicative of a totivirus RNA (~ 5 kbp) could be observed from any of thewgaf isolates.

The results obtained here did not provide evidence for virus-fungus traarbat there still
exists a possibility of the virus being harbored by endophytic fungi, presemtsropthe plants
that could not be tested during the analysis. It is possible that the ddlingal isolates became

cured of the virus, and thus did not show viral dsRNA presence.

Seed transmission analysis
The uninfected and the two virus-infectedhumilisplants were grown until fruiting, and seeds
were harvested, surface sterilized, vernalized, germinated and grdvengreenhouse for a

month. Surface sterilization of the seeds was performed before geomiteaeliminate the
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Figure 17: dsRNA extracted from fungal isolates of the twatjpugt totivirus-infectedR. humilis
plants. (A) and(B) The first lane contains the 1 kb DNA ladder (Invitrogen).

(A) dsRNAs from eight different fungal isolates, R4 # E1 to R4 # E8,a&tidrom the virus-
infected plant R4(B) dsRNAs from three different fungal isolates R22 # E1 to R22 # E3,
extracted from the virus-infected plant R22.
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possibility of contamination due to a virus present on the outer surfacesHatieSeed
transmission of the virus was evaluated by performing RT-PCR on th&d#akxtracted from
the test samples. A total of sixteen progenies (Pg) (nine and seveth&mirus-infected parent
plant R4 and R22, respectively) were tested. The test confirmed genpeeof the putative virus
in all sixteen progenies (PgR4-1 to PgR4-9 and PgR22-1 to PgR22-7). Figsinews as an
example, six of the sixteen tested progenies, three virus-infecteivg@asintrol (PC-1, PC-2 and
PC-3) and three uninfected progenies (NC-1, NC-2 and NC-3). The chosen pasitreésavere
R. humilissamples collected from the TGPP during the earlier study, and wera shoe virus-
positive through sequencing, while the three negative controls (N€)psregenies of the
uninfectedR. humilis(R5). The results provide evidence for 100% vertical transmission

efficiency of the virus, indicating persistence of the virus througtheutife time of host.

Determination of the 3-end of the viral genome

An almost complete sequence missing only the ends of the dsRNA genonsepoit#tive virus
had already been assembled. The 3'-end of the genome was retrieved using REBPIGE
amplification of cDNA ends) on the dsRNA template extracted from the WilARfected plant.
The dsRNA was reverse transcribed using a gene-specific forvwarer followed by tailing of
the cDNA with dGTP and generation of dsSDNA by performing two rounds of PCRg aisi
oligo dC-adapter primer and gene-specific primer, and just the adagtemnge primer and the
gene-specific primer. The amplified product of ~ 400 bp was cut out of tla@deloned using
pPGEM-T Easy vector. The presence of the insert was confirmed by pergdP@R on white
colonies using the adapter sequence primer and the gene-specific phiemamplified PCR
products when sequenced with the gene-specific forward primer producec:acgegith the
primer sequence at the 5'-end and the oligo G tail, added during the t&ipnmshe 3'-end. The
sequence in between the gene-specific primer and the oligo G tadtednsi a 43 nt long

undetermined 3'-end of the molecule though the start of the G tail could aiseprde
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Figure 18: Seed transmission analysis for the putative totivieserRe-transcription polymerase
chain reaction (RT-PCR) identification of the putative totivirus®RN leaf tissues collected

from progenies of the virus-infect&l humilis Lanel contains the 1Kb ladder (Invitrogen).

Lanes 2, 3 and 10 represent positive controls, and show RT-PCR amplificatibbAcexRacted

from three virus-infecte®. humilisplants. Lanes 4, 5, 6 and 7, 8, 9 show RT-PCR amplification

on RNA extracted from three progenies (Pg), each of the virus- infeatent ptant R4 (PgR4-1,
PgR4-2 and PgR4-3) and R22 (PgR22-1, PgR22-2 and PgR22-3), respectively. Lanes 11, 12 and
13 represent three negative controls (NC1, NC2 and NC3), and show RT-PCRcatigpiifon

RNA extracted from three progenies of an uninfe&etumilis
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determined. Similar attempts to retrieve the precise 5'-erfe@dRNA genome failed. The
available nucleotide sequence data for the RAV1 will soon be depositee GenBank

database.
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DISCUSSION

In the course of examining non-cultivated plants for signatures of virusestigepuias
belonging to familyTotiviridae was discovered. The sequence information retrieved for the virus
showed similarity with Black raspberry virus F, a dsRNA totiviruse $tudy reported here on
this putative virus, designated Reelliaasymptomatic virus 1, was divided into two main
objectives. The first objective was to determine the host of the @ingsits characterization as a
fungal or a plant virus or one that can be transmitted between phahtsrayi. Since the results
of the first part of the study showed that the virus is a plant virusgtend objective was to test
whether the virus is a persistent plant virus. The results of sesdission tests supported
persistence of the virus in its host plants.

The hypothesis concerning the first objective of the study was thdsR¢A detected in
the infected samples represents the genomic dsRNA of a plant viruss3imspion was based
on the observation that the apparent viral titer in terms of sequence residecbiom
individual plant samples was much higher than expected for a mycovirlata.pn this study,
anin situ hybridization approach was employed for determining the site of tHeRNr&
localization inside infected plant tissues. The plus sense viral Ri$Adetected in the stem
tissues of infected plants using a dig-labeled RNA probe complementamnggiion within the
viral coat protein gene. The hybridization results for infected ssg@monstrated the
accumulation of viral RNA inside pith, cortical and epidermal céllslear difference in the
hybridization signal intensities of the two virus-infected samplesroed, most likely due to the
difference in the viral titers of the two plants. The reprodu@bkence of false hybridization
signal for the viral RNA in uninfected plant stem sections made tagnetation of results
simple and reliable. Fungal endophyte localization using cotton blue staisuagessfully tested
usingC. protubertacolonized (positive control) and non-colonized (negative corRofjumilis

stem sections. In order to test the association of the virus with a fungowptatteere made to
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visualize fungal endophytes in the serial sections of the virus-infected. tamvirus-infected
cells were observed to contain no traces of fungal endophytes. Althaugtethbers of the
genusTotivirusreported so far have primarily been found to infect fungi, protistsagthropods,
the results clearly suggest that the viral RNA represents the gesfaplant virus replicating
inside plant cells. The data presented here supports earlier fiéetfzdti suggested dsRNA
viruses recovered from plants, with similarity to fungal viruses, asiljegplant viruses (Martin
et al, 2006).

Many fungal viruses, including totiviruses maintain only the genésthassential for
their survival, but make efficient use of host proteins (Ghabrial, 1998; Hu&ttabrial, 1996).
The virus in this study did not encode for any obvious putative movement piidteimovement
protein gene of a plant virus could be employed or acquired from its plant hestthat encode
proteins similar in function to viral movement proteins, assistingNA Fhovement between the
plant cells. Using similarity to plant movement proteins, the LucasipgiLucaset al, 1995)
found an endogenous plant protein (KNOTTED 1) that helps transport mRNAgé&lbto cell
through plasmodesmata much like a viral movement protein (MP), suggesgjimgof viral MP
genes from plant host genes (Roossinck, 1997). This seems possible auy#deeixtremely
low level of sequence similarity in the movement proteins of virusesc{idr, 2000) even with
highly similar RARp genes, suggesting that viral MPs have been acquredhan once and
have diverse origins. This can also make us overlook a plausible maveroein due to its
atypical MP gene sequence. Viruses may also use a helper vauaildble, or a viral coat
protein for assistance in movement functions. However, persistesésiit plants are primarily
vertically transmitted, spreading throughout the plant only by cea#lidivdue to the lack of
movement protein. These viruses could represent viruses which havdasitlieeir movement
functions or are precursors to new plant viruses before théyeattdneir movement protein.

Hence, the second hypothesis of the study was that the virus is a pepdéstevirus.

This assumption was based on two typical plant persistent virusréadialed by RAV1: 1) as
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stated above, there was no obvious putative movement protein gene encoded RiNthe ds
genome proposing the spread of the virus throughout the plant by cell division hagp@nt
samples shown to contain the viral dsRNA did not demonstrate any obvious disepsaTsy/
The other distinctive features of a persistent plant virus inclu#ieofarorizontal transmission of
the virus and persistence of virus-infection through seed tranemsisine virus. Attempts made
to mechanically transmit the putative virus failed. Seed trasgmisf the virus was tested by
performing RT-PCR on the total RNA extracted from the progenies ofvifeisted parent
plants. The virus was found to successfully transmit through sedus offspring of the infected
plants, suggesting virus persistence in the host plants. Althougihvikes no disease symptoms
observed on the infected parent plants, the progenies of the presumabiiyénigrus-infected
plant were significantly shorter than the uninfected plant progenhéke no such difference in
height was observed in the progenies of the other infected parentiplario the small sample
size of the infected parent source, it is difficult to correlageotiserved phenotypic effect with
the presence of the virus. The effect could as well be due to genetierti#srbetween the
parental plants irrespective of the viral infection.

Some plant viruses are known to be related to fungal viruses, most rb&bplgant
cryptic viruses, one of the most well studied persistent plant girdseobserved in the case of
RAV1, showing highest similarity to a fungal virus, some plant cryptic vérats show higher
similarity to fungal viruses than to other plant viruses of the samigyféRoossinck, 2010;
Straus<t al, 2000; Veliceasat al, 2006). Because of such similarities, several authors have
proposed the origin of plant cryptic viruses from fungal viruses or visa\(&habrial, 1998;
Osakiet al, 2004; Roossinck, 1997, 2010), which means transfer of viruses across kingdom
boundaries, and their subsequent adaptation. Though there are many knowrhatusas
propagate in both plant and animal hosts (e.g., members of the fdRaibesidae, Bunyaviridae
andRhabdoviridae)no viruses are known yet that can replicate in both fungi and anothen host i

a different kingdom. This led us to wonder about the possible transmisslunmitative
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totivirus between the plant and an endophytic fungus, which could possiblyaaetetor for the
virus. In other words, it is possible that the virus might be spreadliplgnts, perhaps through
fungal endophytes, a process which has been hypothesized but not observed bifareuld
also explain the spread of the virus in several different plantiéansince class Il fungal
endophytes are known to have a broad host range. In order to test the mybavaeter of the
virus, fungal endophytes were isolated from different parts of ifested plants’ stems for
characterization of any dsRNAs (i.e. viruses) that they harborslagsumed that if fungal
endophytes in the infected plants carry the virus, we should be abléui@ ¢hik virus containing
endophyte from these plants and isolate the virus from the fungus. Thougtktbéitolation of
dsRNA-containing fungus from infected plants failed to show an evidentfungsis interaction,
it does not rule out the possibility of the virus being associated withgu$. It is also possible
that the virus may have been transmitted sometime in the past. Henight itvell be a fungal
virus that has escaped its normal host during an endophytic associatiadheapfant.

In conclusion, the study provides evidence for the first plant totjuiliesovered during
a virus biodiversity survey of wild plants, representing a new groupuses in the family
Totiviridae This putative plant totivirus has features typical of aigtenst virus: the
asymptomatic nature, the lack of horizontal transmission and the seed tsdni$tyief the
virus. There are many questions that remain unanswered and will require detailed
investigation in the subject. These include a better understandimg ofigin of these plant
persistent viruses, evolutionary relationships between fungal antyluses, exploration of
possible inter-kingdom transmission of fungal viruses and plant mersistuses, and the
possible roles of these persistent plant viruses in our ecosystemeftheof knowledge gained
from searches of wild asymptomatic plants should pave the way forrfimttestigations on such

issues, in addition to expanding our understanding of the plant virus bidtgivers
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CONCLUDING REMARKS

We live in uncertain times. Bioterrorism and biocrimes have become arcomcansportation of
people and goods has accelerated, leading to increased chances of crosadnmuaemt of
viruses and other microbes. Plant biosecurity has never been more importdnide than it is
today, as the potential employment of plant pathogens as agents of btetrogatens food
security (Rodoni, 2009). Plant biosecurity efforts are aimed at miiagehe importation of
undesirable microbes and viruses along with plant importations (Rodoni, 200@)viRla
outbreaks can heavily affect both yield and quality of agricultural predieetding to significant
economic damage and reduced public health. Prior surveys of virus biogiirethi¢
neighborhood of agricultural production fields will allow investigators to destuether the
infection is natural or possibly man-made. Wild plants constituteeaveir of viruses which are
generally considered not to harm their hosts but have indeed been shown, under some
circumstances, to possess mutalistic relationships with their. Mzstg&ever, emerging infectious
diseases of wild plants have long been recognized as a possible threabimieally important
species, acting as a potential source of disease outbreaks. Withctitobté change, agricultural
land use patterns can change, supplanting crops in one location with cropadtber aegion.
The new crops will be subjected to infection by a range of new (to the criggriods viruses,
or may spread their own viruses to indigenous plants (Wedtsédy 2007). Thus, information
about the diversity, distribution and impact of plant viruses in natural gdammnunities is thus
needed as the first step towards the design of effective diseasgemema strategies.
Exploitation of available genetic information of viruses in wild plant pajparhs can also aid in

preliminary risk assessment of virus-mediated gene flow from gafigticodified organisms
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and of recombination between virus-derived transgenes and endogenous virustsfiphibr
release of transgenic crops.

Genomic approaches discussed in this thesis serve as indispendabite tmodiversity
surveys for signatures of plant viruses, and for rapid detectiomusfed in case of viral outbreaks
since they notably decrease the lag times between infection, detextioesponse. A
remarkable example of this was demonstrated during the recent SAR&@&utihere the
microarray hybridization patterns observed using the pan-viral miasohelped identify SARS
as a nhovel coronavirus, demonstrating the power and utility of this appidechmicroarray
approach developed in the present work was based on the same concepbltaheacleotide
array could be created to detect and differentiate many plant virsisessequence-independent
amplification of target samples. A logical extension of the tedgyolvill be the design,
development and validation of a comprehensive plant virus microarray fafyaenpreviously
described and discovering novel plant viruses. Ongoing research in Ulrichdvisllaboratory
includes a collaboration project to develop a universal plant virusanray, consisting of
oligonucleotide probes directed separately to sequences highly conseweermembers of
each virus and viroid genus, and sequences specific to particular virusaddpecies to
represent all known taxonomic groupings of plant viruses. The array will ana to the one
designed by Wangt al.(Wanget al, 2002; Wangget al, 2003) and would be of critical value in
case of unexplained viral outbreaks, and regular biodiversity surseysalti-viral detection
system. Microarray and the other approaches, discussed here, being usedddedilersity
in single plants through cDNA or siRNA have also direct application tmergktest for
contaminating organisms, whether viral or other. Thus, they may become a coutipenent of
plant quarantine operations.

The times demand that we understand that viruses are often not pathogensatuhedir
settings. Recent work clearly demonstrates that viruses assowsitligplants should not be

regarded exclusively as pathogens, always having negative effectsfibned® of their hosts.
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Most of the viral sequences discovered in the PVBE project came fronpiasyatic, healthy-
looking plant samples, supporting the idea that, if there is no seladtaatage for the virus to
cause disease, there might be a selective advantage for it to mabst itgalthy (Powledge,
1999). The biodiversity and abundance of viruses found in wild plants s@ggiesportant role
of these viruses in our ecosystem. These roles should not be undg¢ustbetause they are
under-researched. Most of the plant virology studies concentrate on diaeas® acute or
chronic viruses. One of the largely neglected but widely prevaleopgrof plant viruses include
persistent viruses, one of which has been reported and studied asfahiarthesis work. The
virus has been demonstrated as the first plant virus in the faotiljiridae and is also found to
be seed transmissible in the host plant. As persisting asymptomeasies;ithey are difficult to
identify and survey, yet it is clear that most species harbor petsistdragents. Such persistent
viral infections can have significant effects on relative reprogeifitness of competing host
populations. The impact of persistent viruses in wild plant ecosystem dyg&nain emergent
area of research with many questions still to be unveiled. Some of thesempieclude notions
about many vital roles that can be played by these viruses in plantsalblysbsig mutualistic
symbioses, acting as epigenetic elements providing novel genes, or &s sounewly

emerging viruses. Investigation of these possible functions amdteehanisms will require a
thorough understanding of virus biodiversity and the influence of viruses on planuoitiem
and, on the other hand, of plant community diversity on virus success. One otthedbr
guestions to study would be the likelihood of inter-kingdom transmissiamgaf viruses and
plant persistent viruses. In the past, the lack of information about bottpplaistent viruses and
fungal viruses had made it difficult to perform a comprehensive sequizata analysis. However,
with the availability of more and more genomic data for these virusksraugh phylogenetic
analysis can clarify the ecology of these viruses and their likahgnission in the recent or

distant past. In conclusion, investigation of viruses in the wild plantigiucan serve as a
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launching point for additional studies focused on demonstrating diseasetgaasdlidissecting

the possible mutualistic roles of plant viruses in natural settings.
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APPENDIX

Table 4: Sequences of DNA oligonucleotide non-target probes used as
controls in the microarray study

Probé Target s 5.3 ¥ rObi
ro Species/Genus equence 5> ?Qgt
Cauliflower GTCTTCTTGGTGCAGCCAAAGGTAATCTAGCATACGGTAA
10000831  mosaic virus GTTTATGTTTACTGTATACCCTAAGTTTGG 70
Cauliflower CCAAACTTAGGGTATACAGTAAACATAAACTTACCGTATG
10000832 mosaic virus CTAGATTACCTTTGGCTGCACCAAGAAGAC 70
Cauliflower TACTTGAGAAAGTATGTTCAGAAAATCCATTAGATCCTAA
10000833 mosaic virus CAAGACTAAGCAATGGATGAAAGCTTCTAT 70
Cauliflower ATAGAAGCTTTCATCCATTGCTTAGTCTTGTTAGGATCTAA
10000834  mosaic virus TGGATTTTCTGAACATACTTTCTCAAGTA 70
Cauliflower GAAGCTAGAAGTACCGCTTAGGCAGGAGGCCGTTAGGGA
10000835 mosaic virus AAAGATGCTAAGGCAGGGTTGGTTACGTTGA 70
Cauliflower TCAACGTAACCAACCCTGCCTTAGCATCTTTTCCCTAACGG
10000836  mosaic virus CCTCCTGCCTAAGCGGTACTTCTAGCTTC 70
Turnip vein GGCGTAGTGCGCACGATAGCGCATAGTGTTTTTCTCTCCA
10003779  clearing virus CTTAAATCGAAGAGATAAACTTACGGTGTA 70
Turnip vein TACACCGTAAGTTTATCTCTTCGATTTAAGTGGAGAGAAA
10003780 clearing virus AACACTATGCGCTATCGTGCGCACTACGCC 70
Turnip vein GCGAACCTCATGTGGAACTTCGAGGCCAAACTCTTCAGGA
10003783  clearing virus AGAAGTATGGTTACTTCTGTGGTCGTTATG 70
Turnip vein CATAACGACCACAGAAGTAACCATACTTCTTCCTGAAGAG
10003784  clearing virus TTTGGCCTCGAAGTTCCACATGAGGTTCGC 70
Turnip vein TATTCAAGACGAATATCCTGCATTGCAGACGATAGTCTAC
10003785 clearing virus CATTCGAAAAAGATCAATGCGATTTTCGGT 70
Turnip vein ACCGAAAATCGCATTGATCTTTTTCGAATGGTAGACTATC
10003786  clearing virus GTCTGCAATGCAGGATATTCGTCTTGAATA 70
Turnip vein GCGCCAGCTACATAGGCGTGGTGCACACGATAGTGCATAG
10005353  clearing virus TGTTTTTCTCTCCACTTAAATCGAAGAGAT 70
Turnip vein ATCTCTTCGATTTAAGTGGAGAGAAAAACACTATGCACTA
10005354 clearing virus TCGTGTGCACCACGCCTATGTAGCTGGCGC 70
Turnip vein AATACCCTGCATTGCAGACTATAGTCTATCATTCAAAAAA
10005355  clearing virus GATCAATGCAATTTTTGGTCCTATGTTTTC 70
Turnip vein GAAAACATAGGACCAAAAATTGCATTGATCTTTTTTGAAT
10005356  clearing virus GATAGACTATAGTCTGCAATGCAGGGTATT 70
Turnip vein AAGGAGTTTTTAGTTACTAGAGTTAATACGTGGTATTGTA
10005357 clearing virus AGTTTACTAGAGTCGATACTTTTACTCTTT 70
Turnip vein AAAGAGTAAAAGTATCGACTCTAGTAAACTTACAATACCA
10005358  clearing virus CGTATTAACTCTAGTAACTAAAAACTCCTT 70
Turnip vein CTCGACATTTCAAAGTATGACAAGTCACAAAACGAGTTCC
10005361  clearing virus ATTGCGCTGTTGAGTACAAAATATGGGAAA 70
Turnip vein TTTCCCATATTTTGTACTCAACAGCGCAATGGAACTCGTTT
10005362 clearing virus TGTGACTTGTCATACTTTGAAATGTCGAG 70
Turnip vein GCCGGCTAAATAGGCGTGGTGCACACGATAGTGCATAGTG
10006133  clearing virus TTTTCCTCTCCACTTAAATCGAAGAGGTAT 70
Turnip vein ATACCTCTTCGATTTAAGTGGAGAGGAAAACACTATGCAC
10006134  clearing virus TATCGTGTGCACCACGCCTATTTAGCCGGC 70
Turnip vein TATCCTGCTTTGCAGACGATAGTCTACCATTCAAAGAAGA
10006135 clearing virus TCAATGCAATTTTTGGTCCTATGTTTTCAG 70
Turnip vein CTGAAAACATAGGACCAAAAATTGCATTGATCTTCTTTGA
10006136  clearing virus ATGGTAGACTATCGTCTGCAAAGCAGGATA 70
Turnip vein TGCGGTCTCTTGAGCTGGAATATCTCATGATGCAAGTTCCT
10006141  clearing virus TTCGGATCTCTGACGTATGATATCGGCGG 70
Turnip vein CCGCCGATATCATACGTCAGAGATCCGAAAGGAACTTGCA
10006142 clearing virus TCATGAGATATTCCAGCTCAAGAGACCGCA 70
Caulimoa.3 Cauliflower
334 mosaic virus AATGCAGGTGTTGGGTTTGT 20
Caulimoa.3 Cauliflower
774 mosaic virus TATACCAGAAGAATWTTGG 19
Caulimoa.4 Cauliflower
272 mosaic virus TGTTCAGAAAATCCTITAGATC 22
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Caulimoa.4
456
Caulimoa.4
638A
Caulimoa.4
638B
Caulimoa.4
703
Caulimoa.5
263
Caulimoa.5
389
Caulimoa.5
93
Caulimob.3
683
Caulimob.4
283
Caulimob.4
345A
Caulimob.4
345B
Caulimob.4
587
Caulimob.5
247A
Caulimob.5
247B
Caulimob.5
305
Caulimob.5
310
Caulimob.5
394
Caulimob.5
487
Caulimob.5
509
Caulimob.5
532A
Caulimob.5
532B
Caulimob.5
763
Caulimob.5
775
Caulimob.5
828
Caulimob.5
876
Caulimob.6
373
Caulimob.6
408
Caulimob.6
514
Caulimob.6
886
Caulimob.6
901
Potexa.272
4
Potexa.302
5
Potexa.312
4A
Potexa.312
4B
Potexa.312
4C

Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus
Cauliflower
mosaic virus

Potexvirus

Potexvirus

Potexvirus

Potexvirus

Potexvirus

CATATGTCICCAGCTTT
TTTGACTGTAAGAGIGGATTTTGGCAGGT
TTTGACTGTAAGTCIGGATTTTGGCAGGT
GCWTTCACITGTCCACAAGGWCATTACCAATGGA
ATTATTGAGACIGATGCATCTGA
GAATTATCATAGTAATGAIAAGGA
TATGGIAAGTTTATSTTTACT
AAMAATATATIGAGAATTCATAGGA
AAATATTGCCCTAIAGGAAAGAA
TTGCAAGTGTTGGATITGTCAIGAAGA
GAAGATGGACATTATGCIAATGAATGTCCTAAGAAG
TATGTTGATACAGGTGCAICATTATGT
AAAAGTCCICATTGTGCGCCAGC
TTCTATGTAGAAAATCATAATGAGA
GTAATIAATTATAAAGCTITGAATGAAGC
TGAATGAAGCIACIATAGGA
TGGTTTTCAACITTAGATGTAAAATC
GAAACATTATIAGTGGAATGTTTTACCT
TTACCTITIGGGTTAAAGCAAGCTCCA
GTTAAAGCAAGCTCCAGGTATTT
TCAAGAITTTATGGATAGAA
GGAGAAATTAAACTICAACCATATGTTTT
CAACCAIATGTTTTGGAAAAATTGG
AAGCAATTACAGIGWTTTCTTGG
AAGGATTTTTTAAGGAIWTTGCAAAA
TGTTACAGGWTTTITATGATATAA
AATTATAATCAAGGACGGTTTGTT
GACACTCTAACCAGGGAATGGAAG
CTTCACAAGAGITATCCAACCAT
TCCAACCATIGAIGIAGCAAAGAAG
GCATCAGCAGGCIAAGGATGAG
TTTCTGAAGISICAGTGGGTIAAGAAGGT
GIACTATGGCSAGGTAC
GCACSATGGCGCGMTAC

GTACAATGGCCCGCTAC
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17

29

29

34

23

24

21

25

23

27

36

27

23

25

29

20

26

28

27

23

20

29

25

23

26

24

24

24

23

25

22

29

17

17

17



Potexa.344
1A
Potexa.344
1B
Potexa.344
1C
Potexa.173
7
Potexa.229
9
Potexb.221
5
Potexb.311
4
Potexb.341
1
Potexb.342
8
Potexb.350
5
Potexb.366
0
Potexb.367
9
Potexb.382
5
Potexb.385
5A
Potexb.385
5B

Potexb.544
Potexb.601
6
Potexa.173
™ (T)

Potexa.173
7P (T)

Potexa.229
9M (T)

Potexa.229
9P (T)

Potexb.221
5(T)

Potexb.382
5(T)

Potexb.385
5A (T)

Potexb.385
5B (T)

Potexb.544
(M

Potexb.601
6 (T)

Tobamoll.1
011
Tobamoll.1
023
Tobamoll.1
023B

Potexvirus
Potexvirus
Potexvirus
Potexvirus
Potexvirus
Potexvirus
Potexvirus
Potexvirus
Potexvirus
Potexvirus
Potexvirus
Potexvirus
Potexvirus
Potexvirus

Potexvirus
Potexvirus

Potexvirus
Ambrosia
aymptomatic
virusl
Ambrosia
asymptomatic
virusl
Ambrosia
asymptomatic
virusl
Ambrosia
asymptomatic
virusl
Ambrosia
asymptomatic
virusl
Ambrosia
asymptomatic
virusl
Ambrosia
asymptomatic
virusl
Ambrosia
asymptomatic
virusl
Ambrosia
asymptomatic
virusl
Ambrosia
asymptomatic
virusl

Tobamovirus
Tobamovirus

Tobamovirus

GGTGAGGGICCMACTTTTGATGCTAACACAGAG

GGAGAGGGICCMACITTTGATGCTAATACTGAG

GGWGAGGGICCTACTTTTGATGCIAATACWGAG

GGTGGITGIGGMAAGTC

TATGCIGGITGTCAGGGIMTTAC

GTMCTICCIACCAATGAGCT

CATCAGCAGGCIAAGGATGA

TTTCTIAAGTCICAGTGGGT

TGGGTIAAGAAGGTGGAGAAGTT

CTGTCATGCTTTITGGMACIATG

GCCAATGACTITACIGCNGT

TTTGATCAGTCICAGGATGG

ACCGGIGAGGGICCCAC

CCCACITTTGATGCIAACACTGAGT

AACACTGAGTGTAATATIGCCCTTC
TTTATGGGIGATACTCTICATTT

GCTGSITTTGACTTCTTTGATGGCGTG

CTTTTCCCACTGCCCCCTTTTTTTTTTTTTTTTTTTTT

GGGGGCAGTGGGAAAAGTTTTTTTTTTTTTTTTTTTT

GTGAGGCCCTGGCAGCCTGCGTATTTTTTTTTTTTTTTTTITT

TT

TACGCAGGCTGCCAGGGCCTCACTTTTTTTTITTTTTTTTTTT

TT

ATCCTTCCCACCAATGAGCTTTTTTTTTTTTTTTTTTTTT

AGCGGTGAGGGGCCCACTTTTTTTTTTTTTTTTTTTTT

CCCACCTTCGACGCAAACACCGAGTTTTTTTTTTTTTTITTTI

TTT

AACACCGAGTGTTCTATAGCCTATGTTTTTTTTTTTTTITTTI

TTTT

TACATGTCGGATACCCTACATTTTTTTTTTTTTTTTTTTTT

GCAGCTTTTGACTTCTTCCAGGGCGTCTTTTTTTTTTTTTTT

TTTTTT
GTTTATGTAAAGGAGTTTATGGTTAAG
GAGTTTATGGTTAAGCGTGIGATACTT

TTCCAGGATAAAGCCACGTTTTCTG
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33

33

33

17

23

20

20

20

23

23

20

20

17

25

25
23

27

38

37

44

44

38

45

46

41

48

27

27

25



Tobamoll.1
198
Tobamoll.1
390
Tobamoll.1
935
Tobamoll.2
376
Tobamoll.4
086
Tobamoll.4
339
Tobamoll.4
369
Tobamoll.4
695
Tobamoll.4
710
Tobamoll.4
710B
Tobamoll.4
803
Tobamoll.4
956
Tobamoll.4
986
Tobamoll.5
104
Tobamoll.5
139
Tobamoll.5
139B
Tobamoll.6
382
Tobamoll.6
452
Tobamoll.7
9

Tobamol-
111.1020
Tobamol-
11.1138
Tobamol-
111.1454
Tobamol-
111.2418
Tobamol-
111.2822
Tobamol-
111.350
Tobamol-
111.4008
Tobamol-
111.4340
Tobamol-
111.4557
Tobamol-
111.4626
Tobamol-
111.4693
Tobamol-
11.4878
Tobamol-
111.6368
Tobamol-
111.6760
Tobamol-
111.6760B
Tobamol-
111.6964

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

Tobamovirus

AGCCACGTTTTCTGTGTGGTTTCCT
GTGGIGGAATGTTCAGTC
GTCATAGAGGCIATTTTTTCICA
AGATTGAAGAAGACTATCACICCIGT
GTAGATAATTTCTTTICTWCTTT
TTGCAGACKATIGTTTATCAT
GTIAATGCIGTTTTTGGTCC
TATTATCAGIGGAAGTCTGG
TCTGGIGATGTIACTACTTTTATAGG
GGTAATACTTTTATTATIGCIGCKTGTGT
TTTTGTGGTGATGATTCGCTIATCTAT
GGSTGTATTGTITATCCIGATCC
TTAATTISTAAATTAGGTAATAAGAGT
GATGATGCIATCCACGAGTWITTTCCTAG
GGTAGCAGTTTTGTIATTAGTTCTG
TTTGTIATTAGTTCTGTGCAAGTATTT
AATAGGGTTATTGAGGTTGAAAACCCTCTA
AAGCGTAATGATGACGCGTCTACIGCTGC
ACAATATGGCAAACATTACACAACAAAT
AAGGAGTTTITGGTIACTAG
GCIATGGAIGATGCITGGIA
GCIAGGTCIGAGTGGGATGT
AGGTTCAGCAGATGIAGAACT
GTTCCIGGITGTGGGAAGAC
AGTTGGAGTATCTSATGATGCAAGTTCC
GTIGCIATGATTAAGAGAAAT
TGCAGACIATWGTITATCATTCG
CAGAATGAGTTTCATTGTGCWGTIGAGTAT
GAGGTITGGAGACAGGGGCATAGGAAGAC
TGTGGTATCAGAGGAAGAGTGGTGATGT
ATGTGGAATTTTGAGGCIAAG
CTTTTGATACTAGGAATAGGAT
CCCTCCACTTAAATCGAAGGGTT
GGTTCCATTTAAATCGAAACCTG

GAGGGGTTCGAATTCTCCC
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25

18

23

26

23

21

20

20

26

29

27

23

27

29

25

27

30

29

28

20

20

20

21

20

28

21

23

30

29

28

21

22

23

23

19



Tymo.3202
PD
Tymo.320
MD (T)
Tymo.5391
PD
Tymo.5391
MD (T)
Tymo.544P
D
Tymo.544
MD (T)
Tymo.829P
D
Tymo.829
MD

Tymovirus
Tymovirus
Tymovirus
Tymovirus
Tymovirus
Tymovirus
Tymovirus

Tymovirus

AACATGAAGAATGGTTTTGATGGC

GCCATCAAAACCATTCTTCATGTTTTTTTITTTTTITTTTTTITI

ACTTATGATGACAATWCTGACTACAAC
GTTGTAGTCAGWATTGTCATCATAAGTTTTTTTTTTTTTTT
TTTTT

CATGCACGATGCICTGATGTATT
AATACATCAGIGCATCGTGCATGTTTTTTTTTTTTTTTTTTT
T

TCCTGGAGTCTTGGGGCCCTC

GAGGGCCCCAAGACTCCAGGATTTTTTTTTTTTTTTTITTITT

24

42

27

46

23

43

21

41

70mer probes fofurnip vein clearing virugndCauliflower mosaic virusre probes
described by Wang et al., 2003; M-minus-sense probe, P-plus-sense probe,-PD-plus
sense degenerate probe, MD-minus-sense degenerate probe, (T)-Taded/Sp
probe.Probes not indicated as P or M are plus sense probes.
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70-75% or higher sequence identity, indicating the possible utilitth@fapproach for virus
discovery. From the second part of the work, we show evidemdbddirst putative plant virus
in the family Totiviridae Usingin situ hybridization, the viral RNA was observed to localize
inside the cells of virus-infected plant stem sections, suggeissi identification as a plant virus.
Seed transmission analysis performed on the progenies of teanfieated plants demonstrated
vertical transmission of the virus, and hence persistenceus m its host plants. In conclusion,
investigation of viruses in the wild plant population can s&xs a launching point for additional
studies focused on demonstrating disease causality, and dissketipgssible mutualistic roles
of plant viruses in natural settings.

ADVISER’'S APPROVAL:_Dr. Ulrich K. Melcher




