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Abstract

Lettuce is a key economic crop in New Zealand.(N&vever, recently NZ has experienced
increased crop losses of up to 50 Phese losses were due to necrosis symptoms on leaves
which were strongly associated with the plant virus lettuce necrotic yellows virus (LNYV). This
virus has also been found in Australia where heavy lettuce crop losses have also ositoeed

1954.

Lettuce necrotic yellows virus the type specieof the genus Cytorhabdovirus family
Rhabdoviridag commonly referred to as rhabdoviruses. This negative sense, single stranded
RNA plant virus can be differentiated into two subgro(pnd 1) based on gentic differences

within its nucleoprotein (N).

The LNYV subgroup population structure has shown to be dissimilar between NZ and Australia.
In Australia, no new isolates belonging to subgroup | have been identified since 1993. It
appears this subgroup hag@ome extinct, possibly due to subgroup Il. It has been suggested
subgroup Illmay havesupplaned subgroup | due to more optimal vector and/or host
interactions. However, in NZ, both subgroups are still being identified across the country. It has
been suggsted that the high crop losses experienced in NZ recently could be due to an
increased presence of subgroup Il, or a more virulent strain of the virus has arrived here from

Australia.

To investigate the cause of these recent losses in NZ, a closed duink, sensitive and
specific diagnostic assay is required. The two LNYV subgroups have not demonstrated
discriminating symptoms or detectable serological differences. This has meant subgroup
identification needs to occur on a molecular level. In 2018 oéepular assay to diagnose the
LNYV subgroups was developed using reverse transcription polymerase chain reaction (RT
PCR). Unfortunately, the developed assay had limitations, requiring further analysis using
restriction fragment length polymorphism, orrf@ach sample to be tested twicgonce for

each subgrou for confidence in the diagnosis of LNYV infection and subgroup identification.

It was suggested the developed LNYV subgroup specific primers could be suitable for use in an
alternative molecular ssay- multiplex reverse transcription quantitative polymerase chain

reaction with high resolution melting (RIPCRHRM).

This study has focused on the development of such an assay. First the LNYV subgroup specific
primers from the previous assay were ted for their suitability in a multiplex RIPCRHRM
assay. Through this analysis several qPCR fluorescent dyes were assessed. Although SYBR
Green fluorescent dye is commonly used, several studies have shown it to inhibit PCR and the
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dye molecules to trariscate during HRM analysiffecting the accuracy of the assay. This was
also indicated during this study, and eventually the BioRad Sso Fast EvaGreen dye was chosen

as it demonstrated superior sensitivity.

In this study it was discoverethat the LNYV wbgroup specific primers were unable to
sufficiently discriminate between the two subgroups using HRM. This meant LNYV subgroup
specific primers designed specifically for use in multipleyRIRHRM analysis needed to be
developed. Three primer sets wedesigned and tested for their usefulness in singleplex and
multiplex assays. Two primer sets appeared suitable, so were used to diagnose the LNYV
subgroup of previously untyped LNYV isolates. Through this analysis, one primer set appeared
able to detect tle LNYV subgroup, while also distinguishing variances in the amplified PCR
product sequences. These variances fit a gspsicies model, which is common among RNA
viruses. However, this is the firsuggestion that LNYV existsasgjuasispecies. This analis

also identified, for the first time, three samples-tdected with both LNYV subgroups.

The LNYV subgroup specificdPICRHRM diagnostic assay developed in this study identified
subgroup | and subgroup Il samples from both the North and South Istdiidis. However, of

the 18 untyped samples, onlfpur were identified as subgroup Il, with a further three
identified as ceinfected. This indicated that subgroup Il was not exhibiting a stronger presence
in NZ at this time. To assess whether a new LN¥ahstrom Australia had arrived in NZ

additionalfurther analysis of these isolates was required.

The entire N gene from these isolates was sequenced to characterise their taxonomic and
evolutionary relationships using phylogenetics. A total of 43 LN¥Mtds, consisting of
published and unpublished sequences, from NZ and Australia were used to assess these
relationships. This analysis was unable to identify an isolate of direct Australian lineage that
would indicate a stronger strain had arrived in NHowever, the analysis did reveal other
relationships. LNYV subgroup Il isolates frlomth Australia and NZ appeared twiginate in
Australig while the origin for subgroup isolateswas unclear. However, within the NZ

subgroup | isolates, geographic sfeocgroupings were observed.

Keywords: Lettuce necrotic yellows virus, subgroupgRTR, high resolution melting,

phylogenetics
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1.1 General Introduction

¢KS ¢2NI RQa LJ2 LyAOB0ili& redictdd doreatiNEtwvder &8tand. 10 billion
people(Spiertz 2010; Cleland 2013; Culliney 2014; Sharma 2014; Rao et al. 2016; &harma
2017) Consequentlyglobal food requiremergwill also increase. An estimataacrease of70

% inglobal foodproduction is needed tomeet thesedemands(Cullirey 2014; Fang and
Ramasamy 2015; Rao et al. 2016; Sharma et al. 2G1irently agricultural systemsccupy
oy £ 27T 9l NI K s indludidsgasture fandyfivestokkNglaring syste(@piertz
2010; Culliney 2014; Savary et al. 20eviously, agrictural intensificationg aiming for
higher crop yields per unit of langlensuredthe balance between population growth and food
production (Savary et al. 2014)This is reflected by drop incropland area in relation to
population; at the middle of the 20century there was 0.45 hectares (haf) cropland per
person, but by 1997 there was only 0.25 ha per person, and by 2050 it is predicted to drop to
0.15 ha per persofSpiertz 2010; Sharma 2014)

The performance of agrultural systems can be enhancéd increasing thepotential crop
yields, the attainable cropields, and/or the actualcrop yield(Savary et al. 2014; Sharma et al.
2017) The potentiakrop yield is determined bgrowth-defining factors, such @emperature,

UV radiationand the genetic makeup of the crop. This is the yield obtained when crops are
grown under optimal conditions, maximising crop yi€Culliney 2014; Savary et al. 2014;
Sharma et al. 2017The attainalé crop yield is achieved lgrowth-limiting factors, such as
soil condition, nutients and water supply. This is the sfipecific, technical maximum yield
However, this yield is generally well below the potential crop yiélliney 2014; Savary et al.
2014; Sharma et al. 2017)

The actual crop yield is defined as the sifeecific, realvorld, level of productionwhich can

be obtained within modern agricultural systemk is affected byboth growth-defining and
growth-limiting factors, as well as growdteducing factors, such as weeds, planthamens,
insectsand microclimate incidents such as frost or floodi@ulliney 2014; Savary et al. 2014;
Sharma et al2017) Improvement ofthe actual crop yield addresses the quality as well as the
quantity of the crop. It is also likely tproduce yield improvement$o the same degreeas
could be achieved bincreasing the potential or attainablerop yields (Savary et al. 2014)
Increasingthe actual crop yield can beachievedby improving crop healththrough the
development ofcrop protection methodsand in particular, crop protection from harmful

organismgSavary et aR014; Sharma 2014)
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Modern agricultural intensification has caused a rise in crop losses to plant pests and harmful
organisms. Such practices entice plant pests due to monoculture and less plant diversity in
fields, destruction of beneficial arthropods, and promotion of pede resistance, causing a
change in the resident insect communitf&nderson et al. 2003 ulliney 2014; Savary et al.
2014; Sharma 2014; Sharma et al. 20IIMe resident insectommunity istherefore less
diverse, when compared with traditional agriculture or natural ecosystems, but more
abundant in the numbers of insectgith a narrow hst range relating to the available crops
(Anderson et al. 2003; Culliney 2014)

Harmful organismsor plant pestsincludeweeds, insects and other arthropods, disegsesd
viruses(Dal Santo and Velthuis 2008; Savary et al. 2014; Fang and RamasamyR@isscts
(aphids, mealybugs, scalesétts, spiders, fliedicks and mites) are arthropods, and make up
the most abundant, diverse and ubiquitous group of organisms on the pl@hdliney 2014;
Sharma 2014; Sharma et al. 201&thropods in particularcan cause damage to crops in
various waysSomearthropods cause plant damage by chewing or sucking the sap from fruit,
bark, stems, buds or leaves. They can also tunnel or bore into the plant and live in-lidemcer
growths. From here they can attack underground stems or root systems and lay eggs.

Arthropods may also take parts of the planta@anfor nests or shelter¢Culliney 2014)

Very recent data on crop losses is limitedthough,it is estimated that direct yield losses due
to plant pests ranges from 28 ¢ 40 % (Savary et al. 2014h8rma et al. 2017)it has been
estimated that arthropodsin particular can cause 1%6¢ 16 % preharvest crop lossesand a
further 5 % ¢ 10 % postharvest (Culliney 2014; Sharma 2014; Sharma et al. 2017)
Furthermore, some arthropods caugelirect damageby just probing for their host plantand
thereby transmitting plant diseases and virus¢Sufkens et al. 2002; Redinbaugh and
Hogenhout 2005; Diaz et al. 2012; Fang and Ramasamy 2015; Fletcher et al. 2019)

Globdly, plant pathogen infectionzause between 20% and 40% of crop yield losses
(Anderson et al. 2003; Fang and Ramasamy 20%8r fungi, viruses are ranked as theost
important plant pathogens, with economic losses in the billions of dollars per ywealdwide
(Jeong et al. 2014; Fang and Ramasamy 2015; Pallas et al.|12048), a review of emergig
infectious diseases of plantsund viruses caused 4% of plant diseases reportgéigurel.l;
Anderson et al. 2003]JThis issimilar to that for human(44 % and wildlife(~ 43 % emerging

infectious diseases #lhe time of publicationAnderson et al. 2003)
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Figurel.1 Summary of pthogenscausing emerging infectious diseases in plgResproduced from
Anderson et al. 2004)

1.1.1 The New Zealand Situation

The globalcircumstances aralso reflected in Bw Zealand (NZ)with NZ surpassing global
population growth rates of 1.% per yearln fact NZ has exceeded this population growth

rate, each year, over the last five yeg8tatsNZ 2019p Q& LJ2 LJdzf | G A2y NBI OK:
the end ofJune 2019, an increase of B&(StatsNZ 2019A report in 2017rom Horticulture

NZ statedthat with current population growth, consumptioand productia levels, NZ could

expect food shortages in the next five yedkorticulture New ZealandHortNZ 2017) In

2016, NZ produced 1,133,800 tonnes of ten key vegetgblestNZ 2017)While n 2018 NZ

needed toimport 118,185 tonnes of vegetables, with a value offNZ63.8million (M)from 80

different countries(Fant & Food Research [PFRJ019)

In 2016, NZ household consumers spent®\NZ30 M on fresh and chilled vegetables, and a
further NZ$ 330 M on processed vegetables. The top three vegetablese potatoes and
potato products, tomatoes and lettucPFR 2019)On averageNew #£alandes consumed
approximately 22.9(kgs of potatoes, 7.58gs of tomatoesand 5.06kgs of fresh lettuceper
person per yeafHortNZ 2017)In that same yeamMNZ produced 525,000 tonnes of potatoes,
102,900 tonnes of tomatoesand 8,400 tonnes of lettuce. However, a further 18.5 tesin
132.2 tonnesand 122.5 tonnes of these vegetables, respectively, were imported to meRtaNZ
current supply demandgHortNZ 2017)The reportissued by Horticulture NHighlighted the
importance of suitable land production, futugroofing the availability bresources, and food

security,including biosecurity, of R & LINRoRNZQ®L7)
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NZ is one of the few countriggox and Mumford 20171p keep a detailed database of plant

pathogen species found in the countfyeerakone et al2015) As of the last update?220

viruses, seven viroids, two liberibacterand two phytoplasmas have been recorded

(Veerakone et al. 2015from the report ptato (Solanum tuberosuhwas identified as host to

11 viruses, one liberibacter, and one phytoplasmemato (S. lycopersicujrto 11 viruses and

one liberibacterand lettuce Lactucasativa) to ten viruses(Veerakone et al. 2015 his record

provides information to NZ biesurity departments so they are able to make informed

regulations on import and expotb and fromNZ(Veerakone et al. 2015 he report also saw

the addition of 80 viruses, one virqidnd two species of liberibacter as new to NZ since 2006

(Veerakoneetal. 2018) SYLIKIF aAaAy3a GKS AYLlphkdutey OS 2F 06A2aS0Odz

LYLJ Ol Ay 3 b oteiucelNRRtRIcEQrowe ffave experienced crop losses of up to
50 % in recent yeargFletcher et al. 2019 Growers from Mid Canterbury, Nelson and the
lower North Island saw losses in outdoor iceberg/crisp head varieties of let@rog. losses
due to necrosis symptoms on leaves were strongly associated with the plantleituse
necrotic yellows viru¢LNYVFletcher et al. 2018; Fletcher et al. 20119ttuce necrotic yellows
virus is the type species belonging to the genu8ytorhabdovirus family Rhabdoviridag
commonly referred to as habdoviruses, and belonging to the ordéononegavirales

(Dietzgen et al. 2007; Walker et al. 2018)

1.2 Literature Review

1.2.1 Rhabdoviridae

TheRhabdoviridadamily consists o& diverse range of pathoge. These arelassifiedacross

22 generawith 144 speciegWalker et al. 2018; Dietzgen et al. 202@ruses are assigned to
each genus based datifferences in genome architecture, antigenicity, ecological and biological
properties, andphylogenetic analysi of the RNAdependent RNA polymerase (pjotein
sequencegWalker et al. 2018)Phylogenetic analysi® bioinformatic toolhelps to organise
and analyse intespecies and intr&gpecies viral relationshifgS$ectionl.2.3.3 Lam et al. 2010)
allowing taxonomic and evolutionary relationships to be characterisél$ing this
bioinformaticanalysismembers ofRhabdoviridadorm monophyletic clades representirthe

different generaFigurel.2; Walker et al. 2018)

Rhabdoviruses can infect a large range of oigias including vertebrates, invertebrates, and
plants. Many of these infections can have considerable impact on public health, veterinary,

and/or agricultural production. The majority of rhabdovirus genera are transmitted by
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arthropods to vertebrate or plat hosts Figurel.2; Walker et al. 2018)Exceptions to this
include genera thatnfect vertebrate hosts but are not transmitted by an arthropadd
genera that infect invertebrate hosts. Lyssaviruses are transmitted directly by bites or
scratches to vertebrate hosts, tupaviruses have been isolated from birds, insectivores and
rodents while novirhabdovirus, perhabdovirus, and sprivivirus infect fish and are transmitted
horizontally in the water. Almendraviruses were isolated from mosquitoes,
alphanemrhavirsues were detected by hitfittoughput sequencing of parasitic nematodes but
have not been isolated, caligrhaviruses, were detected in sea lice but have also not been
isolated, and sigmaviruses, infect flies from eosophilidaeor Muscidaefamilies, and only
transmit vertically across the specific fly specidackson et al. 2005; Redinbaugh and
Hogenhout 2005; Kuzmin et al. 2009; Dietzgen et al. 2017; Wetlkadr 2018; Whitfield et al.
2018)

Very recently the genuNucleorhabdoviruhas been further defined and is now split into three
genera, Alphanuceorhabdovirus, Betanucleorhabdovirmd Gammanucleorhabdovirus
(Dietzgen et al. 20D. Phylogenetic analyses of viruses belonging to these geingliaate
paraphyletic origin sinc®atura yellow vein viryssonchus yellow net virugnd Maize fine
streak virusdo not share the most recent common ancestor of titeer nucleorhabdoviruse
(Figurel.2). This emphasises the diversity of virus species belongiRtaddoviridagand the

need for continual study to further develop our understanding andvwiedge of these viruses.
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Figurel.2 Maximum Ikelihood phylogenetic tree of the famighabdoviridaeTree constructed from
the full-length L gene sequences of 13bdoviruses assigned to the Bénerg and one unassigned
Rhabdovirus (Moussa viruggemaininghrabdovirusesvere not included athe full-length L gene
sequencevasnot available Coloured circles at each node differentiatexa belonging to the different
genera, and wus names ar@receded by their ecession numbeiGenera names are coloured as per
host type; vertebrate hosts are colourg@dirple, vertebrate hosts with an arthropod vector are coloured
orange, invertebrate hosts are coloured blue, and plant hosts are coloured grieemgneus
Nucleorhabdovirubas recently been split into three genera, indicated by dashed lineslaridyreen
(Dietzgen et al. 2020The asterisks (*) indicateootstrapvaluesk/5 % of 1000 bootstrapsThe scale
denotes the number of substitutionsep site (0.5Modified from Walker et al, 2018).



1.2.1.1 Virion Structure

The rhabdovirus virions are enveloped and generally bsheiped or bacilliform. Sizes range
from 100- 460 nm in length and 45100 nm in diameter. Classically, cesteaped viruses
infed vertebrates, while plant rhabdoviruses are bacilliform or bufileaped. The bullet
shaped LNYV virions are showrfFigurel.3 (Redinbaugh and Hogenhout 2005; Kuzmin et al.
2009; Dietzgen et al. 2017; Walker et al. 2018)

Figurel.3 Electron micrograph of bullethaped LNY Vapticles. Image magnification is at approximately
91, 500 (Reproduced from Fry et al. 1973).

Glycoprotein peplomer projections, 510 nm long and 3 nm in diameter, cover the outer
surface of the virion, creating a honeycomb pattern on sowmises (Figure 1.4A). The
peplomers consist oéctodomain trimers. The ectodomain trimers are considered to be the
functional unit for both virion assembly and virustey into vertebrate and invertebrate host
cells(Kuzmin et al. 2009; Walker et al. 2018)

The internal virion structure consists of a helical ribonucleoprot@®NP) complexThs
nucleocapsid structure is 3070 nm in diameter, an@rossstriationscan be seemwhen the
virion is negativelystained and \@éwed under electron micrograpiiDietzgen et al. 2007;
Walker et al. 2018) The RNP complex is composed tightly linked genomic RNA,
nudeoprotein (N), RNAlependent RNA polymerase (L) and polymerassziated
phosphoprotein (P). The aftrix protein (M) condenses the RNP complex, encases the
nucleocapsid and interacts with the glycoprotein (G) envelgjgurel.4B; Kuzmin et al. 2009;
Dietzgen et al. 2017; Walker et al. 2018)
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Figurel.4 lllustrations of rhabdovirus virion and RNP structure. A) Shows virion outer surface with
glycoprotein peplomer projections honeycomb pattetipid layer imbedded with the matrix protein,
and internalhelical RNP structer(Reproduced fronDietzgen et al. 20)7B) Shows cross section of
the virion withthe RNP structure depicted as unravelling to show the association of the L and P proteins
within this helical structuréReproduced frontHulo et al. 2011; Walker et al. 2018)

1.2.1.2 Genome Structure

The rhabdovirus genome consists ofirear, single-stranded, negativesense RNA with five
canonical gened ¥ NB Y :d\N@ P diM ¢ G, ©.(Genomesangefrom 10.8kb to 16.1 kb in
size,are generally unsegmentedand represent X 3 % ofthe virion weight(Dietzgen et al.
2017; Walker et al. 2018The generavaricosavirusand more recenthpichoravirushave bi
segmented genomes where each RNA segment is encapsulated independémthe have
beenclassifed as rhabdoviruses due gubstantial sequence identityith known rhabdovirus

genera, and thir rod shaped morphologipietzgen et al. 2017; Walker et al. 2018)

¢tKS FAOS Oly2yAOlf 3ASySa I NBE FNI YSR) de@ler NS3Idzf | (2 NEB
¢N¢Pc¢McGcL trailer p Qand intergenic regions thainclude signal sequences for
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transcriggion and translation. Rabdovirus genomes caaiso contain further accessory genes
(from 5 to 1Q or more),and the five canonical genes can also be overprinted or overlapped

(Walker et al. 2011; Dietzgen et al. 2017; Walker et al. 2018)

1.2.1.3 Genome Replication and Transcription

The virion RNPcomplex is active during Bio transcription and translation. Except for the
generapreviously known aslucleorhabdovirusnd Dichorhabdovirusvirus replicationoccurs
in the cytoplasmandfollows a common pathwayHost cell entry un-coating ofthe endosome,
viral transcription and ranslation, viral genome replication and encapsidation, destly,
release of theviral genome by buddingDietzgen et al. 2017Host cell entry by vecter
mediated penetration occurs for most rhabdovirus genera, where the arthropod vector
penetrates host cellular walls, and transmits the vifeg. those genera that transmit without
an arthropod vector (cited in sectidh2.1) host cellentry by receptormediated endocytosis is
facilitated by the G protein &ching to surface receptors of the callhanges in the endosome
pH causes the endosome to-apat, releasing the RNP complex into the cytoplékiemin et

al. 2009; Dietzgen et al. 2017; Walker et al. 2018)

After cell entryvia either method, he M protein disconnectsfrom the nucleocapsid and

initiates viral transcription(Dietzgen et al. 2017)Viral transcription at this stage ialso

referred to as primary transcriptiontThe RNP complex is used as the viral template, and the

RNA genome is repetitively transcribed by the virion transcript@dietzgen et al. 2007;

Kuzmin et al. @09; Walker et al. 2011; Walker et al. 2018ach gene is repetitively

GNF YAONAOSR Ay | LINPINBAaaAODSon adejaxSng imdlart Y|
gradient. The transcribed mMRNAs an@nocistronic,p -@appedand o -@olyadenylated(Figure

1.5; Walker et al. 2011; Dietzgen et al. 2017; Walker et al. 2@18S pQ O LJ A& ISy !
transcription initiation (Tl) sequence which also initiates methylation of the downstream
MRNA.The o -Qolyadenylationis generatedby the transcription termination polyadenylation

(TTP) sequence at the end of each gene, tnchinates the mRNAHgurel1.5; Walker et al.

2011; Dietzgen et al. 20173 KS o0Q f SI RS NJ a &, dz& goatdehaed a (K
(poly A) tail and is transcribed liwnot translated(Walker et al. 2018)
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Figurel.5 lllustration ofprimary transcription on examplehabdoviralgenome Vesicular stomatitis
Indiana viruds used asan example showing transcription of the five canonical gemegleoprotein (N),
phosphoprotein (P), matrix protein (M), glycoprotein (G) and polymerase proteifig)ight blue
MRNA depictions represent the decreasing molar gradient ostrabed genes (N>P >M > G >L). The
shaded box abovéhe genome representation showthe W 3 S v SseqBefideaRtranscription
termination polyadenylation (TTP) sequence that gener#tew -@oly A tail on mRNAand is
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4S1ljdzSy 0S G KI tap anmREAS YRS & a0 NS LB H8EMRISAR in thid figre W
(Reproduced fromDietzgen et al. 2017)

Using the host celbrganelles in the cytoplasngene translation occurs from the capped and

polyadenyated mRNAgKuzmin et al. 2009; Walker et al. 2018) proteins are transported to

the cytoplasmic membrane, and the other viral proteins are expressed by free polyribosomes

in the cytosol(Kuzmin etal. 2009% ¢ KS I OOdzydz | GA2y 2F (GKS @ANI{f LN
from transcription to genome replication in the polymerase functi@ietzgen et al. 2017,

Walker et al. 2018)

As the viral RNA genome is negatsense, gnome replication requirean encapsulated, full
length positivesense RNA genonte be synthesised. This is referred to as the -gethome.
The antigenome is initiated by the complementary sequence of the leader RNA and assists the
RNP (N/L/Pproteing) in encapsidation of the emgmng positivesense RNAhat is synthesised

by the polymerase compleXhe antigenome binds with the N/P protein complex to function
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as a template for synthesis of a fidhgth, encapsidated, negativsense RNA genome for viral

progeny(Figurel.6; Dietzgen et al. 2017; Walker et al. 2018)

Polymerase
complex

\leader genome (negative strand)
| p—; |

Synthesis of

L the positive

strand, anti-
genome

Synthesis of
the negative-
[ sense RNA

genome
genome (negative strand) iral
R e s seeeereasecsaeserssestss st sscssesa e e ol Progeny vira

Figurel.6 lllustrationof negativesense RNgenome replicationlllustration showshe synthesis of the
positive strand antgenome(green strand with blue linggnd the negativesense (olive stand with red
line) progeny viral genomeJsingthe pdymerase complex, first the encapsidated felhgth anti
genome is synthesisetllsing ths anti-genome, a fullength, encapsidated, negatixaenseprogenyRNA
genome is synthesiseth this figure he RNRs labelledasWt 2 f & Y S NI #&MVBdifiodryntBiuld &t Q
al. 2011)

Followinggenomereplication,secondary transcription, translatioand replication occurs from
the fulFlength, negativesense RNA progeny genom@sann and Dietzgen 201%yalker et al.
2018) From these genomes, progeny virions are assemblada staggered proces$he RNRs
assembled via M, and lipid envelopes containing G fahm virions. The @nes are
accumulaed from different parts of the host cells the RNPnhoves to the site of viral budding

(Dietzgen et al. 2017; Walker et al. 2018)

The site of viral budding varies depending on the virus and host(Rellinbaugh and
Hogenhout 2005; Kuzmimt al. 2009; Dietzgen et al. 2017; Walker et al. 2018)r
cytorhabdoviruses forexample, the RNPaccumulates at theendoplasmic reticulumand
establishescytoplasmicthread-like viroplasms. The viroplasnteen move tothe cytoplasmic
membranesites where Glsoaccumulates. From here, the viroplasms bud into the cytoplasm
and form enveloped viriongRedinbaugh and Hogenhout 2005; Mann and Dietzgen 2014;
Dietzgen et al. 2017; Walker et al. 2018nhmunocytochemicaimapping andanalysis of
protein interactionsfor the cytorhabdovirus LNYV hawupported this replication model

(Martin et al. 2012)
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Within the Rhabdovirus family there argix genera of plant rhabdovirusef-igure 1.2).
Cytorhabdovirus, Dichorbdovirus, Varicosaviru§Walker et al. 2018)and those previously
known as Nucleorhabdovirus; Alphanuceorhabdovirus, Betanucleorhabdoviruand
GammanucleorhabdovirugDietzgen et al. 2020)The virus strongly correlatetb recent

lettuce crop losses in NEettuce necrotic yellows virbglongs b the Cytorhabdovirugenus.

1.2.2 Cytorhabdovirus

The Cytorhabdovirugenuswas established based on the cytoplasmic site of viral transcription
and translation The classificationof this genushas been further supported by phylogenetic
analysigRedinbaugh and Hogenho2005; Dietzgen et al. 2007; Kuzmin et al. 2009; Walker et
al. 2018) Specieslassificatiorwithin the genus isletermined byseveral factors. Aucleotide
sequence difference of at least 88is required, he plant hog range and vector specificity, as
well asthe ability to be clearly ditinguished in serologicalr by nucleic acidliagnostic tests
also influence the classificatidiKuzmin et al. 2009; Dietzgen et al. 2017; Walker et al. 2018)
There are currently 1{Walker et al. 2018jecognisedmember pecies, of which there are
only sevencomplete genomes available. There are aldbunclassified cytorhabdovirusgsf
which 11 have their conplete genome available(National Center for Biotechnology

Information[NCBIR004; Walker et al. 2018)

Cytorhabdwirus genomes are unsegmented and rarfigam 12.8kb ¢ 14.5 kb, encoding six to
ten genes(Walker et al. 2018)These include the five canonical rhabdovirus protedms an
accessory viral movement protein (MP) gene betwésnP and M geneéWalker et al. 2011,
Walker et al. 2018)Some cytorhabdoviruseshave been found taencode small additional
proteins that have structural similarities to the class la viropotingt are detected in
mammalian rhabdoviruse@Valker et al. 2018)while LNYV andailfalfa dwarf virusADV) have
RNA silencing suppressor actwwithin their P proteinThe functions of the other accessory
genesfound in cytorhabdovirusesre as yet unknowr(Redinbaugh and Hogenhout 2005;
Walker et al. 2011; Dietzgen et al. 2017; Walker et al. 2018; Whitfield et al.. Zi§8jel.7

shows the genome organisation, including these accessory gefiesir cytorhabdoviruses.
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Figurel.7 Genome organisation afxample cytorhabdoviruseScale at the top represents genome size
in kilobases (kh)Canonical rhabdoviral genes are whitegessory genes are shaded in grey, émel
positionsof the open reading framesqRF}pare indicatedby the arrow shapes. Cytorhabdoviruses
represented includéettuce necrotic yellows virus (LNYétuce yellow mottle virus (LYMoV), northern
cereal mosaic virus (NCMV), and strawberry crinkle virus; pxoduced fromWalker et al. 2011)

Overall, cytorhabdoviruses can infect a wide variety of mongdedonand dicoyledon plant
species with transmissioroccurringvia arthropod vectors This iprimarily Aphidiae(aphids),
Cicadellidadleafhoppers), andelphacidagplanthoppers Redinbaugh and Hogenhout 2005;
Kuzmin et al. 2009; Walker et al. 201B) most casesthe virus replicates in the arthropod
vector as well as in the hoglant. Somecytorhabdovirusspecies can be transmitted during
vegetative propagation and some can be mechanically transmitted by infected sap.
Transmission via seeat pollenhas not been reporteqFry et al. 1973; Boakye and Randles
1974; Redinbaugh and Hogenhout 300ann and Dietzgen 2014; Walker et al. 2018)

Lettuce necrotic yellows virds the type speciesof the Gytorhabdovirusgenus The type
species is used as the taxonomic referefmeclassificationWalker et al. 2018; EzBioCloud
2018) Other discoveredcytorhabdoviruses, such asorthern cereal mosaic virus (NCMV,
Tanno et al. 200Q)ettuce yellow mottle virus (LYMoWeim et al. 2008)persimmon vrus A
(PeVAlto et al. 2013)ADV(Bejerman et al. 2015and colocasia bbone diseaseassociated
virus (CBDaV(Higgins et al. 2016a)were all compared to LNYV to assist witheir

classificatiorasCytorhabdovirusnembers(Walker et al. 2018)
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1.2.3 Lettuce necrotic yellows virus (LNYV)

1.2.3.1 Infection and Symptoms

LNYV was firatfficially reported and namedin 1963 Suspectedlettuce crop losses from the
previouslyunnamedvirus have beendocumentedin Australiasince 1954 Stubbs and Grogan
1963) The vius hasalsobeenidentified in NZ with suspected lettuce crop losssmce 195,

and was firsofficiallyreported in 1973Fry et al. 1973)

LNYV is transmitted to plants by aphidsteddminately transmission occurs bythe
blackcurrantsowthistle aphidHyperomyzus lactucg&tubbs and Grogan 1963; Fry et al. 1973;
Dietzgen et al. 2007)The Asian sowthistle aphidlyperomyzus carduellif@heob.)hasalso
proven to be a vector(Fry et al. 1973; Dietzgen et al. 2008)d, more recently the
blackcurrantlettuce aphidNasonoviaibisnigriis suspeted of transmitting the virugStufkens

et al. 2002; Walker et al. 2003; Fletcher et 2019) LNYVis transmitted in apersistent,
circulative ancpropagativemanner, causinghe infected aphid tde able totransmit the virus

for the rest of its lifetime (Redinbaugh and Hogenhout 2005; Walker et al. 2018; Whitfield et
al. 2018)

Virus transmission tahe aphid vector occurs via an uninfected apfieeding on an infected
plantand the virus is ingestedh the case of LNYW is suspected the uninfected aphid fed on
infected sowthistle Sonchusspp.) Virus infection begins in the insect guthere the viral G
peplomers bind to surface receptomn gut epithelial cells, andndocytosis occursHere the
virus is propagated by virateplicaion andthen circulatesthrough gut basal laminae and
muscle cell nto nervous tissug, tracheae and insect hemagle. The insect salivary glands are
most likely infected vidzhe hemocoelsbut could also be infected via muscle cells or neurons.
+ANR2Y A Y20S A yadng ardirdcSnitédyhéo Sthed paats Id thefcds@df LNYV
this is usually lettuceléctuca sativaCarneiro et al. 2005; Redinbaugh and Hogenho520
Gallet et al. 2018; Whitfield et al. 2018)hispathway through the insect vectas depicted in
Figurel.8.

LNYVcan also betransmitted transovarially Studies withthe aphid H. lactucae showed
transmissioracross at least two generatioifBoakye and Randles 1974; Dietzgen et al. 2007)
However, only about 2@ of viruliferous aphidsere able to transmit the virus, and only 20

of these are able to transmit to the next generati@Boakye and Randles 1974; Dietzgs al.
2007)
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Salivary gland

Figurel.8 lllustration of athropod transmission of viruses. Circulative propagation of the virus is
indicated by the red arrows, sing thefeedingarthropodingesting the virusThe vrusinfects the
insect via the gutpropagatesandcirculates to the salivary gland and canatremsmit@dA I (i KsS Ay a S
saliva(Carneiro et al2005; Redinbaugh and Hogenhout 2005; Dietzgen et al. 2007a; Whitfield et al.
2018 Figure eproduced fromHulo et al. 2011)

LNYV habeenshown to hfect avariety of plants This mcludesAllium sativum(garlic),Arachis
hypogaedapeanut),Carthamus tinctoriugsafflower),Cicer arietinunfchickpea)lLactuca sativa
(lettuce),L.serriola(prickly lettuceor milkthistle), Lupinusalbus(white lupine) L.angustifolius
(narrowleaf lupin), Medicago polymorphgBurclover),and the sowthistle speciesSonchus
oleraceus S. asper S. kirkii, S. megalocarpaand false sowthistle Reichardia tingitana
(Plantwise[Date unknowr]; Stubbs and Grogan 1963; Fry et al. 193&tzgen et al. 2007a;
Higginset al. 201®; Fletcher et al. 2019)Sowthistle § oleraceu} is noted as the most
important reservoir host plant antkttuce (L sativa) is the most economically importarost
(Dietzgen et al. 20074diggins et al. 201§. For experimental purposes LNYV has also been
successfully mechanically inoculatiedo several plants. ThesecludeNicotiana glutinosand
N. clevelandii, Petuniaiybrid (petunia) Datura stramonium(jimson weed or thorn apple)
Spinacia oleraceugspinach), Lycopersicon esculenturftomato) and Gomphrena globosa

(globe amaranthDietzgen et al. 2007a; Higgiesal. 201®).

LNYV symptoms on lettuce can vary depending on the age of the lettuce when infected.
Lettuce plants infeed early become severely stunte8ligure1.9C). Early infection prior to
heart formation causes necrosis of the innermost leaves, often extending to bronzing of the
outer leaves following the leaf veins. These symptoms result in the rejection of the plant for
sale(Fry et al. 1973; Dietzgen et al. 200Zater infection causes outer green leaves to appear

dull and faded, developg bronzing and necrosis along the veins. Older leaves then become
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chlorotic or mottled, and grow in a flattened and flaccid stakég(re 1.9D), commonly

progressing to plant deat{Stubbs and Grogan 1963; Fry et al. 1973; Dietzgen et al..2007)

Figurel.9 Healthy and LNYYV infected field lettuce showing a range of symptoms. A) Healthy lettuce. B)
Early infection showing stunted growth. C) Early infection showétigwing of leaves and stunted
growth. D) Laténfection showing chlorotic outer leaves (Photos provided by Dr Colleen Higgins,
Auckland University of Technology).

Other LNYVhosts show a variety of symptoms&light stunting and interveinal chlorosis
symptoms have been recorded for lupins infectednwitNYYyand lethal wilting and necrotic

tip burn in infected chickpea. Infected safflower devedaposaic symptomsand burclover
developschlorotic streaking and slight leaf distortiobNYV infections ofaglic and peanut
have been observed in mixed ict@onswith other plant virusegDietzgen et al. 2007; Higgins
et al. D16b) In contrast, Sonchusspp. appear symptomleseven when they have been
successfullynechanically inoculate@Stubbs and Grogan 1963; Fry et al. 1973; Dietzgen et al.
2007)
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In mechanically inoculatedll. glutinosa symptoms differ across differ¢risolates of NYV.
Systemic leaf crinklingdowncurling chlorosis or mottling, andvein clearinghave been
observed (Stibbs and Grogan 1963; Fry et al. 1973; Dietzgen et al. 20@&%hanical
inoculation oflettuce (L.sativd and Sonchuspp. has proven difficulhowever, N. glutinosais
more readily susceptibléStubbs and Grogan 1963; Crowley 1967; Fry et al. 1973; Exettg
al. 2007) Mechanical inoculatiortechniquesaim to replicate the probing of aphid stylets
(Redinbaugh and Hogenhout 2005; Dietzgen et al. 2001} is because when probing for
suitable host plants thephid stylets wound thespidermalplant cells, allowing virus to be
directly injected(Boakye and Randles 1974; Redinbaugh and Hogenhout.2005)

It is suspectedhat lettuce plants are infectedby aphids probingThe primary LNYV aphid
vector, H. lactucae,does not breed or colonisdettuce, so infection is due to infected aphids
probing lettuce plants while searching for gable breedingplants. The aphid overimters on
blackcurrants, then migites looking forsowthistle species (Fletcher et al. 2019)Indeed,
increasedincidence of LNYV infection lettuce plants correlates taaphid migration in late
spring and summe(Stubbs and Grogan 1963; Fry et al. 1973; Boakye and Randles 1974;
Dietzgen et al. 2007; Diaz et al. 2012; Fletcher et al. 2019)

A survey oNZaphid populationsfrom November 2016 through to March 2014t two lettuce
farms,found H. lactucaeonly during NovembefFletcher et al. 2019Howeverthe N.ribisngri
aphid was found from December through to February, with peak incidence in January. This
matches previous records ophid surveygWalker et al. 2003; Fletcher et al. 2019)e N.
ribisngriaphidalsooverwinters on blackcurrardgr goosebernput in contrast toH. lactucae,it
emerges to colonise lettucerops or Crepis capillarighawksbeard) andCichorum intybus
(chicory; Stufkens et al. 2002; Fletcher et al. 2Q19) ribisngri coloniseslettuce heads and
innermost leavesunlike most aphids that infect lettuce, and arrives early in the growing
season(Diaz et al. 2012N. ribisngri is known to ause substantial economic losses in lettuce
crops worldwide,andthe aphid was discovered in NZ in 20&2ufkens et al. 2002; Diaz et al.
2012; Fletcher et al. 2019M recent project was instigated to confilw ribisngrias a vector
for LNYV in NZ, but unfortunately tbeiginalaphid colonycollapsedand anoher could not be
re-established at the time. This wékely due to the warm spring and then tla¢ternating hot

and wet summefFletcher et al. 2018)

39



1.2.3.2 LNYV Genome

The LNV genome cdains six genesThe five canonicafjenes consistent with rhabdoviruses
and the MP gen&nown as 4bpositioned between the P and M genddiisis consistent with
other cytorhabdovirusegDietzgen et al. 2007; Walker et al. 2018)ith a genome size of
12,807 nucleotidegnt; Wetzelet al. 1994a), LNY\sits on the smaller end of the size range for
current sequenced cytorhabdoviruse§Walker et al. 2018) This genome hasnaaverage
rhabdovirus coding capacity 80.4% (Dietzgen et al. 2007Yhesix protein coding genes are
TN YSR 08 dzyGNIFyat |l (S Rader Kdyaice of 84D 2andpiR&ISYy G NBE 0Q
sequence of 187 nt(Dietzgen et al. 2007)These complementary sequencésrm a
opanhandlé structure, as seen in other rhabdovirusesthough theLNY\Meader sequene has

a two nucleotide overhangWetzelet al. 1994a; Ito et al. 2013; Bejerman et al. 2015)he
function of the panhandlestructureis unclear, buthought to be involved witlsite recognition
signals for the polymerase compldyring genome replicatiofWetzel et al1994a; Bejerman

et al. 2015)

The order of genes in the LNYV geroisio Q f SNcPEMIMP)CMcGecLecp Q G NI Af SNJ
(Figure1.10A). The genes are each separated bighly conserved, short, intergenic reggon

containing the sequenc&NU(C/U)(N)NACU where the (N)n represents@able number of

nucleotides (Redinbaugh and Hogenhout 2005; Dietzgen et al. 2007; Walker et al.. 2018)

Analysis of the viralYwb! & &dK2g¢SR (ak SdppEd it mSFHR &(7-
methylguanosinpcoy Y SOG SR GAl | & KRN KR [IK ZNBeLE S 3 NP dzLJ
hydroxyl group of the first nucleade to be encodedBiology Online 2005Y hisis consistent

with other rhabdovirusegDietzgen et al. 2007)he mRNA£ncoding theN, M and Goroteins

alsocontaint RRAGA2Y It D FyR ! ydzOft S2iARS&Wetmedeti 6 SSy GKS p
al. 1994a; Dietzgen et al. 2007a)

I FG SNJ K Sequende of & Intdh8 adintergenic regionof 6 nt, is the start of the N
gene. Thiganonicalgeneis 1,530 nt in lengthwith the major ORF 374 nt in length The ORF
isflanked by untranslatedegions (UTR) of 78 nt, and encodes a protein 459 amino acids long
(Figurel.10A; Wetzel et al. 1994b; Dietzgen et al. 20Q7&)ree smaller overlapping ORFs have
been identified one in the plusense direction (227 nt to 1448 nt) and two in the minus
sense (1,111 nt to 935 and 817 nt to 587 nt), encoding proteins of 57, 59 and 77 amino acids
respectively. However, the functioof these short length proteins is currently unknown
(Wetzel et al. 1994b)Although there are a total of 11 complete cytorhabdovirus genomes
available(Walker & al. 2018) there is limited directRNAsequence similarity across plant

rhabdovirusegRedinbaugh and Hogenhout 2005; Dietzgen et al. 2007)
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The N genads the fird gene to be transcribedAs a resultA G Q&  Yhe most nlinderous
LNYV mRNAn infected cells the accumulation of which helps trigger the switch from
transaiption to genome replicatior{Section 1.2.1.3 Figurel.5; Callaghan and Dietzgen 2005;
Dietzgen et al. 2007a; Walker et al. 2018his gene, and its translated protein, play an
essential role in forming th&kRNP complex and the infectious nucleocapsid csiracture
(Section 1.2.1.7). Similar tothe RNAgenomicsequencesthere is limitel protein sequence
similarity across rhabdovirusealthough the protein folshg and RNA binding cavity highly
conservedWetzel et al. 1994b; Kuzmin et al. 2009\Y\and LYMoV have shown the greatest
protein similarity, with 56 % similarity of themino acid sequence that makes up their N

proteins(Heim et al. 2008)

The N and P proteins also interact beyond the RRptex.Prior tothe N protein interacting

with the viral genome, the P protein acts as a chaperone, helping the N protein retain its

soluble form and prevents the N protein from automatically assembling outside of replication

(Kuzmin et al. 2009; Martin et al. 2012nmunocytochemical analys@etecting proteinand

protein interactions andocalistions has shownthese interactions between the N and P

proteins (Martin et al. 2012) The N and P interactions have been visualised outside the

nucleus and except for ADV, this was the cas for all protein localisation studies of

rhabdovirusegMartin et al. 2012; Bejerman et al. 2015)

For the LNYV N protei@l phosphorylation sites have been identififtiesesiteswere shown
to be conserved across the LNYV isolates analyseggesing functional significance for at
least some of these sitefietzgen etal. 2007) During a study of several LNYV isolates,
characteristicsn the sequencesf the N gene revealethe isolatescould be grouped intéwo
distinct subgroupqSection1.2.3.3 Callaghan and Dietzgen 2003equence characteristics
fA1S (GKS adG2L) O2R2ys (KS 0Q YR pQ ! ¢twax
supported the groupings, as did phylogenetic analy€iallaghan and Dietzgen 2003)e
phylogenetic analysis and isolagroupings arediscussed further inSection 1.2.3.3 An

overview of the lasic feature®f all six LNYV genes are illustrated-igurel.10B.
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Canonical gene, forms the RNP complexand the
(Kuzmin et al. 2009; Dietzgen et
N 1530 459 130103 nucleocapsid core, interacts with the genomic
al. 2017; Walker et al. 2018).
RNA, and L and P proteins
Canonical gene, interacts and chaperonesthe N
protein, interacts with the RNP complexandthelL  (Kuzmin et al. 2009; Mann et al.
P 1085 300 AF209035 .
protein as a co-factor, and has shown RNA 2015; Walker et al. 2018).
silencing suppressor activity
Accessory gene, putative viral movement protein,
sequence and protein structure similarities with (Mann et al. 2015; Dietzgen et
4b 1046 302 AF209034
the '30K' superfamily of plantvirus movement al. 2017; Walker et al. 2018).
proteins
Canonical gene, involved in condensing of the
nucleocapsid and forming the bullet-shaped virion,
(Redinbaugh and Hogenhout
M 631 177 AF209033 gene expressionand the shift between
2005; Dietzgen et al. 2007a).
transcription and replication, and interacts with
the 4b protein
Canonical gene, peplomer spikes bind to surface
(Carneiro et al. 2005;
receptorsin arthropod vectors, type 1 glyocprotein
Redinbaugh and Hogenhout
G 1836 551 AJ251533 involved in signalling the L protein to target the
2005; Dietzgen et al. 2007a;
endoplasmicreticulum for cleavage and post- .
Whitfield et al. 2018).
translation modification
Canonical gene, contains characteristic structural
motifs common for RNA-dependent RNA (Redinbaughand Hogenhout
L 6332 2067 AJ746199 polymerases (RdRp), is involved with the RNP 2005; Dietzgen et al. 2007a;

complex, and viral RNA replication and

transcription

Whitfield et al. 2018).

Figurel.10 Diagram illustrating the LNYV genome. A) Shows the genome organisation and nucleotide
position of the six genesncluding the leaded)and trailer {). The N and P gene has been enlarged to
show the N gene untranslated regions (UTR) and the blackdmbaiine representing the intergenic
regions between théeader () sequence and the N and P ger{égure created by autharB) Showsn
overview of thebasic features of the six LNYV genes, incluttiagaccession numbers for the reference

1.2.3.3 LNYV Subgroupsand Phylogenetic Analysis

genome andrief pointsabout the gene and protein function for each.

As briefly mentioned earlier Gctions 1.2.1 and 1.2.3.9, phylogenetics has been used

extensively to view and aithe understanding of intesspecies and intrgpecies relationships
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(Lam et al. 2010)This bioinformatics toollbbws the taxonomic and evolutionary relationships

to be characterised and evaluatedhe idea of comparing molecular sequences to infer
relationships was put forward in 1958 by Francis Crick, and then more formally by Emil
Zuckerkandl and Linus Paulingl®65 (Pace et al. 2012)fter this, discussions began to focus

on the right methodology to infer these relationships and find the righe{BinindaEmonds
2009)

Modern methods forphylogenetic analysis can be grouped into two broad categories; distance
and discrete methods. Brieflglistance methods calculate the pairwise differences between
the sequences involved and progressively middtree from the two most closely related
sequences. The most common distance method is Neighiouring (NJ), and is considered
the fastest methodBaldauf 2003; BinindBmonds 2009; Lam et al. 201@)iscrete methods,

also known as tre searching methods, act on each sequence directly, looking at each column
of an alignment of sequenceand searching for the best tree that fits the data. There are
several discrete methods, the most populbeing the Maximum Likelihood (ML) method

(Baldauf 2003; BinindBmonds 2009; Lam et al. 2010; Pagan 2018)

The ML method requires the most computer poweiThis is becausié essentially tests every
tree possibility produdng a final treewith the greatest likelihood of expressing the dasad

that is mathematically preferred over the other tree topologies testBdldauf 2003; Bininda
Emonds 2009; Lam et al. 2010; Pagaa8) This method requires pre-determined model of
evolution ¢ a substitution model suitable to the particular datasgethat providesguidelines
regarding base composition, rate, frequency, and nature of substitutions at different sites
(BinindaEmonds 2009; Lam et al. 2010here are differenevolution models available, and

the most suitable model can be found prior to tree construction using a mode(ltest et al.
2010)

Both phylogeneticsystemscan employ the use of bootstrapping to test the robustness, and
therefore the confidence of the final tree. Bootstrapping involves generating random
replicates of the sequencalignment and building trees from them. Replicate trees that
produce branching patterns thatre consistentwith the final treeindicate confidence in the

final tree bpology. Generallyl,000 bootstraps are performed and values of%®@r higher are
reported, as this indicates at least half of the bootstrap replicates produced the same branch
topology(Baldauf 2003; Lam et al. 2010)

Phylogenetics has been used to better understand several aspégisnt viruses including

extensive use inlant virus classification and taxonon@ectiors 1.2.1and 1.2.2 Pagan 2018;
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Walker et al. 2018)It hasalso provided further insight into the mechanisms that \di
evolution, the genetic diversity of plant virus populatiored hasinformed phylodynamics
Phylodynamics includase understanding of host defences, the virus mode of transmission,
epidemiological dynamics and their interaction withe genetic variion of the plant virus
(Pagan 2018)

Phylogenetic analysis of LNYV L gene has supported its classification as a cytorhabdovirus
(Dietzgen et al. 2007While phylogenetic analysis of the LNYV N gene ORF from several
isolates formed two monophyletic clades, representing two distinct subgroups for the isolates
(Callaghan and Dietzgen 2009)hese groupings were named subgrolupnd subgroup I
(Callaghan and Dietzgen 200%urther analysi®f the N gene ORBt both the nucleotide

(Figure 1.11A) and amino acidFgure 1.11B) levek suggest the LNYV population in both NZ

and Australia are made upf two sulgroups (Callaghan and Dietzgen 2005; Higgins et al.
2016b)

LNYYV is not the only plant rhabdovirus to form subgro@esetic varantswithin viral species
has been reported for severgllant virusesacross the differentrhabdovirusplant genera.
Phylogenetic analysief the N and/or L genes haveevealed groupingsr genetic variants for
the alphanucleorhabdoviruses (previousiycleorhabdovirusedietzgen et al. 2020)aro vein

chlorosis virus (MCV, Revill et al. 2005and Eggplant mottled dwarfivus (EMDVPappi et al.
2016) and te dichorhavirugs Coffee ringspot virus (CoRRé&malho et al. 2016and Orchid

fleck virus (OFWKubo et al. 2009)As well aghe cytorhabdovirusesADV (Samarfard et al.
2018) Raspberry vein chlorosis virus (RyQdhes et al. 2019; Rajamaki et al. 2019¢CV
(Klerks et al. 2004; Koloniuk et al. 2018)d the suspected cytorhabdovirlgy latent virus
(IvLV Petrzik 2012)

Variation studies and hylogenetic analysis of the LNYV N gemes displayed distinct
topographic characteristicbetween the two subgroupslsolates in the subgroup | cled
showed longer branches with high bootstrap values, while isolates in the subgroup Il clade had
shorter branches with bootstrap values below 50 % #metefore were considered not well

supported(Figure1.11A; Higgins et al. 2016b; Ajithkumar 2018)

Sequence ariation was detead acrosghe isolates Includingwithin each subgroupand not
just between the two subgroupsat both the nucleotide and amino acid levézallaghan and
Dietzgen 2005; Higgins et al. 2016b; Ajithkumar 20E8ygins et al. (2016b) founthe

subgroup | isolates were 93.5 %100 % identicalat the nucleotide leveland pairwise

difference valuesvere calculatedo be 0.0 ¢ 0.228 by Ajithkumar (2018)isolates belonging to
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subgroup Il were 97.2 %99.6 % idential at the nucleotide levegHiggins et al. 2016pand
pairwisedifferencevalues were between 0.0020.218(Ajithkumar 2018) Less variation was
observed at the ammio acid level, with subgroup | showif§.3 % 100 % identica{Higgins et
al. 2016b) with pairwise diferencevalue of 0.0¢ 0.019 (Ajithkumar 2018) and subgroupl |
showing98.8 %- 100 %identical (Higgins et al. 2016pyvith pairwise diferencevalue of 0.0g
0.01(Ajithkumar 2018)

Phylogenetic trees constructed with protesequences also reflected less variaticompared

with nucleotide trees. ¢ss branchswere observed for both subgroup clad¢sgure 1.11B).

This apparent @nservation ofthe N proteinsequencesnay be due toa need to conserve the
structure of the protein. Specific functions of the N protein may requirecise protein
structuresto enable these functions to bearried out (Callaghan and Dietzgen 2005; Kuzmin et
al. 2009) In fact, most of the observed nucleotide changes have resulted in synonymous
substitutions(Callaghan and Dietzgen 2006pnserving the protein sequence. This lw#so

been observed in other plant rhabdovirusesuch asADV (Samarfard et al. 2018 CoRSV
(Rarmalho et al. 2016)OF\{Kubo et al. 2009and EMD\(Pappi et al. 2016)

Phylogenetic analysiahich included LNYV N gene isolates from NZ and Australia identified
noteworthy relationships with thdsolates. Within both subgroups the NZnd Australian
isolates formed country specific subcladdsg@re 1.11A, and Figure 1.11B; Higgins et al.
2016b; Ajithkumar 2018) In addition, the Australian isolates revealednaunexpected
population structure Of the 18 Australian isolates collecteafter 1993 none belonged to
subgroup 1, suggesting this subgroup has become extinct in Auqi€aiaghan and Dietzgen
2005; Higgins et al. 2016y leanwhile in NZ, both subgroups have been ideatfin both the
North and South Island#iggins et al. 2016b; Ajithkumar 2018; Fletcher et al. 2019fact,
both subgroups have been isolated from the same host spebim® the same farmin the
same yeal(Higgins et al. 2016b; Ajithkumar 2018his was also seen with the last Australian
subgroup | isolate in 199@Callaghan and Dietzgen 200%8)nd suggeststhe two subgroups
have ceexistedand evolved independentlgcross space and timgallaghan and Dietzgen

2005; Higgins et al. 2016b)

The origin and timing othe emergence of LNYV is currently unclear. Baye&volutionary

Analysis Sampling Trees (BEAS(ps://beast.community analysis suggested that subgroup |

emerged earlier (150 years ago) than subgroup 1l (75 yearsHiggins et al. 2016b)rhese
estimateshave beersupportedby the earlier emergence of subgroup | observed in nucleotide
tree analysisKigure 1.11A; Higgins et al. 2016b; Ajithkumar 2018&onversely phylogenetic

trees from LNYV N gene protein sequendegufe 1.11B), and whole genome analysis with
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other rhabdovirusegAjithkumar 2018)indicated the subgroup Il lineage emerged earlier than
the subgroup | lineagdHiggins et al. 2016b; Ajithkumar 201&owever, his branching
pattern does not reflect the current LNYV subgroup population dynamic in Australia, where
subgroup | appears toave died out. If the subgroup | population emerged after subgroup I,
why would ithenK I+ @S RASR 2dzi SIFEINXIeé Ay GKS moppnQack

The current hypothesiss supported by N gene nucleotide trees atfte BEAST analysis
Higgins et al. (2016lsuggests that subgroulp emerged more recently and rapidly, dispersing
quickly and supplanting subgroupSubgroup Il was possibly able to do this as the result of
more-optimal interactions with insect and/or plant hostkliggins et al. 2016bMeanwhile in

NZ, the continued countrwide presence of both subgroups suggests subgroup Il has yet to
displace subgroup(Higgins et al. 2016bAlthough with recent increased lettuce crop lessn

NZ, it has been suggested that subgroup Il could be exhibiting a stronger preseaa@oos
severe strain of LNYV may haaived in NZ from Australig-letcher et al. 20195ampling of
lettuce cropsin the areas experiencing these losses may provide ingightthe sourceadd
support for hypothesises regarding these losses, and update the current LNYV subgroup
population structurein NZ Additional samples would provide more LNYV sequences for

analysis and may further elucidate the relationships between the LNYV subgroups.
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Figure1.11 Maximumtlikelihood (ML) phylogenetic trees of the LNYV N gene. A) Shows ML phylogenetic
analysis of LNYV N gene nucleotide sequences. B) Shows ML phylogenetic analysis of LNYV N gene
protein sequenes.Isolate country of origirsiindicatedwith NZ isolates coloured pirdnd Australian
isolates coloured blue. Subgroups indicated in black with pairwise distance values shgeme
sequences from three cytorhabdoviruses were included as outgroup segseand are named in full.
Scales represent the number of substitutions per site (Reproduced Ajahkumar 2018)
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1.2.3.4 LNYV Mixed Infections and Quasi-species Model

NZ plant pathogenrecordsdocument ten viruses that infect lettuc@/eerakone et al. 2015)
and pathogen surveys of lettuce crops often identify plants infected with multiple viruses
(Fletcher et al. 2005; Fletcher et al. 2019jxed infections havels been detected in other
plants (Schneider and Roossinck 2001; Jo et al. 2017; Koloniuk et al. R0%8Y lettuce
infections in NZ camclude the viruse8eet western yellows virud the genusPolerovirus
family Luteoviridag Cucumber mosaic virus the genusCucumovirusfamily Bromoviridag
Lettuce mosaic virugnd Turnip mosaic viru®f the genusPotyvirus family Potyviridag
Mirafiori lettuce bigvein virusof the genugOphiovirus family Aspiviridag andLettuce bigvein
associated virusand LNYV of th@erera Varicosavirusand Cytorhabdovirusof the family

RhabdoviridadFletcher et al. 2005; Veerakone et al. 2015; Fletchat.61019)

In 2017 two types of mixed infectionswere each detected in approximately 20 % of
symptomatic lettuce headg¢Fletcher et al. 2019)Mixed infections consisted dfNYV and
Cucumber mosaic virus, and LNYV and Lettucedirgdisease; caused byMirafiori lettuce
big-vein viris and Lettuce bigvein associated virusletcher et al. 2019Yhis shows that mixed
infections are generally viruses of different genera, although they can belong to the same virus

family, such as the rhabdovirusksgtuce bigvein associated virus and LNYV.

As discussed ifiection 1.2.3.3 variant strains of several rhabdoviruses have been identified
However,reports of mixed or canfected hosts with rhabdovirus variants are limited tvery
recent report of OFV(Roy et al. 2020)SCV(Koloniuk et al. 2018)and Viral haemorrhagic
septicaemia virugVHSv) andnfectious hematopoieticnecrosis virugIHNv) in fish hosts
(Benmansour et al. 1997; Thompson et al. 2011; Pierce and Stepien 301&igs have shown
that mixed infections could have a synergistic relationship, influencing disease symmad
may play a role in viral evolution, the levels of diversity within the viral population, and viral
adaptability(Martinez et al. 2012; Pierce and Stepien 2012; Jo et al. 2017; Leaks2618)
These properties appear to fit a quasiecies model, which is characteristic of RNA viruses

(Pierce and Stepien 2012)

The quasbkpecies model describes the complex and dynamic distribution of viral variant

mutants, forming a viral population for a virus species. This viral population, also known as a

Wa gl NXY¥Q 2N WOf2dzRQX A& YIRS dzlJ 2F @GANIt 3ISy2YS 3
ARSYUGAOIT X G2 GKS YI &GS Nhcen@ddmeRGnEIASCompaNsd Wo At R (@ L.
et al. 2006; Domingo 2010; Martinez et al. 2022A NHza S & | 2088) THie@ W fuask

species model was first demonstrated about 40 yeage,aand has provided an important
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mathematical framework for understanding the population genetics and structure of rapidly

evolving viruse¢Compans et al. 200& A NHza Sa I 208) Y2 RSt a X

- Replication

horizontal lines represent single viral genomes
* ol symbols on lines represent mutations

Figurel.12 Representation of viral quaspeciesnodel lllustration cepicting a single viral genome,
represented by thdolack horizontal line, producing viral variants displaying mutaticepmesented by
the coloured symbols, after @ication(Reproduced fronMartinez et al. 2012)

The quasbkpecies model is charactstic of RNA viruses due to their small genome size and
high mutation rates that, therefore, generate high genetic diversity. High mutation rates allow
RNA viruses to evade the antiviral defences of hosts and adapt quickly to new environments
(Eigen 1993; Martinez et al. 2012; Pierce and Stepien 20M2¢ RNAlependent RNA
polymerase protein of RNA viruses, known as the L proteaimaibdoviruses, lacks the ability to
STTAOASHE R QVWRNRR TanpanSdtl. RG6; Ddmingd 2010; Martinez et al.
2012) This causes high, approximately*1@ucleotide substitutions per site per replication
cycle (Martinez et al. 2012; Pierce and Stepien 201utations can also occur via RNA
recombination and reassortment in the presence of mixed infections in the same host cell
(Domingo 2010; Martinez et al. 201ZReassortment is limited to segmented viral genomes,
and has been shown to contribute to the genetic diversity of the dichorhavirus(IK#f\do et

al. 2017; Roy et al. 2020Recombination can occur in all viruses, although, it reportedlyrscc
consistently less frequently in negative sense shsgianded RNA viruse®amingo 2010;
DiazMartinez et al. 2018)However, it has been suggested as a possible mechanism behind

rhabdoviruses gaining accessory ge(\Walker et al. 2011)
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Within the viral quasspecies population, the variant sequences are subjected to continuous
genetic variation by selective pressures and viral fitnésgu¢e1.13; Compans et al. 2006;
Domingo 2010; Martinez et al. 2012iral fitness is regulated by the viral phenotypes that
determine survival and the production rate of viable viral progégigen 1993; Compans et al.
2006; Domingo 2010)iral fitness is further defined into different faseteplicative fitness,
which refers to the capacity of the virus to produce viable viral progeny in thengi
environment, transmission fitness, which refers to the capacity of the virus to transmit to new
K2zata F2N) adNBAGIE RdzS (2 (KS K2aGQa RSFTSyOSa
which refers to the capacity of the virus to become the domineariant, phenotype or clade,

in respect to the other variants, phenotypes or clades of the same virus in the given
environment(Wargo and Kurath 2012)iral variants with advantageoumits become the
dominant variant, phenotype or clade through positive selective pressures leading to a new
consensus genome sequence and an increase in fitreigmiré 1.13). Negative selective
pressuresor bottleneck events cause an increase in traits that modify the consensus genome
sequencen an attempt to increase viral fithess. However, tbé actualljead to decreased
fitness and the elimination or decrease in frequency of a variant genotfffigure 1.13;
Compans et al. 2006; Domingo et al. 2012; Martinez et al. 2@aht viruses, in particular,
undergo frequent bottleneck events as they overcome plant and insect host defences and

barriers to transmissio(Kuzmin et al. 2009; Domingo et al. 2012; Dietzgen et al. 2016)
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Figurel.13 Representation ofjuasispeciesviral fithess and survivalllustration cepicting the dfects of
positive selective pressurblue arrowson the right and negative selected pressure, red arrawsthe
left, on an initial viral population. Unrestricted replicationa constant environmerafter multiple
replication cycles, multiple blue arrows, leads to fithess gain and survival, depicted by the triangle at the
bottom. Negative selected pressure or bottleneck events leads to decreased fitness and the
accumulation of mutations that modifyne consensus sequence, depicted by the symbols on the
consensusgenone ¢ KS O2yasSyadz 3Sy2YS NBFSNAR (2 (GKS YI &af
for the population(Modified from Martinez et al. 2012)

The quasspecies model has been heavily explored in relation to -desgstance mutations

and mutagenesis for human RNA viruses such as human immunodeficiency virus (HIV),
influenza virus, and hepatitis B and[[@omingo et al. 2012; Martinez et al. 20Muses are

Y 2 R S 2048X Severalesiculoviruss that infect vertebrates, have demonstrated the quasi
species mode(Jordan et al. 2000; Novella et al. 20183 have the novirhabdoviruses, VHSv
and IHNv, that infect fisi(Benmansour et al. 1997; Thompson et al. 2011; Pierce and Stepien
2012) However, these appeato be the only published reports of rhabdovirus species

demonstrating the quasspecies model.

The quasspecies model has been demonstrated in plants through studies of-uost
interactions(Schneider and Roossinck 2001; Ali and Roossinck 2017; Jo et al A@hge of

hosts and virusedhave been studiedwhich ha demonstrated that universal conclusions
regardingthe population dynamics oRNA quasspecies cannot be maddhe RNA quasi
species population dynamiese likely to be different for different viruses and virus strains in
different hosts(Ali and Roossinck 2017This is supportedy studies showing that quasi
species population size for the same virus was not constant, and depended on the host
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environment, including plant hosts of different cultivd®&chneider and Roossinck 2001; Jo et
al. 2017) In fact, it has also been shown that this change in host environment generated
different rates of mutation and evolution, as well as the level of population variation and
diversity in the same viruéScmeider and Roossinck 2001; Jo et al. 20Hgwever, a study
analysing quasspecies populations in single and mixed infections found that the population
variation could be stable and was not particularly affected by the lfaitand Roossok
2017)

This study also found that different viral strains generated different ggpscies population
variation Sngle infections showed higher population variation compared to mixed infecgtions
suggesing that mixed infections may cause shifts population diversity levels through the
modification of viral evolution rategAli and Roossinck 2017)t is clear that general
conclusions regarding the population dynamics of gisasicies canot be made at this stage
(Ali and Roossinck 2017Nevertheless recent technological advancements with high
throughput sequencing (HTS) allows for greater sequence coverage of thespeaws
genome sequences, compared to traditional method® et al. 2017)Thismay allow for
further studies and greater understanding tife hostvirus population dynamics ofjuast

species

The nixed virus infctions seen in NZ lettuce are all RNA viruses. Although it has not been
confirmed, a quasspecies nature for LNYV is likely to exists as it is an RNA virus. The quasi
species model also suggests mixed infections may well have contributed to the vasiegion

in LNYV, though there is no evidence of this reported at this stage. LNYV has shown sufficient
variation to give rise to the two subgroups, and variability within these subgroups is apparent
from phylogenies, particularly for subgroup 8¢tion 1.23.3). The sequence variability for
either subgroup within a host has not yet been reported, and there has not been any report
describing cenfection of the two subroups, suggesting that they are discrete populations.
Although this is an important consideration for understanding the LNYV subgroup population

structure, it is beyond the scope of this study.

1.2.4 Virus Detection

As discussed earlién Section 1.1, plant pathogens have a significant influence on crop losses
globally.It is estimated the costs due to infections in the United States alone are US$40 billion
annually (Fang and Ramasamy 2018) NZ, horticulture greatly supports the NZ economy,

with 5,500 commercial fruit and vegetable growers employing about 60,000 p€bioleNZ
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2017) NZ exports 606 of what it grows, with horticultural exports tripling in the last 20 years
to approximatelyNZ$5.6billion, almost 10: 2 T tofal!éxpart merchandiséBeresford and
Mckay 2012; HortNZ 2017; PFR 2019pwever, biosecurity issues due to plant pests have
significant cultural, social, environmentaind economic impactéGreer and Saunders 2012;

Ganley and Bulman 2016)

A key example ofa costly plant pesis grapevine leafroll disease (GLD). GLD is a complex of
virus species from the famil@losteroviridagand is present in all graggowing regons of he
world, including NZAImeida et al. 2013; Veerakone et al. 2015)s transmitted by mealybug
speciesPseudococcidaeand softscalesCoccidaeAlthough specific economic data for GLD is
limited, it has been estimated to range from US$25,000 to US$40,000 per vineyard hectare for
those vineyards with a 2gear lifespar{Almeida et al. 2013)NZ currently has 35,000 hectares
of vineyard producing over NZ$1.6 billion in expdR&R 2019)There is no cure for GLD so
management ofinfection levels within a vineyard is the only way for growers to maintain
economic sustainability. Infection levels abov&elmeans infected vines need to be remoyed
termed roguing,and replacd with vines tested to be disease fréaAlmeida et al. 2013; PFR
2017) The costof roguing to growergper hectare for ultrgoremium Chardonnay vines is
approximately NZ$160,000(PFR 2017)This highlights the importee of virus detection
methods for aierying infection, monitoring infection levels, aisdreening plats and seeds
prior to planting, export and/or impor{Gachon et al. 2004; Almeida et al. 2013; Fang and
Ramasamy 2015; Fox and Mumford 2017)

The very nature of virusestheir very small size, composition and pathogenesisquires
understanding of their aetiology for effective managemefdeong et al. 2014; Selvarajan and
Balasubramanian 2016; Fox and Mumford 20Mijal infectionsymptomsincludingcrinkling,
mosaic, browning or necrotic areas on leaves, could be due to other ceasgs as
unfavourable weather or nutrient imbalancé&lmeida et al. 2013; Jeong et al. 2014; Dobhal et
al. 2016) In addition, some viral infections could be asymptomatic, making diagnosis of viral
infection by symptora more difficult than for other plant pathogersnd agrochemical control
treatments are not an effective option, particularly after infecti@@ong et al. 2014; Dobhal et

al. 2016) Therefore, acurate identification and diagnosis is an important first step for crop
management systemgJeong et al. 2014; Fang and Ramasamy 2015; Selvarajan and

Balasubramanian 2016; Fox and Mumford 2017; Pallas et al..2018)

Plant virology can béraced back to the late 9 Century Althoughthe development of

methods for characterising and diféry G A I G Ay 3 @A NI funtiRthedl B®IFBE RA R

and Mumford 2017)¢ KA & f SR G2 | G3dSYLIia §@oxénd Munifodd dzS
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2017) and the creation of the International Committee on Taxonomyiaisés (ICTV) during
the International Congress of Microbiology held in Moscow in 186GV 2019)As of the
tenth report from ICTVan excess of 1,400 plant virus species have been ligted and
Mumford 2017; ICTV 2019)

Understanding the aetiologyf plant viruseshas also influencd the diagnostic detection
technologiedor these pathogensThe specific characteristics ofuses that mean thegannot

be cultured or directly observeldasnecessitate virologists being more prepared to explore
new detection methods(Fox and Mumford 2017)Although this does not mearthese
technologies arembracedfor frontline applicationstrends in the methods of detection have
progressedalongsidethe development of new technologi€Bigurel.14; Boonham et al. 2014;

Fox and Mumford 2017 his hadeen demonstrated in aeview of first and novel plant virus
detections in the United Kingdom (Uby Fox and Mumford (201.7AVithin the review period,
1980 to 2014, wus detection technology evolved from those involving biology, morphology,
and serologyto those involving molecular, sequencing, and next generation sequencing (NGS

or highthroughput sequencing (HT&chnologieqFigurel.14; Fox and Mumford 2017)

mBiology mMorphology mSerology ® Molecular m Conventional Sequencing  m NGS

100%

90%
80%
70%
60%
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10% A
0% T T T T

1980-1984 1985-1989 1990-1994 1995-1999 2000-2004 2005-2009 2010-2014

% of diagnostic technologies applied in detection process

Year (5 year period)

Figurel.14 Technologies applied in detection and diagnosis of fieseéction and novel discoveries of
viruses, viroids and virdike agents in the United Kingdom. Data was collected from reports where the
use of that technology has led to a positive finding. Figures are the percentage of findings where each
type of methods had been reported to have been used in the detection of a new finding. Data presented
as periods ofive yeas. NGS refers to nexgeneration sequencinfReproduced fronfrox and Mumford
2017)
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Traditionally initial diagnosisof plant virus infectios involved analysis of theitWo A 2ér2 3 & Q
pathological mechanismThis has included analysiof field symptoms and symptoms on
mechanically or grafinoculated indicator host¢Schaad and Frederick 2002; Veerakone et al.
2015; Selvarajan and Balasubramanian 2016; Fox and Mumford. ZHig)is reflected by a
contribution of almost 30 %otfirst virus discoveries between 1980 and 1984 in the Ridfute

1.14; Fox and Mumford 2017)However,analysis of the pathological mechanism ls&evere
limitations, with viral symptoms on different hostshowingvariation or evenasymptomatic,

and some viruseleing unable tde transnitted by mechanical sap inoculatigbietzgen et al.

2007; Boonham et al. 2014, Jeong et al. 2014, Selvarajan and Balasuian 2016)

The further development of electron microscopy (EM) and transmission electron microscopy
6¢9av tft2SR GKS Ay Of dza A 2 y. TRiSttechhdicygialifazetl 2 3 & Q
detection techniques in the 19&and 199@ (igurel.14; Fox and Mumford 2017However

these methods required specialist knowledge and years of experi@wmnham et al. 2014)

Fromthem ppbn Q& G K S NBtakd it thd usefbipacifici tgfgetiédeamnlogiessuch as

serolog (Section 1.2.4.0) and molecular methods $ction 1.2.4.2 Fox and Mumford 2017)

The report by Fox and Mumford (2017) also noted the use of two or more methods to confirm
findings, andsuggestedthat the sudden rise of NG®r HTS)techniquesin 2010 to 2014,

alJLISF NBR G2 0SS NBLXIOAY3 wWwY2tSOdzZ N FyR woO2
reports Figurel.14).

1.2.4.1 Serology Technologies

Serology technologies are target specific as they relyherspecificantibody-antigen binding
relationshp. Viral antiserum is produced by injecting wattooded mammals, such as rabbits

or goats, with purified virus oviral antigen over a period of several weeks. The polyclonal
immunoglobulins, also known as antiserktm A & G KSy LJZNAFASR FNRY (K
used for virus specific detectiofClark and Adams 1977; Jeong et al. 2014; Selvarajan and
Balasubramanian 2016) Several technologies utilised thisntibody-antigen binding
relationship in particular the enzymelinked immunosorbent assay (ELISA) which incluaded

antibody that wasconjugatedor Wnked@i 2 'y Sy T &YS 2 NJ WNB LR NI SND
measurable productClark and Adams 1977; Cox et al. 2012)

The ELISA method became popular after Clark and Adams (1977) developed the method to
function in a microplateallowing for large numbers of samples to be test&tiere are several

ELISA formatof which the sandwich or double antibody sandwich ELISAEDISR) were the
55



most popular for plant virus detectiofClark and Adams 1977; Torrance and Jones 1981;
Boonham et al. 2014; Fox and Mumford 2Q1A)the sandwich ELISAethod (Figurel.15),

the viral antiserum polyclonal antibodies are attached to a solid surface, the micrpplade

I NB dza SR gl ardigéns liditiz&8rQle to be testefihe sample to be tested is
added along with a second enzyme or reporter linked amtily and incubated to allow
antibody-antigen binding. Thesecond antibody is used for detection and measuremend
binds to different sites or epitopes on the viral antigen compared to the capture antiddy.
GANI £ alYLXS Aa (GKSyYy Wal y R bastg kerizyne or epaité S y
substrate isadded to generate the measurable prody€igurel.15). Conventionally, a colour
change wa®bserved and the optical densitymeasured. Other reporter types can include a
fluorophore and fluorescence is measured orhemiluminescent substrate is used and the
luminescence is measured. The reporter signal measurement is proportional to the amount of
viral antigen present in the samplallowing for a semguantitative measuremen(Clark and

Adams 1977; Torrance and Jones 1981; Cox et al. 2012; Fang and Ramasamy 2015)

Viral antiserum polyclonal Test sample containing viral

antibodies (Y) attached to a solid antigen (| |} binds to antiserum
surface antibodies (Y)
Detection antibody (Y) linked to Enzyme or reporter substrate ("+'}
enzyme ar reporter | ) binds to hinds and generates measurable

sample antigen U] product ()

Figurel.15 Diagramliustrating the major steps involved sandwich ELISAiral antiserum is attached
to a solid surface, usually a microplate. Test sampeliedand binds to antiserum. Detection antibody
witht Ay1 SR Syl avys 2NJ NBLRNISNI 0AyRa (G2 GKS (84
sample antigen between two antibodies. Enzyme reporter substrate is added and generates a
measurable productFigurecreatedby authorbased onClark and Adams 1977)
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Target specific eyological technologies proved to be mucfaster than morphology and
biologicalsymptom diagnosis nteods. Thiscontributed to their high and consistent use, seen
between 1980 and 2004Figure1.14; Boonham et al. 2014; Fox and Mumford 2Q1¥he
commercialisation of antiserum, equipment and reagents meamblegical methodswvere
cost effective, sensitive, simple and gatile(Boonham et al. 2014; Jeong et al. 20X@hly a
small amount 6 antibody is requiredor testing andthe processcan besemiautomated
allowing a large number of samples to be tested at on@Boontam et al. 2014; Jeong et al.
2014; Selvarajan and Balasubramanian 201Bje addition of specific monoclonalr
recombinant antibodies increaseassay performance through improved sensitivity and
specificity(Boonham et al. 2014; Fang and Ramasamy 2MH&yeverthe overall process is
still lengthy, with specialised equipment, expertise, and a lgngefied amount of the viral
sampleis needed togeneratethe specificantiserum(Boonham et al. 2014; Jeong et al. 2014)
Although the antibodyantigen binding relationship is specific, crosactivity and false
positive results can occur, and the method is often appropriate for closely related wus
strains orwhen a wide range of pathogens need to be screened(Bmonham et al. 2014;

Jeong et al. 2014; Fang and Ramasamy 2015; Selvarajan and Balasubramanian 2016)

Serological technologies to detect LNYV appear to have been widely resedrohedate

1960 Q& G2 S (DN&gen emnah ROOT)Ehisresearch was inspired ih967 with the
development of a method to purify theirus(McLean and Francki 196A)lthoughthis method
producedhighly purified LNYVirus particlesijt producedonly a smalamount, while requiring

a large amount of infected plant materiéMcLean and Francki 1967 further improved
purification method was reported in 1989Francki et al. 1989)The erly serological
technologies involving tube precipitin or gel diffusion tests required highly concentrated virus
and coudl produce norspecific precipitategFranck and Randles 1970; McLean et al. 1971,
Francki et al. 1989The N and G genes were able to be detected using monoclonal antibodies
from leaf material bymmunoblot detectionand indirect ELISfDietzgen and Francki 1988;
Dietzgen and Francki 1990However, the development of a DARISA proved to be
significantly more sensitiviDietzgen et al. 2007and was able to detect LNYV in leaf material
and aphid vectorChu and Francki 1982)NYV diagnosis by ELISA was used in a study
assessing the spatial patterns of LNYV and Lettucedngdisease in lettuce crojis Australia

(Coutts et al. 2004)

Throughout this timedifficulties with extacting the virusdue to degradation from reducing
agents and solvents as documened (McLean and Francki 1967; Francki and Randles 1970;
Francki et al. 1989; Dietzgen and Frarié90) Although LNYV can be detected by BASSA,

no serological difference betwedrNY\strainshas beerdetected(Francki et al. 1989jurther
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supporting the unsuitability of serological technologies to distinguish closely related viruses

(Boonham et al. 2014; Jeong et al. 2014)

1.2.4.2 Molecular Technologies

During the sametime period whenserological technologies weigeing established some of
the first molecular technologies were also developéd. seen irFigure1.14, molecular and
conventional sequencing technologies weommmon techndogies used forfirst virus
detections from 1985 to 2014Fox and Mumford 2017)The Sanger sequencin¢Section
1.2.4.2.) method in 1977(Sanger et al. 1977)and the polymerase chain reaction (PCR
Section1.2.4.2.3 in 1986(Mullis et al. 1986)representtwo of the foundation technologiesof

modern molecular, sequencing, ahT Sechnologies.

1.2.4.2.1 Sanger Sequencing

BB GKS wmpcnQa YIye LINPHboBevesthis was RlaboriBuS grocésS of dzSy OS R
fragmenting the RNA, separation of fragments by chromatography andr@ihoresis,

followed by sequential exonuclease digestion of each individual RNA fragmigintthe RNA
sequencedetermined from overlapgShendure et al. 2017)n 1977 two methods to ecode

sequences were reportedchemical degradation(Maxam and Gilbert 1977and chain

termination (Sanger et al. 1977)0f which { I y 3 éaideimination method ultimately

proved to be the most useful and is now known as Sanger sequefStrannehén and

Lundeberg 2012; Shendure et al. 2Q17)

Briefly, Sanger sequencing involves the use of the enzyme, DNA polymerase.Nfhe D
polymerase is used to exterd a camplementary nucleotide strangd or chain, using
deoxynucleotide triphosphates (dNTHs}tiated by a oligonucleotideprimer. The reaction
also included dideoxynucleotidephosphates (ddNTP®Y each nucleotide bastnat lacked a
0Q KERNRE&f 3INRdzZLIE Ol dzaAy3 GKS GSNXYAYThé@A2Yy 2F GKS
arbitrary incorporation of the chaipterminating diNTPsmeant that complementary stands
were of different lengths, eventually generating complementary strath@s$ had terminated

at each template nucleotid@osition The strands were separated by electrophoresis, enabling
eachtemplate nucleotide to be sequencd@anger et al. 1977; Stranneheim and Lundeberg
2012; Shendure et al. 2017; Bluth and Bluth 20M8)dern Sanger sequencing is automated,
with the template strands differentiated by capillary gdéctrophoresisand the diINTR are
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labelled by distinct fluorescentdyes The fluorescent signals are themad by a laser and
specific software creates a chromatograph or electropherogf@igurel.16; Stranneheim and

Lundeberg 2012; Shendure et al. 2017; Bluth and Bluth 2018)

1) Reaction mixture
Primer and DNA template . DNA polymerase
ddNTPs with fluorochromes « ddNTPs (dATP, dCTP, dGTP, and dTTP)

-y

GONTPs
5 3) Capillary gel electrophoresis
separation of DNA fragments

bbb

2) Primer elongation { Capiiary gel

and chain termination ) . 1
o w g
T ] Detactor 3.~ ’

Laser

—_ =

vvvvvvvvvvvvvvv
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4) Laser detection of fluorochromes
A( | I ||“ and computational sequence analysis
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— Chromatograph
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Figurel.16 lllustration of moden Sanger sequencing) Showseactioncomporents. 2) Shows the
different lengths of the complementary strands and the incorporation of fluorescently labelled ddNTPs
3) Shows thaeparation of the complementary strands by capillary gel electrophorés&hows
fluorescently labelled ddNTPs read by laser eohputationalvisualisatiorby chromatographor
electropherogramModified fromBluth and Bluth 2013)

Although Sanger sequencing came into immediate use, its role in virus detection was generally
characterising and confirming virus@sox and Mumford 2017 After initial identification by
symptoms and negative ELISA tests of known viruses, new viruses were cloned and sequenced
to identify their genome organisatioBoonham et al. 2014 his sequence information was
extremely useful for other molecular tenologies, such aBCRSection 1.2.4.2.3, and more
recently isothermal amplification(Section 1.2.4.2.6 Jeong et al. 2014; Selvarajaand
Balasubramanian 2016; Fox and Mumford 201&% seen inFigure 1.14, conventional
sequencing contributed to about 10 % of first virus repdrsm 1985 to 2004, with an
increase to 30 % for the period 2005 to 20F@x and Mumford 2017)The Human Genome
Project, completed in 2004, incentivised many improvements Sanger sequencing

G§SOKy 2t 23AS3a ,RazMilgliay initHe Sroderdrethtddlogy illustratedFigure
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1.16 (Stranneheim and Lundeberg 2012; Shendure et al. 2@%7Ahe same time kernative
sequencing techniques were also explored, leading to the developmemMiT& andNGS
technologies (Section 1.2.4.2.3 arising not long after the Human Genome Project was
completed (Stranneheim and Lundeberg 2012; Selvarajan and Balasubramanian 2016;
Shendureet al. 2017)

For many years Sanger sequencing was considered the gold stdndastjuencingThis isn

most partdue to its highaccuracy, long sequence reads, and @fgtctiveness in regards to
labour, instrumentsand reagentgStranneheim and Lundeberg 2012; Shendure et al. 2017; De
Palma 2018 Nov)Sanger sequencing is ideal for sequencing specific genes ¢b®é&alma
2018 Nov) Thissequencing data carhén be used for further bioinformatic analyses such as
phylogenetic analysi¢Callaghan and Dietzgen 2005; Bejerman et al. 2015; Dietzgen et al.
2017; Kondo et al. 2017)mutation and strain variant identificatiofkKondo et al. 2017;
Samarfard et al2018) and commonly, confirmatiomr validation of HTSresults (Section
1.2.4.2.2 Stranneheim and Lundeberg 2012; Boonham et al. 2014; Khabfa2215; Pallas et

al. 2018; Roy et al. 2018; Samarfard et al. 20@20)st a few

The Sanger sequencing method was used to determine both the genome organ{¥storel

et al. 1994annd the genomic sequend®Vetzel et al. 894b; Dietzgen et al. 2006)r LNYV.

With this information available, molecular technologies, such as(B£Ron 1.2.4.2.3, rather

than serological DABLISAnethods(Section 1.2.4.1), are able to be usedbr virus detection
(Thomson and Dietzgen 199%anger sequencing information from different LNYV isolates has
also been used for phylogenetic analysis and further aeslgtthe six LNYV genéGallaghan

and Dietzgen 2005; Martinez et al. 2013; Mann et al. 2015; Higgins et al. 2016b; Mann et al.
2016b; Mann et al. 2016a)

1.2.4.2.2 High Through -put Sequencing (HTS) andNext-Generation Sequercing (NGS)
Technologies

HTS technologies weranitially referred to as NGSHowever,HTS technologies are now

NEFSNNBR (2 a waSO2yRQ 2N Wi KieNRte e®BiggS NI G A2y &€
nature of technology and the changing title of whiclt& y 2 f 23ASa | N8 2F (KS WwWySE
(Stranneheim and Lundeberg 201R)TSechnologieshave differentmethodologiescompared

to Sanger sequencing, although thestill utilise the polymerase enzymeand prior

amplificationor preparationof the target DNA is still requiredEgan et al. 2012; Stranneheim

and Lundeber@012; Shendure et al. 2017)ultiple different technologies were released
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after completion of the Human Genome Project, of which some are no longer utilised
(Shendure et al. 2017The HTS technologies that proved most popular incluskguencing by
synthesis(SBSvith reversible dye terminatiomsed by llluminasequencing by ligation used

by Complete Genomics, iesensitiveSB3used by lon Torrent, and singheolecule sequencing

usad by Pacific Biosciences and Oxford Nanopore Technologies, which are also referred to as
Wi KANR GsBoliehdidg GeahBoogie€Egan et al. 2012; Straeheim and Lundeberg
2012; Shendure et al. 2017Although these technologies produce shorter read lengths
compared with Sanger sequencing, approximately 200 bp compared to approximately 900 bp,
their clonal amplificationand template librariesallow for rapid, massively parallel, high
throughput specific sequenng (Figure1.17; Egan et al. 2012; Stranneheim and Lundeberg
2012; Shendure et al. 2017)
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100 - 400 bp l | Sanger Sequenung
‘ Slab gel electrophoresis
[1990s] ' ’ 1read/4 lanes .
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\ . generation
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{
'
AN W AR S S O
400-700 bp [ | 4 [ | Massively Parallel Sequencing
t ' Y Y c 1 d
2000s onsensus, long rea
l ! 8 6 55 10° reads/picotiter plate
Second
L AAAAAAAAAAAAAAAAL Massively Parallel Sequencing generation
100-200 bp (X22222222222222%] Consensus, short read sequencing
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4 : : 4
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Figurel.17 Diagam representinghe development of molecular sequencing technologiHse key
changesdn read length and degree of parallelisre illustrated fromthe 199@ to 2011 QGrey
downward arrow on the left shows progression of read length in base pairs ffiopdate in square
brackets.Coloured arrows represent the fodNAbases! Y RSNJ a S02y R 3IASYySNI GA2Y &
LI I 6SQ NBFSNAR (2 G(GKS LIRNR&SI|dSYyOAy3a (SOKyz2f238
sequencingl SOKy 2t 2383 | YR WL2y OKA tdehnovByTGdsdhirdi 2 L2y ¢
ISYSNY A2y aSljdzSyOAy3a Wia 2seqlehdingdS ONE/ RS MBI 852 | ty RO AYA
Yy 2RSQ NB Fe§uedcingltezhnology fro@xford Nanopore Technologi€Modified from
Stranneheim and Lundeberg 2012)
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HTStechnologies can providéroadspectrum, unbiased detectionfaven closely related
genomic sequences without requiring prior sequence knowledgdSelvarajan and
Balasubramanian 2016; Pallas et al. 20IR)is nakes these technologies ideal for the
screening and etection of pathogens, and have been used for plant viral detection studies,
with several reports released in 200Boonham et al. 2014; Adams and Fox 20A6)seen in
Figurel.14, between 2010 and 2014, first detection reports in the UK ullig®Xxontributed

to almost 30 %f first discoveries of plant virusésox and Mumford 2017However, the key
advantages of NG8 HTSechnologies; rapid, massively parallel, antheir high-through-put -

also generates massive amounts of data.

Initially, complicated bioinformatic tools and expertise were requirgnl decipher and
understand tlis data Athough general bioinformatic pipelines antbols have sincebeen
developed and are openly available they are still computer intensiverequire some
bioinformatic, rather than biological, expertisand different pipelines can give differing
resultsdepending on theHTStechnology and methodology usdégan et al. 2012; Boonham
et al. 2014; Adams and F8R16; Selvarajan and Balasubramanian 2016; Pallas et al.. 2018)
addition, separation of the viral, or pathogen, sequence data from that belonging to hosts
other organismspresent or any crosgontamination,is required(Adams and Fox 2016alias

et al. 2018)Severapre-analysis and sample preparatiapproaches to balance this have been
developed dependng on the HTStechnology and what information is required from the
testing but each has its own disadvantagésgan eal. 2012; Boonham et al. 2014; Adams and
Fox 2016)

Another drawbackwhen using HTS technologies tmoad-spectrum genome sequencing

the discovery of virusesutside those being screened fPhdams ad Fox 2016)The discovery

of novel viruses which may or may not causeagiomsis problematic, as well as the discovery
and potential characterisation of novel viruses based on nucleotide or amino acid sequence
similarity to known viruses without any supporting biological dat§dBoonham et al. 2014;
Adams and Fox 2016; Pallas et al. 20T®ese drawbacks have contributed to the continued
W@ £ A RHT&&sAIY @ith Safiger sequencing and R&Rnologies and their use in more
establshed labs compared to frontline applicatior{fStranneheim and Lundeberg 2012;
Boonham et al. 2014; Khalifa et al. 2015; Pallas et al. 2af8eRal. 2018; Samarfard et al.
2020) Although costs foHTStechnologies are decreasin@oonham et al. 2014; Adams and
Fox 2016)the preparation steps, analysis, amount of data generatetd deciphering this
data, make the sequencing and detection of known virugesmigHT San expensiveoption that

has yetto be routinely implementedBoonham et al. 2014; Adams and Fox 2016; Selvarajan

and Balasubramanian 2016; Pallas et al. 20¥8uses where sequence data conserved
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genomic region are already availableenable viral infections to be detected by more cost
effectivetechnologies such @88CRSection1.2.4.2.3 Boonham et al. 2014; Jeong et al. 2014;
Adams and Fox 2016; Selvarajan and Balasubramanian 2016; Pall§04B8)

Despite the drawbacks discussed hettee use ofHTStechnology hasecently detected two

variant strains of twdalifferent cytorhabdovirusesPlaris suspected of RVCV infection did not
amply a diagnostic product when tested with an established PCR based test, so HTS was used
(Jones et al. 2019)The HTS reads, with PCR and Sanger sequencing filling in any gaps,
identified two variant genomesof RVCV. From this data PCR based testing with degenerate
primers for detection of both RVCV strains was develofdedies et al. 2019For the other
cytorhabdovirus, SCW¥e complete genome sequence was soufbim symptomatic plants

The sequences produced from HTS tdfesd two variantstrains of SCV. Current SCV detection
targets the L gene, which was previously the only published SCV sequence. From the HTS
genomes the development of new PCR based detection focusing on the other SCV genes can

be developedKoloniuk et al. 2018)

RecentlyHTSechnology waslsoused to sequence the LNYV genoménad NZisolates, both
asubgroup | and subgroup Il isolgt&jithkumar 2018) Rreviously only an Australian subgroup
| genome was availabi®ietzgen et al. 2006Yhis data was the used forin silicoanalysis of
the G gendAjithkumar 2018) Todate there are no reports of the use bfTStechnology for
the specificdetection of LNYV, howeveseveralother molecular detectiormethods have
been developedand these are discussed in the subsequent Sections (Sestlo®.4.2.3and
1.2.4.2.6 Higgins et al. 2016b; Ajithkumar 2018; Fletcher et al. 2018)

1.2.4.2.3 Polymerase Chain Reaction (PCR

Developed in1986 (Mullis et al. 1986)PCRyjuickly becamen essentiakelementfor molecular
technologies(Schaad and Frederick 2002; Jeong et al. 2B@R was able to be applied to
other biologicalnd moleculamapplications such adoning,gene expression and manipuia,
genotyping and sequencing, amathogen detection to name a few (Schaad and Frederick
2002; Jeong et al. 2014This technology proved to be teemely versatile, and its core
function was to amplify a specific sequence of DNA, generating millions of identical copies of

the target DNA(Jeong et al. 2014; Bluth and Bluth 2018)

PCR is ssentially a chemical reactiomith similar components to Sanger sequenciiithe
technologyalso uilisesthe DNA polymerase enzyme to incorporate dNiPextend a specific

sequence of the target DN@Iluth and Bluth 2018)The specific target sequence of the DNA is
63



identified bya pairof shortoligonucleotideprimers, representing the forwardand o feverse
sequences(Jeong et al. 2014; Bluth and Bluth 20IB)e specific NA sequence is amplified
by 30 to 40 repeated cycles of three stgpégurel.18). Step one consists aenaturing the
DNA strands at temperatures of 94C or above Stg two consists ofannealing the
oligonucleotide primers at temperatures of 5@ 70 °G and then step three consists of
extension of theprimersat ~70 °Chy the incorporation of the dNTRga the DNA polymerase
(Mullis et al. 1986; Jeong et al. 2014; Bluth and Bluth 20B8) the reaction occurs
sequentially, the target sequengcguided by the primers, is amplified exponentiajlgnerating
millionsof identical DNA copiggeong et al. 2014; Bluth and Bluth 2018)

Reaction consisting of
DNA template, primers, DNA
polymerase, dNTPs, mix buffer

GHINENANENARBNEDGH
el e T T T T T Teela
N 4 Spopiig

30—-40times
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nG;EeENARENNRBNCIGH
TERPTTTPTIIY  EEEEHTTHENN, .

I

Extension

~70°C

Step 2:
Annealing
50-70°C

Figurel.18 lllustration of the polymerase chain reaction (PCR) process. Step 1) Denaturation of the DNA
template into two strands a®4 °C or aboveStep 2) Annealing of the oligonucleotide primers (coloured
orange)to each strand at 5@ 70 °C Red arrows indicate primer direction on each strand. Step 3)
Extension of the primers using deoxyribonucleotidphosphates(dNTPscoloured oranggby the DNA
polymerase enzymeThis cycle of steps is repeated@80 times(Modified fromUniversity of Waikato
2017)

After the PCR process was completed, corracget amplification was confirmed using size
discrimination This was achieveldy agarose gel or capillary gel electrophore@suth and
Bluth 2013; Boonham et al. 2014Jhe amplified target sequences could then be further
utilised in other molecular applications such as cloning or sequeriBognham et al. 2014,

Jeong et al. 2014)
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Technological improvements contributed to increasing accessibility and speed of the PCR
process, as well as greatly lowering costs. Such improvements indieddetvelopment of
thermostabletag DNA polymerase from the bacteriumThermus aquaticysprogrammable

and portablethermocycler instruments, and the standardisation of reagefitsrenz 2012;
Boonham et al. 2014; Jeong et al. 2014; Bluth and Bluth 28T techologyalsoproved to

be highly sensitivespecific, coseffective and flexiblgGachon et al. 2004; Boonham et al.
2014; Jeong et al. 2014; Bluth andtB12018) When compared to serological methods such as
ELISASection 1.2.4.7), PCR assayeere easier and faster to establistwith higher sensitivity

and accuracyGachon et al. 2004; Boonham et al. 2014; Jeong et al. 2014; Selvarajan and

Balasubramanian 2016)

Further development othis technology hasncreased its versatiijtfor use with other nucleic
acids and molecular application§o amplifyand detect multiplenucleic acidtargets in the

same reaction, multiplex PCR can be performed by incorporating primer pairs for each specific
target (Boonham et al. 2014; Jeong et al. 2014; Pallas et al. 2Bl&)plex PCR does require
careful primerand assaylesignusingprior knowledg of the target nucleic acid sequence, but
allows for highly cost effectivesimultaneous, rapid, and potentially broagpectrum
amplification and detection of the targetequencegBoonham et al. 2014; Jeong et al. 2014;
Pallds et al. 2018)The addition of a step prior to the regular PCR cycles alfowshe
amplification of RNA samples using the enzymegerse transcriptaseReferred to ageverse
transcription PCR (RACR), aomplementaryDNA (cDNA) strand is synthesised from the RNA
template, followed by the regular PCR procé¥song et al. 2014; Bluth and Bluth 20IB)e
development of reatime or quantitative PCR (qPCRr®oNn1.2.424 Ay (KS wmMdbddn Qi
the ability to quantify and measure the target nucleic acid sequence as it was being amplified
(Higuchi et al. 1993; Gachon et al. 2004; Fox and Mumford 2017; Pallas et al. Na@h8)jous

other advances with the PCR process have been achieved. Howeverpmbogenedhere are

the most relevant to plant virus detectigiBoonham et al. 2014; Jeong et al. 2014; Pallas et al.

2018)

Plant vrus detection using PCR was first documented in 1{P8@hta and Sanger 1989; Vunsh
et al. 1990) Puchta and &ger (1989emonstraked that extremely low amounts of hop stunt
viroid (HSVdxould be amplified by RFCRFollowing this, in 1990 Vunsh et al. demonstrated
the first use of RPCR to detecan encapsidated virusBean yellow mosaic virugom plant
tissueand confirming the use oRTFPCR as a diagnostic tool for plant viroldgnom here PCR
became awell-established and populamethod for virus detection(Gachon et al. 2004;

Boonham et al. 2014; Jeong et al. 2Q01As seen irFigure 1.14, molecular technologies
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contributed N2 dzy R m»An 23 sFjhNdbig tdi3R & inmhiby 1 NI KI £ Ffo’r F GKS
first detections of plant viruse@-ox and Mumford 2017)

After the genome mapping andequencing of th&NYV N gene in 1994, data was available for
the development of a molecular detection asday LNY\Wetzel et al. 1994a; Wetzel et al.
1994b) Using PCR priens developed by Wetzel et al. (1994bhomson and Dietzgef1995)
reported a diagnostic assay for the detection of plant viruses. They demonstratdecular
detection of LNYV from both lettuce ard. glutinosaleaves using RPFCR(Thomson and
Dietzgen 1995) The LNYV N gene is the first gene to be transcribed, resulting in the
accumulation of N gene mRNA in infected cgfisction1.2.1.3 Callaghan and Dietzgen 2005;
Dietzgen et al. 2017)This therefore, makes it an ideal target sequence for molecular virus
detection (Calaghan and Dietzgen 2005; Dietzgen et al. 2007; Walker et al..20¢8) time,
severalRFPCRorimer sets able to diagnose LNYV have been develtpdfocus on the N

gene andtheseare discussed in greater detail in Chapter 2.

1.2.4.2.4 Quantitative Polymera se Chain Reaction (qPCR)

The concept of gPCR was developed to reduce downstream processes and cross
contamination after PCRHiguchi et al. 1992; Higuchi @&t 1993) In 1992, Higuchi et al. (1992)
reported a closed tube PCR system using the addition of ethidium brafat8e)dye to signal

the accumulation of dsDNA and therefore, the amplification of the target DitMs method
reduced crosgontamination and eliminated the need for poStCR gel electrophoresis
(Higuchi et al. 1992)n 1993, Higuchi et al. reported the rei@dhe monitoring ofthe kinetics of
PCRusing a camera to monitor the fluorescence intensfjuorescence increased the EtBr

bound tothe exponentially increasindsDNAIn the reaction(Higuchi et al. 1993)

From this, three kineti phase®f PCRwvere identified. The exponential phase represented the
exponential amplification of the target DNA. The linear phase represented the slowing of the
reaction as reaction reagents were used up, and the plateau phase repregtetedd of the
reaction, where no more amplification was taking plagégqre 1.19; ThermoFishefDate
unknown; Higuchi et al. 1993; Bluth and Bluth 20118)was foundthe fluorescence intensity
was directly related to the amplificatioof the target DNAallowing for the target DNA to be

guantified and measureih real time(Higuchi et al. 1993)
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Curve from
the detected
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Real-time PCR
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Fluorescence
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Figurel.19lllustration of PCR kinetics seen during gPCR. This illustration represents the amplification
curvegenerated during qPCR. The thick black curve represents the distinctive fsbisgtae detected
fluorescenceThePCR kinetics are described in three stggindicated on the illustratiorfModified

from ThermoFishe&cientific [Datainknowr)

Realtime or quantitative PCR, provided a single, clesdik system(Higuchi et al. 1993;
Applied Biosystems 2009; Jeong et al. 20T4jis reducedcrosscontamination, post PCR
processing, time, labour, and cogtSachon et al. 2004; Applied Biosystems 20&bng et al.
2014) The assay proved to be simple, rapid, convenient, and showed higher senaitigity
specificitycompared to endpoint PCR or serological meth@@@achon et al. 2004; Jegret al.
2014; Bluth and Bluth 2018)Less starting material was needed, which could then be
guantified (Gachon et al. 2004; Jeong et al. 2014; Pallas et al. 28kBpugh instrumentation
wasinitially expensive and technical expertise was required, technological advancements and
increasingwidespread proficiencyeduced the finpact of these limitations on the use of gPCR
(Jeong et al. 2014; Selvarajan and Balasubramanian 20b8) increase in genome data
available made the designing BCRorimers easier and more accessiffrhaad and Frederick

2002; Gachon et al. 2004; Jeong et al. 2014)

Within the modern gPCR approach, differing modes of generating the measured fluortescen
signal have been developed. These can be grouped into grabed methods, for example
TagMari™ and molecular beacon@igure1.20A), or nonprobe methods using inteatating
fluorescent dyessuch askEtBrand SYBR GreeffFigure 1.20B; Schaad and Frederick 2002;
Gachon et al. 2004; Boonham et al. 2014; Bluth Biuth 2018)

In general, ppbe-based methods rely on thdaybridisation of oligonucleotide probes in

addition to the PCR primer3hese probesontain a fluorophoreand a fluorophore quenching
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molecule (Figure1.20A). After the probe has bound to the denatured DNAe fluorophore

and quencher molecule beconseparated, or the fluorophore is releasdrom the probeby

the action of thetaq DNA polymerase, causing th#iuorophore to fluoresce. Theprecise

mechanisns for each manufacturer of probes or molecular beacons can vary, however, the

detection and measurement of fluoresceniseconsisten{Schaad and Frederick 2002; Gachon

et al. 2004; Boonham et al. 2014)

In nonprobe methods the fluorescence is generated Hjuorescent dyesThese dyesare

present in the reaction, but only fluoresce after they have bound to ds{Higure 1.20B;
Schaad and Frederick 2002; Gachon et al. 2004; Boonham et al. ®@fidus fluorescent

dyes have been developedseeking to increasdluorescence intensity resolution and

sensitivity, and to decrease any PCR inhibition or preferential binding effieldnsis et al.
2005; Gudnason et al. 2007; Mao et al. 2007; Quanta Bioscience. 2010)

DNA probe-based
quantitative PCR
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DNA probe
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Figurel.20lllustration of the two main modes of generating fluorescence for g°PCR. A) lllustrates the

process for fluorescence generated from prefiiesed methods. The illustration depicts the TagMan

probe method, wherelagpolymerase cleaves the fluorophe from the probeand the quencher. B)

lllustrates fluorescent dybased methods, where the dyaoleculesfluoresce after intercalating with
dsDNAModified fromNair 2016)
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The twogPCR fluorescence magldave dferent benefits and limitationghat impact their

use In general, probdased methods are more expensive as they require additional time and
labour initially to developarget sequence specific primemand probes(Cheng et al. 2013;

Dobhal et al. 2016Whereas fluorescent dybased methods require only the design of target
specific primersand therefore reduedtime and labourcosté / K2 YA 6 S Ff & HAam
2013;Dobhal et al. 2016) & @A GK SYyRLR2AYy(G 2N WOflaaaolfQ
modifications to the basic gPCR process, including reverse transcriptase qRGFCHEyTor
amplifying RNA targets, and multiplex analysis for amplifying multiple tangeise reaction

(Schaad and Frederick 2002; Gachon et al. 2004; Jeong et al. 2014)

The ability of the two fluorecence modes to be used in a multiplex settagimpacted their

use. Multiplex detection using prodgasedmethods is limited due to instrument compatibility
and ability to accurately distinguish the fluorescent signals from multiple fluorophores and
guenchers(Boonham et al. 2014; Pa$ et al. 2018)Using dyebased methods, there is a
similar issue if attempting to multiplex with different dyes as their fluorescence spectra
overlap, such as the SYBR Green and EvaGreen(Eg#as et al. 2018)However, the
development of a specific pogPCR process from fluont dyebased methodsc melt
curve analysis (MCA)has provided for accurate multiplexiffyarga and James 2006; Cheng

et al. 2013; Nolan et al. 2013; Pallas et al. 2018)

MCA is performed by denatugn the PCR productthrough gradually increasing the
temperature This causes a decrease finorescenceas the PCR product becomes single
stranded. Monitoring andoftwareanalysis of the decreasing fluorescence generatggegific

melt curve (Applied Biosystems 2009; Taylor et al. 2011; Nolan et al. 2013; Bluth and Bluth
2018) The meltcurveis gecific to each target DNA sequence duethe particular melting
propertiesof the specifidarget sequence(Applied Biosystems 2009; Taylor et al. 2011; Nolan
et al. 2013; Bluth and Blutd018)

MCAhasfurther progressednto High Resolution Melting (HRMectionl.2.4.2.5. Where the

use of higHntensity optical detection anfine thermal resolition instruments with dedicated
software(Nolan et al. 2013}an construcprecisemelt curveshat candetect genetic variation
and mutations, such asingle nucleotide polymorphisms (SNPgpplied Biosystems 2009;

Tayor et al. 2011; Nolan et al. 2013)

The core feature ofPCR; the reaktime, accurate, quantitative measurement of the target
DNA is ideal forto two main types of applicationis plants gene expression studies, and the

detection and quantificatio of foreign DNA, such as pathogdi@achon et al. 2004; Fox and
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Mumford 2017) Recently gene expressiostudies for LNYV aritb subgroups was performed
using RFgPCR(Hull 2019) While it was a small scale study, gene expression profiles were
shown to bedifferent for the two subgroupscross the genes studiggull 2019) Although
there appear to be no published reports of LNYV detection using afPRR approach, this
method for plant virus dtection has remainegopular and isvell documentedGachon et al.
2004; Boonham et al. 2014; Jeong et al. 2014; Fox and Mumford.ZDti&)development of
gPCR likely contribaetd to the technological shift sen in Figure 1.14. Where from 1995
onwards, there was a jump from a 10 % contribution to 30 % contribwifdirst detections

using molecular technologig€sox and Mumford 2017; Ras et al. 2018)

1.2.4.2.5 High Resolution Melting (HRM)

Following the conclusion of gPCR amplification, MCA or HRM can be performed to distinguish
the PCR productsHRM differsfrom MCA by using brighter fluorescent dyes at high
concentrations It also requies instrumentsthat have been optimised with higimtensity,
high-speed optical detection systems foconstant capture of the fluorescence along an
accurate andiner temperature gradient This iSfollowed by dedicated softwaranalysisfor
HRM(Gachon et al. 2004; Applied Biosystems 2009; Taylor 2041; Nolan et al. 2013)

HRM involvesslowly heating, and therefore melting, the PCR product. As the PCR product
denatures, the intercalatindluorescentdye isslowly released back into the solution and
fluorescence decreaseShis occurs due to th8uorescent dye only binding and fluorescing
with dsDNA igurel.20). As thePCR product is melted intosinglestrand statethere will be

a sharp decrease in fluoresnce which indicatesthe halfway point between the double
stranded and thesinglestrandedstates of the PCR product. Thiko indicates the melting
temperature (T,) of the specific PCRaaluct (Applied Biosystems 2009; Taylor et al. 2011;
Nolan et al. 2013; Bluth and Bluth 2018)

Using thededicated softvare, the T, point iscalculatal from a melt curveRigurel.21A, and
Figure1.21B) and is then plotted as a melt peakiqure1.21C). The melt curve shows the
gradual and then sudden decrease in fluorescence aseimperature increases and theCR
product denaturesThis data is then normalised &d in the discrimination ahe mdt profiles
and to eliminate any background fluorescen@pplied Biosystems 2009; Taylor et al. 2011;
Roche Diagnostics 2012)

From the raw data stable preand post melt fluorescence intensity regions are selected

(Figurel.21A). The pramelt region is used to designate 100 % fluorescence, where every PCR
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product is still doublestranded (Applied Biosystems 20Q9Yhis point is normalised ta
relative fluorescencevalue usually1.0 (Applied Biosystems 2009; Taylor et al. 2011; Roche
Diagnostics 2012The postmelt region designates where every PCR product is sgigdrded

and the relative fluorescence value is therefore (Applied Biosystems 2009; Taylor et al.
2011; Roche Diagnostics 201Zhe region between thpre- and post melt regions is referred

to as the active melt regiorfF{gurel.21A) and is displayed in the normalised melt curve plot
(Figure 1.21B). Using the normalised melt curve data, the negative derivative of the
fluorescenceis plotted against the temperaturederivative (-dF/dT) and generates a peak
shape Figurel.21C Roche Diagnostics 2012}he peak shape aids in the discrimination of any
subtle melt profile differences due to sequence variation in the PCR products. This plot is
referred to as the normalised melt peakigurel.21C Applied Biosystems 2009; Taylor et al.
2011; Roche Diagnostics12).
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Figurel.21 High resolution melt data followingPCRA) A standardHRMmelt curve, showing initial

high fluorescence athe dye isbound tothe doublestranded PCR product. As ttemperature
increases, the PCR produtenatures releasinghe dye and fluorescence decreasBmuble blue lines
represent the preand postmelt regions that are used to normalise the data. Coloured melt curve lines
represent different samples. B) Norrisdd HRM melt curv@ he vertical lingbright blue)indicates the
halfway point and & of the PCR product. Sample melt curves are coloured turquojsen@malised
HRM melt peak formed from theerivativefluorescence ofH). The verticaline (bright Bue) indicates

the Tm of the PCR product and @ts the melt peak (Modified frompplied Biosystems 2009)
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Differences in the melt peakrofile shape orpeak temperatureacrosssamplesallows for
discrimination of thePCR produst The melt peak temperaturewhich is theT, of the PCR
products isinfluenced by thesize, GC contengnd sequence and strand complementarity
the PCR productApplied Biosystems 2009; Taylor et 2011; Nolan et al. 2013; Bluth and
Bluth 2018) Differences in any of thesproperties can alter the melt peak profile shape or
peak temperature, leading teensitive discrimination between multiple PCR products, or
detection of sequence variation ithe PCR productéApplied Biosystems 2009; Taylor et al.
2011; Bluth and Bluth 2018)

For further discrimination and sample identificatiothe melt curve data can also be
constructed into adifference plot Figurel.22). A control orWild typeQsampk is selectecas

the baseline, and the remaining sample curves are subtracted from the baseline(Appleed
Biosystems 2009Taylor et al. 2011; Roche Diagnostics 201Phis allows for greater
visualisation of differences in the melt profile shape, assbists in grouping samples with
similar or homozygous melt curve profil@8oche 2008; Applied Biosystems 2009; Taylor et al.
2011; Roche Diagnostics 2012)

Differen

Temperature (°C)

Figurel.22 Normalised HRM melt curve data displayed as a difference@lemnphasise differences
across the sample&ach line represents a separate sample. Sample groupings include homozygous
(hom; red), wild typewt; green) and heterozygous (het; blughe wild type samples (wt; greewgre
used as the baselingReproduced fromf\pplied Biosystems 2009)

The HRM technique provides a closathé system that is fast, straightforward, specific,
sensitive and can providenighthroughput analyss (Applied Biosystems 2009; Taylor et al.
2011; Nolan et al. 2013; Bluth and Bluth 2018js alsonon-destructive, allowing further post
PCR analysif the PCR produgcsuch as gel electrophoresis or sequendifaylor et al. 2011,
Bluth and Bluth 2018)Key applications foHRM include methylation analysis, genotyping,
mutation scanning and SNP detecti@kpplied Biosystems 2009; Taylor et al. 2011; Nolan et al.
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2013; Bluth and Bluth 2018However, applications of the technology have broadened to
include clinical applicationfMontgomery et al. 2010Q)and pathogen detectionfor human
diseass (Diaz and Winchell 2016; Bispo et al. 2018n $hial. 2019)

Plant applications using HRM includgenetic fingerprinting, molecular markers, and DNA
barcoding(Li et al. 2010; Simko 201®&)r plant breeding(Yamagata et al. 201.8uthenticity
checks of foodwine, seeds(Simko 2016; Pereira et al. 2018)d phytopharmaceuticals
(Osathanunkul etl. 2016) and foreign DNA or pathogen detecti¢8imko 2016)HRM has
been used for the detectio of a range of plant pathogens, suchfasgiinfecting pine trees
(Luchi et al. 2011and bananagWong et al. 2013)bacteria infecting olive, oleander, and ash
trees (Gori et al. 2012)and viruses infecting a range of plantscludingvegetablegCheng et
al. 2013; Nie et al. 2016fruit (Komorowska et al. 2014; Aloisio et al. 2Q18)d ornamental
plants(Dobhal et al. 2016}o list a few here.The use of HRM in plant virdstection is further

discussed in Chapter 2.

There has not been a published diagnostic assay for LNYV usgiRCRTor RGPCR followed

by HRMHowever, & assay usingsothermal anplification (Sectionl.2.4.2.6 for the detection

of LNYV in field samplesas developed in 2018 (Fletcher et al.) but required further
optimisation. Very recently Zhang et al. (2020) published the optimised isothermal assay for
LNYV detedbn. The assaysed loopmediated isothermal amplificatiofLAMP)of nucleic
acidsto amplify a region of the LNYV N gene.

1.2.4.2.6 Isothermal Amplification

A key limitation toPCR technologies for the amplification of nucleic acids was the need for
expensive themocycler instruments and trained technicians with molecular biology skills
(Boonham et al. 2014; Selvarajan and Balasubramanian 20t&)nfluenced the limiation of

these technologies towvell-funded laboratories and their unsuitability for use in the field
directly (Boonham et al. 2014; Fang and Ramasamy 2015; Fox and Mumford I20ft¥grmal
amplification was developed as an alternative method to PCR for the amplification of nucleic

acids.

Several methods to enable primer bindilagd extensionwithout the cyclingtemperature

changesassociated with denaturation and annealing haeeb developedThese technologies

utilise the thermostableBst DNA polymerase fronBacillus stearothmophilugAliotta et al.

1996; Notomi et al. 2000; Selvarajan and Balasubramanian 20&6)er than thetaq

polymeraseof PCRwhich operatel at high temperatureqLorenz 2012)However, some of
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these showed improved performance after the inclusion of agiep requiring a temperature
change, or a manual agitation st€Boonham et al. 2014)While other methods required
longer reaction times or complicated assay desi@wonham et al. 2014 he development of
LAMP, utilisingisothermal autecycling strand displacement DNA synthe@ittomi et al.

2000) has overcome the limitations of other isothermal technolodsonham et al. 2014)

Strand displacemenamplification (SDA)nvolvesNB LIS § SR Wo dzY LAYy 3 Q 2 NJ
FYLX AFASR GFNBSGO aSljdzsSyOoS G2 |t 2WakeFetndl | Wy
1992b; Bluth and Bth 2018) SDA primersire designed with recognition sites for restriction
enzymes, which caus¢ Wy A 01 Q Ay { Ké&htinlied kduehceext®rRionFrdnNI y R ®
the nick causedhe initial strand to be displaced. The displaced strand could then éd i

amplify the complementary sense of the target sequence, generating exponential
amplification(Walker et al. 1992b; Walker et al. 1992a; Bluth and Bluth 2008 restriction

enzyme nick, rather thawlenaturation and annealing of new primenseart the reaction

could occurat one temperature(Walker et al. 1992b; Walker et al. 1992a; Bluth and Bluth

2018)
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Figurel.23 lllustration of stand displacement amplificatigBDA) Target production shows the binding
and extension of the forward SDA primer (§DBinding and extension of the Bump primer upstream
from the SDA primer causes the stchto displace. The reverse SDA primer ($Dids to the displaced
strand and is extended. A reverse sequence Bump primer also displaces this strand, leading to
sequences containing the SDA primers andttiget region.Target amplification shows the ¢
forming in the SDA primer, allowing a strand to be displaced. A complementary SDA primer binds to the
displaced strand and the cycle repeats, amplifying the target region exponentially (Reproduced from
New England BioLabs InslHB [Date unknowr).
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LAMP utilises the concept of SDA, but doest mequire the use of restriction enzymes to
displace the amplified sequenc@dotomi et al. 200Q)Instead, four to sispecially designed
primers ¢ internal, external, and more recently, loop primer pagsare used to generate
amplification ofboth the positive and negative sense of the targegguence(Notomi et al.
2000; Boonham et al. 2014; Selvarajan and Balasubramanian .Z0ié)use of primers
improvedthe specificity of the assayompared to SDAgs these primers required six to eight
specific binding sites on the target DN@Aotomi et al. 2000; Boonham et al. 2014; Selvarajan

and Balasubramanian 2016)

The internal primes, forward and reverséalso referred to agorward andbackward, each
containtwo binding sequencegssentiallytwo primers separated by a spacer sequence. These
internal primer sequencesorrespond to the positive and the negative sense sequences of the
target DNA(Notomi et al. 2000; Boonham et al. 2014)K A & | f f 264 (KSe Wi 22
internal primer sequences are complementary, wherdaes éxternal primers contain only one

binding sequence and bind further downstreamh the target sequencdrom the internal

primers S&aaSyidAaltfe | Ol XrghtthelSBA nmet&INowWmicztyalJ2000LINA Y S
Boonham et al. 2014)

Complementary amplification of the target DNA is initiated tg appropriate binding
sequence oftie forward internal primer and also amplifies the reverse (or backward) primer
binding sitegFigurel.24A, andFigurel.24B). The binding andubsequentmplification of the
external primer positioned downstreampumps or displaces the complementary strand
(Figurel.24B). The displacedtrandis now singlestranded(Figurel.24C) andforms a loopat
one enddue to theWda SO2 Y RQ A ainG dddfidletnentaior¥n3he negative sense, of
the binding sequencdFigure 1.24D). This stem and loopstrand can then be used as the
template for the reversgor backward)internal primers. The reverse primers bind and are
extended, amplifyinghe complementary sequences of the forward internal printénding
sites before being displackby the reverse external primer(Figure 1.24D). The displaced
reverse strand briefly forms a characteristic dumbbell shape due to loops forming at each end
(Figurel.24E).
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Figurel.24 lllustration ofthe initial stepsof the isothermalLAMPprocess generating the starting
material. A) Shows the DNA target including the forward (F) and regsbackward B) primer
binding sites. The forward internal primer consists of F1c (Forward 1 complement, light green) and F2
(orange) which bindto the F2c (F2 complementary, yellow) sequence ismXtended. B) The forward
external primer (F3, purpldjinds to the complementary sequence downstream F3c (brown) causing
strand displacement. C) Shows the displaced strand which also synthesised the (Byprsaer
binding sites. DThe forward loop forms by F1c (light green) binding to F1 (dark gregunyeM and C
are repeated with the reverse internal primer, consisting of B1c (black) and B2 (dark blue), and the
reverse external primer F3 (red). E) Forward internal primer and the reverse internal primer both form
loops from the strand extended by thewverse primers. This forms the characteristic dumbbell
structure. LAMP process is continuedHigurel.25 (Modified fromLe and Vu 2017)

The dumbbelktructure becomes the starting material for LAMP cyclifigure1.256). From
the forward loop selprimed DNA synthesis occurkidure 1.25F) while also allowing the
binding of the forward internal primerFgure1.25G) as this strand was generated by the
reverse primers and contains the complementary sequence of the forward primde.
extension at both the new forward internal primer and the g&fimed forward primer loop
site, thenew sequencaow contains an additional inverted copy of the target sequence in the
stem and a loop at the opposite end via the initial reverse sequehure 1.25H). Self
primed DNA synthesis at the reverse (or backward) loop causes strand displag@tigemne
1.25la, andFigurel.25)), generating one complementastrand of the original stem and loop
DNA(Figurel.25la, andFigurel.25)), and one stem and loop strand with double copies of the
target sequence and a loop at the reverse primer sequence(Bigrirel1.25lb). Both of these
strand structures (Figure 1.25la, and Figure 1.25lb) serve as template strands for strand
displacement by the reverse primers in subsequent cytegure1.25J, Figure1.25K, Figure
1.25L, and Figure1.25M), with each half cycle amplifying the target DNAo&l (Notomi et al.

2000)
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Figurel.25lllustration of the cycling process ftre isothermal LAMP methodContinued fromFigure
1.24. E) Shows characteristic dumbbell structure freigurel.24E. F) Shows sgdfimed DNA synthesis
from the internal forward primer (F1, dark green). G) Shows the binding of forward internal primer to
the F2c site in the forward loop on the dumbbell stiure of Figure E. H) shows the strand now contains
an additional inverted copy of the target sequence in the stem and a loop at the opposite end via the
initial reverse sequence. la) Self primed DNA synthesis at the reverse loop causes strand displaement
Displaced strand forms dumbbell structure. K) Shows cycling amplification of the structure from Figure
la. Ib) Show one stem and loop strand with double copies of the target sequence and a loop at the
reverse primer sequence site). andM) showamplffication of this structure (Modified frorhe and Vu
2017)

The resulting amplificatioproduces stem and loop structures wérying length These are
commonly confirmed by size discrimination using gel electrophordsitss can produce a
electrophoresis smear due to the multiple band sizes, e amplified products can be
digested by restriction enzymeasior to electrophoress (Notomi et al. 2000; Boonharet al.

2014; Jeong et al. 2014; Selvarajan and Balasubramanian. 2066¢rn LAMP technologies
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use intercalating fluorescent dyes, such as SYBR Green used in gqPCR, to detect the
amplification by fluorescence or a colour chanf@i@onham et al. 2014; Selvarajan and
Balasubramanian 2016)This modern technique eliminates the time spent running gel
electrophoresis, as well as the potential for contamination by dpgrthe sample tubes

(Boonham et al. 2014; Selvarajan and Balasubramanian 2016)

The convenience, cosfffective, specificand rapid nature of isothermal ampéation using
LAMPmakes this technology ideal for esite, in the field, virus detectioiBoonham et al.

2014; Jeong et al. 2014; Selvarajan and Balasubramanian. Z0#6)sothermal nature of the

assay means simplerpsteffective and more portable equipment can be useks well as less
specialised training is required to perform the assay compared with PCR and qPCR assays
(Boonham et al. 2014; Selvarajan and Balasubramanian 2Q¥6YIP assag proved to be

target specific, requiring only a small amount of starting materiddile also exhibiting a high
tolerance to biological inhibitors or contaminanfidotomi et al. 2000; Boonham et al. 2014;

Selvarajan and Balasubramanian 2016)

The LAMP assay can also be modified to detect RNA targets asywidl incorporation of
reverse transcriptiorenzyme to thereaction (RFLAMP;(Notomi et al. 2000; Boonham et.
2014; Jeong et al. 2014; Selvarajan and Balasubramanian. 28Miassays, and in particular
RTLAMP assaysre being usedavidely for the detection ofplant disease pathogendoonham
et al. 2014; Jeong et al. 2014; Selvarajan and Balasubramanian 2016; Le and VAr20i&y
of publicationsbetween 2000 and early 2016 foumer 250 peereviewed research articles
usingLAMP assayfer the diagnosis of plant diseas@ise and Vu 2017These publications had
documented the use of IMP technology in the detection &0 different plant viruses of
which over half utilised RTAMP assay$e and Vu 2017)

The development of an isotherm&TFLAMP assay for LNYV was to enabte the field
detection, that wadasterand more sensitivecompared to the RPCR assayjommonlyused
(Fletcher et al. 2018 hang et al. (2020) recently published an optimised protocol foRTke
LAMPassay This included a pair of loop primers enabling detectiéra total ofeight LNYV
specific sequences of the N gewéhin a region appreimately 400 bp in lengthThis enabled

fast, specific and sensitive detection of LNYV. However, ever after optimistgite@RFLAMP

and RTPCR assays were consistent in detecting LNYV infections in the field séthpleg et

al. 2020) In addition, &hough LAMP assays have shown to detect closely related viral species
(Le and Vu 2017; Du et. 2019; Waliullah et al. 2020}here is a lack of evidence around

whether this technology is specific enough for detection of viral subgroups or variants within a
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species Often gPCR detection has shown greater sensitivity and specificity over LAMP assays

(Boonham et al. 2014; Selvarajan and Balasubramanian 2016; Waliullah et l. 2020

Recently, Ajithkumar (2018) developed an assay to detect the LNYV subgroups uBiG® RT
followed by restriction fragment length polymorphism (REL#Pommon methodised for
species specific identificatiofiPallas et al. 2018Although, Ajithkumar (2018) demonstrated
the developedprimerswere subgroup specific anmbuld be used in a multiplex FPCR assay,
there were limitations to the assayh& PCR products for each subgroup were of similar size.
This meant the PCR products needed taltstinguished by RFL& each sample neextl to be
tested twice ¢ once with the subgroup | primers, and once with the subgroup Il primers
(Ajithkumar 2018)

Bothoptions for the assay described by Ajithkumar (2018) reqlLéwditional time, labour and
reagent costs(Bluth and Bluth 2018)RFLP involves digesting the PCR products with
restriction enzymeand looking for differences in the fragment lengths to distinguish the two
subgroupgAjithkumar 2018; Bluth and Bluth 2018Y¥hile the alternative involves testing each
sample twice forgreater confidence in a positive LNYV diagnosis and subgroup identification
(Ajithkumar 2018)It is likely a subgroup specific RAMP assay would require similar post

assay confirmatiolr the testing of each sample twite distinguish tke two subgroups.

Ajithkumar (2018) briefly discussed the suitability of @heveloped LNYV subgroup specific
primers from here on referred to as the Ajithkumar Primers, for use in a multiplegFTIR
HRM assay to diagnose LNYV infection and the LNYYosphgf samples An assay of this
type would provide a costand time efficient, closeetube, rapid, specific, sensitive and high
throughput diagnostic assaiApplied Biosystems 2009; Taylor et al. 2011; Nolan et al. 2013;
Ajithkumar 2018; Pallas et al. 2018)

1.3 Aims and Objectives

LNYV causes lettuce crop losses in NZ and Australia, and the virus can be @iféstento
two subgroupgDietzgen et al. 2007 LNY\subgroup | appears to have died out in Australia
with no samples belonging this subgroupcollectedsince 1993Higgins et al. 2016blt has
been suggested thatubgroup llhas been able to outcompete subgroup | in Australia due to
more optimal interactions with insect and/or plant hogqidiggins et al. 2016b)n contrast
subgroup | was still detected in NZraples in 2015nd 2017(Higgins et al. 2016b; Ajithkumar

2018) It has been suggested thataent high crop lossesxperiencedin NZ may indicate a
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stronger presence afubgroup || or perhaps a stronger strain of LNYV has arrived in NZ from
Australia (Fletcher et al. 2019)This study attempts to assess these hypotheaes the

structure of the NZ LNYV populatiogingthe two aimsoutlined below.

Chapter 2 describes the development of a LNYV subgrouifigpassay using RIPCRHRM
analysis. The experiments and results described in this Chapter address the following specific

objectives:

1) To test the suitabilityf the Ajithkumar Primers with RJPCRHRM analysis.

2) To test the suitability of various gPCRofrescent dyes with the primers and LNYV
samples.

3) To test the suitability of newly designed primers with gR-RM analysis.

4) To determine the suitability of the developed BFCRHRM assay in identifying the

LNYV subgroups present in a collection of Lidfé¢ted samples.

Chapter 3 describes the phylogenetic analysis of the entire N gene from 43 LNYV isolates from
NZ and Australido further the current understanding of the NZ LNYV population structure.
The 43 LNYV isolates includes unpublished NZ LNYV samples, which were subgroup diagnosed

as described in Chapter 2. This was achieved by addressing the following specific objectives

1) Extract and amplify the entire LNYV N gene from unpublished isolates using endpoint
RTFPCR.

2) Sequence the unpublished LNYV N gene sequences via Sanger sequencing.

3) Curate the LNYV N gene sequences.

4) Construct ML phylogenetic trees with 1,000 bootstrap egikks using both the
nucleotide and translated protein sequences.

5) Analysis of the taxonomic and evolutionary relationships inferred by the phylogenetic

trees.
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Chapter 2

Development of a Subgroup Specific
Diagnostic Assay for LNYV

Using RT-gPCRHRM Analysis
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2.1 Introduction

There is a need for a quick, sensitive, specific, andeftesttive diagnostic test to detect LNYV

and its subgroups. As discussed in Section 1.1, lettuce is a key economic cropaimd NZ
recently crop losses have been experiethdée the Mid Canterbury and Nelson regions of the
South Island, as well as the lower North Island of ®Ztion 1.2.3Fletcher et al. 2019)These

losses were strongly associated with LNYV, a plant virus detected in NZ sinog-30éb6al.

1973) It has been suggested that these crop losses could be due to an incraasedge of

LNYV subgroup Il in NZ, or a new strain of the virus from Audtfédicher et al. 2019)Virus
detection is important for maintaining, and increasing, the actual crop \i€ldliney 2014;

Jeong et al. 2014; Savary et2014; Sharma 2014and would provide a useful tool to monitor

the LNYV subgroup population in NZ. To accurately diagnose LNYV infection, and to help
determine if recent crop losses in NZ are due to an increased presence of LNYV subgroup I, an

assay tht could detect between the two subgroups would be invaluable.

2.1.1 LNYV Diagnostic Assays

LNYV detection methods have evolved as new technologies have been developed. As
highlighted in Section 1.2.4, initial detection methods involving analysis of symptoms on
mechanically inoculated indicator plants and morphology via electron microscopy had
limitations. Primarily both methods require extensive specific expertise and experience to
accurately detect different viruse@oonham et al. 2014)The use ofN. glutinosaas an
indicator planthas been used extensively to study LNYV, as mechanical inoculation of lettuce
has proved difficul{Stubbs and Grogan 1963; Hull 2019)glutinosahas povedto be readily
susceptibleto mechanical sap inoculatiofStubbs and @gan 1963; Crowley 1967k a good
biological indicator of LNYV infection, and provided a good source of virus particles for
purification (Chambers and Francki 1966; Dietzgen et al. 2008@yever, symptoms oi\.
glutinosavary between isolategFrancki et al. 1989there appears to be no correlation of
symptoms and LNYV subgroup or country of origin (NZ or Austrhliggins et al. 201&)nd

there is a lack of consistent criteria published on successful conditions for mechanical

inoculation(Ciowley 1967; Francki et al. 1989; Hull 2019)

The development of target specific technologies such as serology and molecular technologies
proved to be faster, permitted the detection of multiple targets or broad spectrum detection,
and required less spdic expertise and experience to be performed (Section 1{&Bdpnham

et al. 2014; Jeong et al. 2014; Fox and Mumford 20N)V infection can be detected by
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serology and molecular methods such as various ELISA assays, isothermss&CRnd end
point RFPCR analysi@Randles and Carver 1971; Francki et al. 1989; Dietzgen et al. 2007;
Higgins et al. 2016b; Ajithkumar 2018; Fletcher et al. 2018; Zhang et al.. ZD2€je

technologies were desibed in detail in Section 1.2.4.

Molecular detection using end point FPICR has been used considerably for LNYV detection
and have focused on amplifying regions of the LNYV N gene. The first primer pHir, K,

was designed by Wetzel et al. (19944hd used by Tomson and Dietzgen (1995) for LNYV
detection from crude plant extracts. The primers amplified a 140 bp region in the LNYV N gene
(FIG;(Thomson and Dietzgen 199%pter, additional primer pairs have been developed. The
primer pair BCNG1/ BCNG2 was developed to amplify the entire N gene region of 1,500 bp
(Callaghan and Dietzgen 2008Yhile the primer pairs LNYV_440F/ LNYV_1185R, and BCN3/
BCN4, amplify an internal 750 bp, and a 748 bp region, respectiigiyr¢2.1; Higgins et al.
2016b)

LNYV subgroup population analysis has involved the use of the BCNG1/ BCNG2 and BCN3/
BCN4primers for Australian isolate€allaghan and Dietzgen 2005; Higgins et al. 20H61)

the BCNG1/ BCNG2 and LNYV_440F/ LNYV_1185R primer pairs for NZ(li4iglgites et al.

2016b; Ajithkumar 2018)Until recently, end point PCR amplification with these primers,
followed by sequencingyas themost commormethod for determining the subgroup of LNYV

infected plantgCallaghan and Dietzgen 2005; Higgins et al. 204fthkumar 2018)
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Figure2.1 LNYV genome organisation illustrating relative primer binding posit®riser set BCNG1/
BCNGZCallaghan and Dietzgen 200pink, amplifies the whole 1,500 bp N gene by binding in the
intergenic regions on either size of the N gene. Primer set LNYV_440F/ LNYV(Hi§5®R et al.

2016b) dark grey, amplifies @0 bp region. Primer set BCN3/ BQRB4llaghan and Dietzgen 2005)
light green, amplifies a 748 bp region. Thel/NLN-2 (Wetzel et al. 199), orange, amplies a 140 bp
region. Primer set LNYVNS1S2R1100/ LNYVNS1F889/ LNYVNS2F892 (Ajithkumakjitkuerar
2018) blue, is subgroup specific and amplifies a 212 bp region of subgroup | and p &fidn of
subgroup Il. Black numbers refer to primer positions on the whole genome. The Ajithkumar Primers
were named as per their positions on the N gene sequence align(Rere created by author).

2.1.2 Previous Attempts at LNYV Subgroup Detection

An asay that could accurately diagnose LNYV infection and detect between the two subgroups
would be invaluable. However, subgroup detection via ELISA assays (Section 1.2.4.1) would
require the two subgroups to have detectable distinct epitogdsong et al. 2014)would

require a large amount of virus for antiserum productigang and Ramasamy 201f)llowed

by the lengthy virus purification proceg¢brancki et al. 1989)This often make serological
methods not appropriate for closely related virug@oonham et al. 2014)n addition, there

has been no reported serological difference between different strains of I(RMavicki et al.

1989)

Viral amplification via molecular PCR methods is highly sensitive and specific, making the
detection of closely related, but phenotypically distinct, viruses possible (Section 1.2.4.2;
Boonham et al. 2014; Jeong et al. 2014)208, an LNYV subgroup specific diagnostic assay,
based on RPCRRFLP was developed by Ajithkumar (2018). Although the Ajithkumar Primers

were subgroup specifiand showed they could be used in a multiplex asshgy amplified
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products of similar size, antdad to be distinguished by RFLP using differences in the
recognition site for the restriction enzymdae Il (Ajithkumar 2018) This meant each sample
needed to be amplified, and the PCR product then digested for subgroup diadfoosiseater
confidence, each sample needed to be tested twjognce with the subgroup | primers, and
once with the subgroup Il primexsto confirm LNYV diagnosis and the subgrédjithkumar
2018)

The development of an assay based on gPCR would provide a-$pgleific, sensitive, flexible

and costeffective diagnostic assay (Section 1.2.4.2€hng et al. 2014)Although industrial

standardisation of reagents has lowered costs, some gPCR detection metreds|l more

expensive than other¢Boonham et al. 2014; Jeong et aD14; Aloisio et al. 2018gPCR

analyses based on the use of hybridisation probes requires additional time and labour initially,

as probes need to be compatible with the instrument filters, as well as specific to the

template. Template specific primerlso need to be designed, generating higher costs overall

(Cheng et al. 2013; Dobhal et al. 201§PCR analyses based on fluorescent binding dyes only

require the design of template specific primers, henceuadg experimental design time,
labour and cost® / K2YA S S Ff® HammT [/ KSyAMthoSghthésé & HnanmoT
methods may require podPCR melt analysis, MCA or HRM can be performed by the
instrument software. Specific HRM analysis can easily be includedeagend of the PCR
protocol, adding as little as ten minutes to the programme, and then examined with the
instrument softwared / K2YA 6 SG Fft® wnmmT w20KS 5AF3Iy24ai
al. 2016)

AOa

Analysis using gPE€HRM has been used for the detection of a rarmajeplant pathogens

(Section 1.2.4.2.5). For plant virus detection, both singleplex and multiplexldR®Rassays

have been successful and are presenteddble2.1. These articles support this technology as

suitable for rapid, sensitive, specific, and eceffective plant virus detection. These qualities
AdzLILI2 NI ! 2A 0K dzYF NR& oOoHnmy O &dzaPERIRNM sodlg’bel KI G |
appropriate for LNYV subgrpuetection.
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Table2.1 Recent literature using qPGHRM analysis or qP@RCA to detect plant viruses or viroids.

Method Used Plant Virus or Viroid Detected Reference

Singleplex Analysis

rose rosette virus (RRV) (Dobhal et al. 2016)

RTqPCRARM grapevineleafrollassociated virus 33LRa\8)

groups: 1. 11, 111, VI (Bester et al. 2012)

HSVd variants:

HSVea, HSVéb, HSVeh (Loconsole et al. 2013)

Two-step
RTGPCRARM potato virus Y (PVY) .
. (Nie et al. 2016)
resistance molecular marker¥g,
Multiplex Analysis
plum pox virugPPV)
RFqPCRMCA Varga and James 2006
q strains: C, EA, W (Varg )
cherry necrotic rusty mottle virus (CNRMV
Y . y . ( ) (Komorowska et al. 2014)
cherry green ring mottle virus (CGRMV)
grapevine fanleaf virugGFLV)
Arabis mosaic virus (ArMV -
. A ( ) (Aloisio et al. 2018)
Twostep grapevine leafrollassociated virus 1 (GLRay
RTGPCRHRM GLRa\8

potato leafroll virus (PLRV)
potato virus X (PVX)
potato virus A (PVA) (Cheng et al. 2013)
potato virus S (PVS)
PVY

As suggested by Ajithkumar (2018), the Ajithkumar Primers may be useful hgRMRARM
approach to diagnose the subgroup of samples in one assay. These primers and their amplified
products fit the general design criteria for gRBRM analysigTaylor et al. 2011)The primers
anneal at a temperature > 61, which helps ensure specific primer binding and decreases the
chance of amplifying neapecific productdPromega Resourcg®ate unavailable] Lorenz

2012) The amplified products are < 300 bp in length, and this enhances the likelihood of
sensitive detection, and decreases the possibility of mpiiise melting behaviou(Roche

2008; Applied Bsystems 2009; Bustin et al. 2009; Taylor et al. 20IA¢ Ajithkumar Primers
consist of a reverse primer that is neabgroup specific (LNYVNS1S2R1100) and two subgroup
specific forward primers (LNYVNS1F889/ LNYVNS2F892). To provide sufficigoitygjoédiie
primers to each subgroup, the forward primers exhibit six nucleotide differences between the
subgroups, and each subgroup specific primer pair were vigorously tested in end pQRRT
reactions to confirm their specificitfAjithkumar 2018) The subgroup | primer set amplifies a
PCR product of 212 bp and the subgroup Il primer set amplifies a PCR product of 209 bp

(Figure 2.1). Theseprimers were also shown to be suitable for multiplex-FROR analysis
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(Ajithkumar 2018) It would appear these primers could be suitable for use in multiplex RT
gPCRHRM analysis for LNYV subgroup diagnosis. If this is not the bagepther primers

specific for this type of analysis would need to be designed.

2.1.3 Aims and Objectives

This Chapter describes the development of an assay to enable the diagnosis of LNYV subgroup
specific infection of lettuce using RPCRHRM analysis. Theedelopment of this assay will
involve the use of samples of known subgroup, after which it will be used to diagnose the
subgroup of samples previously untyped but confirmed to be infected with LNYV. The

experiments and results described in this Chapterradsl the following specific objectives:

1) To test the suitabilityf the Ajithkumar Primers with RJPCRHRM analysis.

2) To test the suitability of various gPCR fluorescent dyes with the primers and samples.
3) To test the suitability of newly designed primevih gPCRHRM analysis.

4) To determine the suitability of the developed BFCRHRM assay in identifying the

LNYV subgroups present in a collection of LNYV infected samples.
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2.2 Materials and Methods

2.2.1 Plant Materials

Leaf materialfrom four plantsknown to be infected by LNYV was provided by Colleen Higgins
(Auckland University of Technology). Lettuce samples collected in 2011 from a farm in
Harrisville, AucklandHiggirs et al. 2016h) that had been subgroup typed previously
(Ajithkumar 2018)were used as positive controls for experiments. Isolates from Harrisville
were designated HV followed by the isolate number. Isolates HV27 (designatad Niggins

et al. 2016)and HV14 were used as subgroup | specific positive controls, while isolates HV19
(designated NZ1 iRliggins et al. 2016nd HV18 were used as subgroup |l specific positive
controls. Isolates HV27, HV14, and HV18 were from original lettuce samples. Isolate HV19 was
from infectedN. glutinosgpreviously created by Ajithkumar (2018), when this isolate has been
used from infectedN. glutinosait has been specified. Uninfected lettuce andidr glutinosa

were included as negative controls.

Lettuce samples positive fdcNYV, but of unknown subgroup, were used for testing the

developed ROPCRHRM assay. These were provided by John Fletcher (formerly of The
Institute for Plant & Food Research) from various lettuce farms in both the North and South
Island of NZ, collectesh 2018. The locations and names of the samples used in this analysis

are illustrated inFigure2.2.
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Auckland

Harrisville:
Subgroup | Subgroup I
Hv14 HV18
HV27 HV15

Levin:
WHG1
WHG2
WHG3
WHGS
WHGS

Nelson:
RPO1 RPC1
RPOZ RPCZ RPE2
RPO3  RPC3 RPE3
RPO4

“— Sefton:
SF1
SF2

Christchurch SF3

Dunedin

Figure2.2 Map of New Zealand illustrating the locations of samples used in this Chapter. Orange pins
indicate major NZ cities, and green pins indicate sample sites. Blue text represents isolates that have
been diagnosed as LNYV subgroup | and red text represents isthlatdmve been diagnosed as LNYV
subgroup I(Higgins et al. 2016b; Ajithkumar 2018)ack text represents isolates that have been
diagnosed with LNYV but have not beebhgoup typed(Figure created by author).

Isolates from the Nelson region were designated RP, for Richmond Plains, followed by the
specific farm identifier-QO,-C,-E) and the isolate number. This naming structure was also used

for the isolates from thedvin (WHG) and Sefton (SF) regions.

2.2.2 Experimental Design

Figure 2.3 shows a flow summary of the analysis carried out in this Chapter for the

development of a RGPCRHRM assay to diagnose the two LNYV subgroups.
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1.0 Invitrogen SYBR Green
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RT-qPCR-HRM

1.1 | Testing Ajithkumar Primers — Multiplex Figure 2.5, Figure 2.6
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2.0  QuantaBio AccuMelt

|

Singleplex Figure 2.7
2.1  Testing Ajithkumar Primers <

Multiplex Figure 2.8

v

3.0 BioRad EvaGreen

|

31 Testing kits with Ajithkumar > Singleol )
. Primers Ingleplex  Figure 2.9

|

Testing Ajithkumar Primers
3.2 . .
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!

Two-step I 33 Testing Ajithkumar Primers
RT-qPCR-HRM ' with negative control

Testing suitability of Primer < Singleplex Figure 2.15

Singleplex Figure 2.10
Multiplex Figure 2.11
Singleplex Figure 2.12

Singleplex Figure 2.13

34
setl Multiplex Figure 2.16

35 Testing suitability of Primer Singleplex Figure 2.17

| Set2 Multiplex Figure 2.18

3¢ Testing suitability of Primer <: Singleplex Figure 2.19

Sets Multiplex Figure 2.20

v

3.7 Diagnosis of un-typed < Primer Set 1 — Multiplex Figure 2.22, Figure 2.23
samples Primer Set 3 Multiplex Figure 2.24, Figure 2.25
38 Testing for co-infection Singleplex Fi 226
’ with Ajithkumar Primers glep lgure 2.
One-step 4.0 Assessment of primer .
RT-PCR ' binding sites Figure 2.27

Figure2.3 Experimental design summary of the analyses carried out in this Chapter to develep a RT

gPCRHRM assay to diagnose the two LNYV subgroups. Brackktf ordicate assay method. Black
arrows indicate sequential flow of experiments. Experiments are numbered for easier reference.
Experiment colours relate to primers (where possible) as depict&igure2.1 and Figure2.14.

2.2.3 RNA Extraction

Total RNA was extracted from frozen plant leaf material using a Spedant Total RNA Kit
(SigmaAldrich, St. Louis, USAJsing approximately 100 mg of frozen tissue, this was ground
via a sterile mortar and pestle with liquid nitrogen until it formed a fine powder. Lysis Solution
(500 pL) with preadded 2mercaptoethand (2ME, 10pL) was added and the plant material
ground further until reaching a liquid state with no obvious pieces of tissue. This liquid was

pipetted into a 2 mL collection tube and vortex for 30 seconds, followed by 3 minutes in the
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centrifuge (Eppendd 5430R Centrifuge, New South Wales, Australia) at 15,000 RCF. Lysate
was then carefully pipetted into a prepared collection tube with the kit provided blue filtration
column. This was then centrifuged for 1 minute at 15,000 RCF and then the blueofiltrati
column was discarded. The Binding Solution (@DPwas then added to the lysate and mixed

via pipette. Up to 70QuL at a time of the combined lysate was added to a prepared collection
tube with the kit provided red binding column and centrifuged at0D®, RCF for 1 minute. The
flow through liquid was then decanted. Wash Solution 1 (@0pwas added to the red binding
column, and centrifuged at 15,000 RCF for 1 minute, and the flow through liquid decanted.
Then 500uL of Wash Solution 2 was added ana tkample centrifuged at 15,000 for 30
seconds and the flow through liquid decanted. This step was then repeated. After decanting
the second flow through liquid of Wash Solution 2, the sample was centrifuged at 15,000 RCF
for a further 1 minute. The red biling column was transferred to a new collection tube and 25

pL of Elution Solution was added and incubated at room temperature for 1 minute. The sample
was then centrifuged at 15,000 RCF for 1 minute. Elution was repeated with fresh Elution
Solution, prouwling an overall volume of 5AL of purified total RNA. The total RNA was then

stored at- 80 °C until required.

2.2.3.1 Total RNA Quality Testing
The quality, integrity, and concentration of the extracted RNA were assessed via absorbency
measurement using a Nakoie spectrometer (GE Healthcare, Life Sciences)agadosegel

electrophoresis.

2.2.3.2  Spectrophotometry

Spectrophotometry was performed using the NanoVue (GE Healthcare, Life Sciences), total
RNA protocol. After setting the reference with the RNA extrackioiielution Solution, 2L of

total RNA was pipetted onto the reader. The optical density was measured at specific
wavelengths 230 nm, 260 nm and 280 nm. These measurements were recorded for each

sample.

2.2.3.3  Gel Electrophoresis
The integrity of the extrac® RNA was assessed on a 1 % agarose/l x TBE gel stained with 0.5

uL of 10ug/mL EtBr. The gel was electrophoresed at 50 Volts for 50 minutes in 1 x TBE buffer
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in a Minisul®Cell GT Cell Gel tank (Btad, Auckland, New Zealand). A 100 bp DNA ladder
(SolisBioDyne, Estonia) at gL of 0.1pg/pL was used as a size marker. Each sample well
contained 3uL of purified total RNA with BL of loading dye. The gel was visualised using UV

transluminescence with an Alpha Imager (Protein Simple, California, USA).

2.2.4 RT-gPCRHRM Analysis

2.24.1  One-Step RT-gPCRHRM Analysis with Invitrogen SYBR Green Dye

Using a combination of two Invitrogen (now ThermoFisher Scientific) gPCR kits, the LNYV
subgroup specific Ajithkumar Primers (LNYVNS1S2R1100/ LNYVNS1F889/ LNYVNS2F892), were
multiplexed in a onestep RTgPCRHRM reaction. Samples were pipetted into a wigtwell

plate for analysis in the Roche LightCycler 96 System (Roche Diagnostics, New Zealand). Kit
components were thawed and mixed gently via vortex before useAFRIR was prepared for a

12.5 uL reaction with 6.25.L of SYBR Green UDG mix (from thédtrbgen Platinum SYBR
Green gqPCR Superscript NG kit), 0.5uL Superscript Il (from the Invitrogen Superscript IlI
Platinum Onestep gRTPCR System kit), and 0.k each of the three Ajithkumar Primers
(LNYVNS1S2R1100/ LNYVNS1F889/ LNYVNS2F892¢aEmih contained 300 ng of total

RNA and the remaining reaction was made to a total of J@.5eaction with nuclease free

water. Samples consisted of two technical replicates of HV27, a known subgroup | isolate, and
HV19, a known subgroup Il isolate rfrdnfectedN. glutinosa All samples were prepared on

ice. As the Ajithkumar Primers had already been tested and confirmed not to amplify a product
from uninfected lettuce sample@jithkumar 2018)only a no template control (NTCGlrsple

was used to detect any possible contamination.

RTFgPCR amplification was carried out using a Roche LightCycler 96 System (Roche Diagnostics,
New Zealand), and consisted of the following conditions; cDNA synthesis was carried out by
one cycle at 55Cfor 30 minutes, which was followed by amplification with one cycle ai®4

for 2 minutes, 30 cycles consisting of 15 seconds &C9480 seconds at 6& and 30 seconds

at 68°C, concluding with a final extension for 5 minutes af68HRM analysis wasrformed

as per default settings; one cycle of 60 seconds &®@&ith ramp rate of 4.4C/s, 60 seconds

at 40 °C with a ramp rate of 2.2C/s, 1 second at 68C with a ramp rate of 2.2C/s and 1

second at 97C with continuous 15 reading§l.

Analyss was then viewed with the Roche LightCycler 96 Softwitre.software was used to
view the amplification curvethe normalised melt curveand the normalised HRM melt peak

The default software settings for HRM were used, including the proportional nasatain

93



algorithm with default sensitivity settings of 50 %, for melt temperature and curve shape

discrimination(Roche Diagnostics 2012)

2.2.4.2  Gel Electrophoresis for One -Step RT-gPCRHRM Analysis with Invitrogen
SYBR Green Dye

To confirm the correct ampldation from SYBR Green-BHCRHRM, gel electrophoresis was
performed. Loading dye (@L) was added to the total volume of the BFCR reactions, and
electrophoresed at 75 Volts for 50 minutes on a 1.5 % agarose/l x TBmagk, as per
Section2.2.3.3

2.2.5 Two-Step RT-gPCRHRM Analysis with QuantaBio AccuMelt and

BioRad EvaGreen Dyes
QuantaBio AccuMelt, containing SYTO 9 green fluorescent dye, and BioRad EvaGreen gPCR
dyes are saturating intealating fluorescent dyes designed specifically for use in HRM analysis.
These dyes were tested for their suitability with the Ajithkumar Primers (LNYVNS1S2R1100/
LNYVNS1F889/ LNYVNS2F892). However, both the QuantaBio AccuMelt and BioRad EvaGreen
dyes required a separate cDNA synthesis step before gPCR use. cDNA synthesis was carried out
using a QuantaBio gScript Flex cDNA Synthesis Kit, or a Solis BioDyne FIREScript cDNA
Synthesis Kit, as described below. gHEBM was then carried out using QuantaBio Adell
Dye (Sectior2.2.5.3 or BioRad Sso Fast EvaGreen Dye (Se@i@rs4 2.2.5.5 2.2.6.1and
2.2.6.2. All gPCR experiments were carried out using whitev8l plates, on a Roche

LightCycler 96 System (Roche Diagnostics, New Zealand).

2.25.1  cDNA Synthesis with QuantaBio gScript Flex cDNA Synthesis Kit

Using tke QuantaBio gScript Flex cDNA Synthesis Kit (QuantaBio, Massachusetts, USA), cDNA
for the RNA samples was created as per the protocol for use with the random primers
provided with the kit. Brieflykit components were thawed and mixed gently via vortexopef

use. Each reaction, on ice, containefl2of kit provided Random Primers, 300 ng of total RNA

and nuclease free water to a total volume of 5. Tubes were then briefly mixed by vortexing

and centrifuged for 10 seconds. Samples were incubated inyeheat block at 65C for 5

minutes and then snap chilled on ice. qScript Flex Reaction Mix (BLY,ahd 1uL of qScript
Reverse Transcriptase was added to each sample, then vortexed gently and centrifuged.

Samples were then incubated in a Bibby Sdiiertl! Techne™TG512 Gradient Thermal Cycler
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(Fisher Scientific, England, UK) for 10 minutes &2%5 minutes at 42C, and 5 minutes at
85 °C before being held at 4 °C. Multiple cDNA synthesis reactions for the same template were

then pooled togetler into one tube, and stored a0 °C until required.

2.2.5.2  cDNA Synthesis with Solis BioDyne FIREScript cDNA Synthesis Kit

Solis BioDyne FIREScript cDNA Synthesis Kit (Soils BioDyne, Estonia), without primers, was also
used to prepare cDNA. Synthesis was performed as per the provided kit protocol. Kit
components were thawed and mixed gently via vortexing before use. Briéflyng of total

RNA was combined with gL of the RT Reaction Premix without primers (10 X), L5
FIREScript Enzyme Mix anglill of Random Primer reagent from the QuantaBio gScript Flex
cDNA Synthesis kit (QuantaBio, Massachusetts, USA). The remaimitignrealume of 2QuL

was made up of nuclease free water. Samples were gently mixed and lightly centrifuged before
incubation in a Bibby Scientifi Techne™ TG512 Gradient Thermal Cycler (Fisher Scientific,
England, UK) for 10 minutes at Z5, 30 mintes at 37°C, and 5 minutes at 8%, before being

held at 4°C. Multiple cDNA synthesis reactions for the same template were then pooled

together into one tube, and stored a20 °C until required.

2.25.3 gPCRHRM Analysis with QuantaBio AccuMelt Dye
The Ajihkumar Primers (2018; LNYVNS1S2R1100/ LNYVNS1F889/ LNYVNS2F892) were tested

for use in gPCGRIRM diagnosis of the LNYV subgroups. The primers were tested first in a
singleplex assay for each subgroup, followed by a multiplex assay. The primers
LNYVNS1S2RI¥ LNYVNS1F889 were used for testing the known subgroup | sample, HV27,
and the primers LNYVNS1S2R1100/ LNYVNS2F892 were used for testing the known subgroup Il
sample, HV19 from infectetll. glutinosa The multiplex assay combined all three primers
(LNYVNBS2R1100/ LNYVNS1F889/ LNYVNS2F892) with each of the known LNYV subgroup
samples. Reactions were prepared as a half reactionpy0of the QuantaBio AccuMelt
Supermix protocol (QuantaBio, Massachusetts, USA). Singleplex reactions consistgtd of 5
AccuMet Supermix, 0.fuL each of 1M forward (LNYVNS1F889 or LNYVNS2F892) quid 10
reverse primer (LNYVNS1S2R110@), 8ample cDNA$ prepared irgection2.2.5.1) and 2uL
nuclease free waterrhe NTC sample used 4 pL of nuclease free water with no cDNA. Multiplex
reactions consisted d pL AccuMelt Supermix, Ol each of the two 1M forward primers

and the 10uM reverse primer, 2L sample cDNAag prepared inSection 2.2.5.7) and 1.5uL

nuclease free waterThe NTC sample consisted of 3.5 L nuclease free water with no ABNA.
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the LNYV specific primers had already been tested and confirmed not to amplify a fproduc
from uninfected lettuce sample@Ajithkumar 2018) only an NTC sample was used for initial
experiments. All assays were conducted with five technical replic®®€& conditions used
were as above Rtion 2.2.4.7. LightCycler 96 software was used for analysis of the
amplification curves and normalised HRM melt peaks. For multiplex assays the difference plot
was also examined h€ difference plot is calculated by subtracting the normalised curve of the

baseline sample from the normalised curves of the other san{leshe Diagnostics 2012)

2.25.4 gPCRHRM Analysis with BioRad EvaGreen Dye to Test Kit Reagents
FiveBioRadSsoFasEvasreenSupermix kits (BiRad Laboratoies, Inc. New Zealand), each with

five tubes of EvaGreersupermixdye, were available and each were tested. Testing was
performed to determine if the kits were still suitable for use, and secondly, to determine if
there was any variation between the kits and the tubes within eachHath tubeof EvaGreen
supermixwas testedin a singleplex assayith a known LNYV subgrougdmple, HV27and a
known LNYV subgroup dample, HV19 from infecte. glutinosa The Ajithkumar Primers
were used, and the subgroup kimers (LNYVNS1S2R110DNYVNS1F8B9vere used for
testing HV27, andhe subgroup Il primeréLNYVNS1S2R1100NYVNS2F89vere used for
testing the HV19 isolatfrom infectedN. glutinosa A half reaction (10uL) of the BieRad
SsoFast EvaGreen Supermis set up, consisting & uL EvaGreen Supermi®.5uL each of

10 uM forward and 10uM reverse primer, 2L sample cDNA&nd 2 yLnudease free water.
The NTCanple consisted of 4 yL nuclease free water with no cOMNZR conditionwere as
described in &ction 2.2.4.1 As the LNYV specific primers had algedsben tested and
confirmed not to amplify with uninfected lettuce sampléajithkumar 2018) only ax NTC
sample wasncludedfor initial experiments. The gP@HRM analysis was then examined with
the Roche LightCycl&6 Softwae, using theamplification curveand normalised HRM et

peak analysis

2.25.5  Testing Ajithkumar Primers with BioRad EvaGreen Dye in Singleplex and
Multiplex RT -gPCRHRM Analysis

After confirming the usefulness of the EvaGreen reagents and dyes in edbh @fe kits

tested, the kit with the best performance was selected tiesting of theAjithkumar Primers

for use in RIGPCRHRM analysis The subgroup Ispecific primers LNYVNS1S2R1100/

LNYVNS1F88%nd the subgroup Il specific primetdNYVNS1S2R1100NYVNS2F89%ere

used for testingthe kit with known subgroup kand subgroup Isamples, HV27 and HV19,
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respectively. Reactions were made up as describedeitid 2.2.5.4 with five technical
replicates, and PCR conditions were as describedettidd 2.2.4.1 Singleplex reactions
contained the subgroup spedfiprimer pairs. While multiplex reactions contained all three
primers, with the appropriate reduction in the volume of nuclease free water. Experiments
included an NTC, and uninfected lettuce awdglutinosaas negative control samples, or just

an NTCThe gPCR analysis was then viewed with the Roche Light@g&leftware. The
software was used to view the amplification curared normalised HRM melt peaks for both
the singleplex and multiplex analysis, and the difference plot was also examined for the

multiplex analysis.

2.2.6 Primer Design for Use in Two -Step RT-gPCRHRM Analysis with

BioRad EvaGreen Dye
The Ajithkumar Primers were found to be not appropriate for-gRCRHRM analysis.
Therefore, additional primerdesignedspecifi@ally for two-step RTgPCRHRM analysis were
developed to optimise LNYV subgroup diagnosis. Careful and specific primer design is essential
for accurate and sensitive amplification of the desired target region by dP&for et al.
2011; Arif and Oche&€aona 2013; Jeong et al. 2014)he LNYV N gene sequences were
examined, and published general primer design guidelines were followed for primer design
(Applied Biosystems 2009; Bustin et al. 2009; Taylor et al. 2011)

The available published LNYV N gene sequewees collected from the National Centre for

Biotechnology Information (NCBAww.ndi.nlm.nih.goy database. NZ and Australian LNYV

isolates, where the N gene sequences had been isolated using the BCNG1/ BCNG2 primer pair
(Callaghan and Dietzgen 2008hd used in previous studi¢liggins et al. 2016b; Ajithkumar

2018) were analysed in Geneious.0.6 (vww.geneious.com Biomatters, Auckland, New
Zealand. A total of 27 LNYV N gene sequences were alignetheid USCLEEdgar 2004)

algorithm The aligned sequences were then manually examined for possible primer pasitions
TheAjithkumar Primers were used as a point of reference. Characteristicst@fital primers
were analysed via thelntegrated DNA TechnologiesID{) OligoAnalyser software

(https://sg.idtdna.con). Parameters were set at the default for gP@Rh DNA as the target

type for use with cDNA sample$he primer sequence length, GC s, predictedmelt or

annealing temperature, andecondary structures (hairpin and sdlfner) were all assessed.

Primers were designed to have a length betwdérn; 30 nt,a GC content between 4€ 60 %

and a predicted melt temperature about 60C, with< 5°C difference in melt temperature

between primerg(Applied Biosystems 2009; Taylor et al. 2011; Lorenz 28&2uences with
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potential for secondary structuresiere avoided(Applied Biosystems 2009; Lorenz 2012)
Primer sequences were also analysed using the NCBI Basic Local Alignment Search Tool (BLAST,;

https://blast.ncbi.nim.nih.gov/Blast.chias an initial confirmation of LNYV specificityn

addiion, the PCR products for eacbbgroupfrom each primer paiwvere also assessed for
PCR produckength, GC content and predictadelt temperaturevia the IDT Oligénalyser
software Three final primer sets were synthesised by IDT (Integrated DNA Technologies Pte.

Ltd. Singaporehttps://sg.idtdna.con). Analysing three primer sets provides robasalysis to

determine the most optimal primer combinatigBustin et al. 2009; Lorenz 201Features of

the three final primer sets arghownin Table2.2.

2.2.6.1 Testing the Specificity of the LNYV Primers Developed for RT -gPCRHRM
Analysis

To confirm LNYV virus and LNYV subgroup specificity of the newly developed primer sets,
these were tested in Bgleplex assays of each subgroup primer pair with known LNYV
subgroup | sample, HV14, known subgroup Il sample, HV18, uninfected lettuce and an NTC, all
with five technical replicates. This was followed by multiplex assays for each primer set with

HV14, H¥8, uninfected lettuce and an NTC with five technical replicates.

Sample cDNA was preparad perSection2.2.5.2 and reactions were prepared as [giction
2.2.5.4for singleplex assays. Multiplex assays were prepared aseo#inis2.2.5.5except for
Primer Set 3, which consisted of four primers (two primer pairs for each subgroup), and
required reactions to be prepared with.5 uL of the 10uM fourth primer and only JuL of
nucleasefree water. PCR conditis were as described ine&ion 2.2.4.1 except for the
annealing temperature which was calculated as the average of the predicted melting
temperatures for each primer sefl@ble2.2). Primer Set 1 annealing temperature was°6)
Primer Set 2 annealing temperature was°@€3and Primer Set 3 annealing temperature was 65
°C.
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66

Table2.2 Design features of primers developed specifically for gARNI analysis. Primers were named as per their location in the LNYV N gene sequence alignment used for
primer design. Primer sequences consisted of IUPAC codes Wwhe nucleotides were common among sequences in a particular positiolUR#C codes used were; M
representing A or C, R representing G or A, K representing G or T, and Y representing T or C. The annealing tempeaitutatechasthe average die predicted TWa T 2 NJ

each primer set.

Primer name Primer sequence Len_gth of GC % Pred|::ted h Anneallngo
primer (°C) temperature (°C)

LNYVNS1S2F 351 ~ TGACACAGATTC AGAACAACT C 22 40.9 60.5

Primer Set 1 LNYVNS1R_423 GGG ATT GAM ACA GCA AGG 18 55.6 60.2 60
LNYVNS2R_477 TGATCT GAA GAA GGA GGT GTT A 22 40.9 60.8
LNYVNS1S2F 1082  GAG ATG GAT TGT CCG GCC A 19 57.9 63.8

Primer Set 2 LNYVNS1R_1339 RTC KAG ATT TTT GAT GGC AAA TAT T 22 50 64.7 63
LNYVNSLF_844 YAC KGA AGC AGC CTT AGT RTC AT 23 435 63.2
_ LNYVNSIR 916 TAA AGT CCA TGT GGA TAA GAC TTC AGG T o8 393 65.6

Primer Set 3 65
LNYVNS2F 844 GAC AGA GGC AGC TTT GGT GTC AC 23 565 670
LNYVNS2R_916 CAG TGT CCA TGT CGACHATTC G 25 48 64.9



2.2.6.2 LNYV Subgroup Diagnosis with Primer Sets 1 and 3 with BioRad EvaGreen
Dye in Two-Step RT-gPCRHRM Analysis

Primer Sets 1 and 3 had been identified as good candidates for diagnosis of LNYV subgroups
using twoestep RTQPCRHRM analysis. Their ability to distinguish previously untyped LNYV
infected samples was tested mespective multiplex gPCRRM assays witBioRadEvaGreen

dye. The assays consistefitbree technical replicates gjositive controlsknown subgroup |
sample, HV14and known subgroup Il sample, HY3A8 well adNTC, and 18 lettuce samples
confirmed to be infected with LNYV (2018, persoo@imunication from J Fletcher toND
Higgins), but had not been subgroup typ@dhe sampling locations for these lettuce samples

are illustrated inFigure2.2. Multiplexreactions were set up and qPCR conditions were as per

Section2.2.6.1for each respective primer set.

Samples that gave irregular results (RPC1, RPC2, and SEljhemrtested in singleplex
reactions with the Ajithkumar Primers as described in Sec?idn5.4 with three technical
replicates. The amplification curves and nofised HRM melt peaks were examined, along
with gel electrophoresis analysis (Sectdi2.4.2. Using data from onsetep RTPCR analysis
followed by Sanger sequencingarried out in Chapter 3, the primer binding sites were visually
assessed alongside the N gene sequences for these samples and the subgroup positive control

samples.
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2.3 Results

2.3.1 Testing RNA Quality

Prior to the development of a diagnostic asshg fjuaity and concentration of the extracted
RNAmust be suitable for downstream analysis. This watrmined via spectrophotometry
using the NanoVue spectrometer (GE Healthcare, Life Sciences)sfhAzévalues for each
sample were around the desirablalue of 2.0, and within the acceptable range of ¢.8.2.

The Aso/ Azxsovalues were > 1.7, which is the acceptable cut off value for (Sidgna Aldrich
[Date unknown] Triabass[Date unknown] Wieczorek et al. 2012)his indicated that the
purified total RNA of the samples was suitable for downstream analysis. The concentration
readings from the spectrophotometry were used for the standardisation of samples in

downstream analyse@Roche 2008; Applied Biosystems 2009)

The integrity of he RNA was also checked via agarose gel electrophoresis. This was used to
determine if the RNA sample had degraded during the extraction process. An RNA sample with
good integrity is expected to show two bands; one brighter band at ~ 1,500 bp, displaying
intact 28S ribosomal RNA (rRNA), and another at ~ 700 bp, displaying intact 18SidRiNA
Aldrich[Date unknown] Wieczorek et al. 203 Tirabassk014).

Figure2.4 shows an example RNA integrity gel of total RNA extracted from samples used in
this study. Intact 28S and 18S ribosomal bands, at the expected sizes obp,50d 700 bp
respectively, were seen. The 28S band was brighter than the 18S band, as was desiichble
no unexpected bands or streaking was producédis indicatedhese samples were suitable

for downstream analysis.

M L-1 L-2 HV18  HV14-1 HV14-2

1,500 bp —>
1,000bp —> 8

Al ] \* < 28SIRNA
*

<— 18SrRNA
500bp —>

100bp —>

Figure2.4 Example agarose gel electrophoresiststing the integrity ototal RNA extra@d from
samples. Lane M =100 bp ladder. Experimental samglesnd E2 represent uninfected lettuce, while
HV18, HV14 and HV14 represent infected lettuce samples from Harrisville, Auckland.
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2.3.2 Testing Ajithkumar Primers in RT -qPCRHRM Analysis

2.3.2.1  One-Step RT-gPCRHRM Analysis with Invitrogen SYBR Green Dye

The Ajithkumar Primeraere tested for their suitability in a orgtep RTgPCRHRM assay with
Invitrogen SYBR Green dyEigure2.5). This experiment represented step 1.1 Bigure2.3.

These primers were able to amplify a PCR prodE@ufe 2.5A), using RNA from infected
lettuce, HV27 (subgroup I, blue), and infectddglutnosa,HV19 (subgroup II, red). The two
subgroups could be distinguished, with subgroup Il amplification occurring earlier in the gPCR
cycles than the subgroup | amplifcation. This was despite equal amounts of total RNA template
in each sample reaction. Hawer, the amplification profiles for the technical replicates of

each biological sample were inconsistela amplification was seen with the NTC replicates.

To assist interpretation and further analysis, the data was normalised using the proportional
normalisation algorithm (Section 1.2.4.2.Rpche Diagnostics 201Figure2.5B shows the

melt curves after normalisation of the data. One of the subgroup Il technical replicates was
normalised to the baseline, while the subgroup | technical replicates produced curfilegpro

that were again inconsistent.

The HRM melt peak&igure2.5C) were examined to determine the melting temperatures for
each PCR product. As this uses the normdlg&ta (Section 1.2.4.2.5) frofigure2.5B, only

three of the four samples produced melt peaks, with one subgroup Il technical replicate
normalised along the baselindhe single peak for each sample indicatbdt each reaction
amplified a single product. However, broad, discrete melt peaks were observed for each
reaction, including the two subgroup | (HV27, blue) technical replicates. The LNYV subgroup I
sample (HV19red) had a melt peak at 81.4Z, while the subgroup | technical replicates
(HV27, blue) produced melt peaks at 79:8land 80.77C.

The subgroup | (HV27, blue) technical replicates produced melt peaks with a temperature
difference of 1.46C between hem. As the limit of detection for the LightCycler 96 instrument

is 0.2°C(Roche Diagnostics 2012) temperature difference greater than this would suggest a
true melting difference and not a limitation in the accuracey of temperature dection. This
would indicate that the LNYV sequence amplified in each subgroup | technical replicate was
different. This was also true for the subgroup Il infected samplédsboth samples had
amplified a PCR product of the same sequence, they would have both producepealett or
appeared as flat lines along the baseline Fhgure2.5B andFigure2.5C. Futhermore, the
temperature difference between the two subgroup | replicates was greater than the

temperature difference between the closest subgroup | and subgroup Il samples. These
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observdions were unexpected, as each technical replicate came flensametotal RNA

sample preparation.

To diagnose the LNYV subgroups by HRM, distinct melt peak temperatures and profile shapes
is required. The melt peak temperature differendeigure 2.5C) between the subgroup II
(HV19, red) sample and the closest subgroup | (HV27, blue) sample wa€ 0Athough this

was greater than the instrument limit of detectio(0.2 °C; Roche Diagnostics 20123
temperature difference of at least IC would be needed to be considered acceptable for
distinguishing the two subgroups by HR®heng et al. 2013; Osathanunkul et al. 2028)the

HRM profile shapes appeared similar and unexpect=lilts were produced, the samples

were not further analysed by difference plot fionproved profile shape discrimination.

Figure2.5 Testingthe AjithkumarPrimers forlLNYV subgrougiagnosis using RIPCRHRM analysiwith
Invitrogen SYBR Green dye. Subgragghnicalreplicates (Sl, HV27) are shown in hlaied subgroup I
technicalreplicates (Sll, HV19) are shown in red. A) Amplification {@yele number versus
fluorescenceB) Normalised melt curv@emperature versus fluorescenc€)) Normalised HRM peaks

derived from normalised data shown in @emperature versusiF/dT)
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2.3.2.2  Gel Electrophoresis for One -Step RT-gPCRHRM Analysis with Invitrogen
SYBR Green Dye

To confirm thatthe PCR products amplified in the multiplex assay described above (Section
2.3.2.0 were of the expected size, size discrimination via gel electrophoresis waslcautie
(Figure2.6). Products of the expected ~ 200 bp diagthkumar 2018¥or each subgroup and
technical replicate were observed. This indézhthat the correct PCR amplification occurred in
the onestep RTgPCRHRM analysis with the Invitrogen SYBR Green dye. Although further
confirmation analysis via sequencing could be performed, size discrimination via
electrophoresis is a strong indicatof accurate PCR product amplificatifrorenz 2012; Bluth

and Bluth 2018) However while only one band was observed for each sample via gel
electrophoresis, the melt curve and HRM melt peak analyEgu(e 2.5B andFigure 2.5C)

suggested that the sequences within each PCR product were different.

Subgroup | Subgroup II
M __HV27  HV27 M HVI9 HV19

500bp —>
P 500 bp —>

200bp —> 200bp — >

100b
pP—> 100bp —>

Figure2.6 Agarose gel electrophoresis for samples analysed inste@ RIgPCRHRM assagwith SYBR
Green dydrom Sectior2.3.2.1 Expected PCR product at ~ 200 ¢gn be seerNTC sample included
but showed no amplification of any products (data not shovizane M = 100 bp laddeBubgroup |
experimental sample HV27 and technical replicate. Subgroup Il sample HV 1K .fglatinosaand
technical replicate.

At this stage, these results suggested that LNYV subgroup diagnosis by HRM profiles may not
be easily distinguishable using the Ajithkumar Primers with SYBR Green dye. SYBR Green dye is
a nonsaturating intercalating fluorescent dye, and has been repottede less sensitive in

gPCR and melt curve, or HRM, analysis compared with saturating intercalating dyes
(Radvanszky et al. 2015; Pereira et al. 20I8)eliminate the dye as the possible source of the

less differentiated HRM melt peaks, the Ajithkumar Primers were tested with two different

saturating intercalating dyes.
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2.3.3 Testing Ajithkumar Primers with QuantaBio AccuMelt and

BioRad EvaGreen Dyes
Satuating intercalating fluorescent dyes designed specifically for use in HRM analysis may
produce better results than SYBR Green (Sectio®®.1and 2.3.2.2). QuantaA 2 Q& ! O0Odza
O2ydFAyAy3a {.,¢h ¢ 3INBSYy TFtd2NBaOSyili ReS:
dyes designed for use in HRM assays. These dyes were tested tsyepw& I qPCRHRM
analysis for their suitability with the LNYV subgroup specifichldjihar Primers
(LNYVNS1S2R1100/ LNYVNS1F889/ LNYVNS2F892).

2.3.3.1 Singleplex RT-gPCRHRM Analysis with QuantaBio AccuMelt Dye
The AccuMelt dye was tested to check its suitability in-step RTgPCRHRM analysis with

the Ajithkumar Primers. The primers were tied first in a singleplex assayigure2.7) for each
subgroup, followed by a multiplex assdygure2.8). These experiments represented step 2.1

on Figure2.3.

Singleplex analysis produced amplification of all the technical replicates for sublgfdif27,

blue; Figure2.7A), and subgroup Il (HV19, rdeigure2.7B). Theamplifcation profiles for both
subgroups showed tight, overlapping curves, indicating consistent amplifcation across the
replicates for each subgroup. Subgroup Il (HV19, red) showed amplification occuring at cycle
14, while amplification of the subgroup(HV27, blue) replicates occured at cycle 18. Equal
amounts of total RNA were included in each reaction, suggesting the earlier amplification of
subgroup Il (HV19, red) was due to a higher titre of virus within the infected leaves from which

the total RNA was extracted. No amplification was seen with the NTC replicates.

The data was normalised and the HRM melt peaks examkigdre2.7C andrigure2.7D). The
melt peak profiles indicated amplification of one product in each reacton.both subgroups,

the technical replicates produced some visible variation, creating melt peak rarajbsy
than one melt peak temperature. The subgroup | melt peak (HV27, Wiigare 2.7C)
temperatures ranged from 83.2%C to 83.3C°C, a range which was within thestrument limit

of detection (0.2°C; Roche Diagnostics 2012Jhe subgroup Il (HV19, refdigure2.7D) melt
peak temperatues ranged from 83.43C to 83.57°C, also within the instrument limit of
detection. The temperature difference between the subgroup | temperature range and the
subgroup Il temperature range was only 0’03 below the minimum acceptable temperature
difference of 1°C(Cheng et al. 2013; Osathanunkul et al. 20T®)is suggests the combination

of these primers with AccuMelt was inappropriate for subgroup discrimination. However, this
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analysis was performed with the primers in singleplex reactiotzs confidently analyse the
suitability of these primers to diagnose the LNYV subgroups usirgPGRHRM with

AccuMelt, multiplex analysis was carried out (Sec#dh3.2.
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Figure2.7 Testing theLNYV subgroup specifigithkumarPrimers in a singleplex assay with QuantaB&ccuMelt dye. Subgroupgéchnicalreplicates (SI, HV27) are shown in blue
and subgroup ltechnicalreplicates (Sll, HV18fe shown in red. A) Subgroup | amplification curve. B) Subgroup Il amplification curve. C) Subgroup | normalised HRk& melt pe
D) Subgroup Il normalised HRM melt peak{sowing amplification and HRM melt peaks for all technical replicates of each spkaralysisA) and B) Cycle number versus
fluorescence. C) and D) Temperature versiigdT.



2.3.3.2  Multiplex RT -gPCRHRM Analysis with QuantaBio AccuMelt Dye
To confidently assess the suitability of the LNYV subgspapific Ajithkumar Primers with the

AccuMelt dye, the primers were tested in a multiplex asdagure2.8). Amplification was
seen for both subgroup samples and afichinical replicates Figure 2.8A). Consistent
amplification of the subgroup | and subgroup Il samples was indicated by the majority of the
amplification curves for eaclheplicate overlapping except for one subgroup Il replicate
(HV19, red) which produced a visibly different amplification profile. The multiplex amplification
profiles were comparable to the profiles produced when the primers were tested in the
singleplexassay (SectioR.3.3.), again suggesting that LNYV subgroup Il (HV19, red) was more
abundant in the source tissue than subgroup | (HV27, blue). There was no @atiplifiof the

NTC replicates.

The normalised HRM melt peaks for the two subgroups overlappieaife2.8B). This meant
that the subgroups could not be discriminated their melt peak. The melting temperature
range for subgroup | (HV27, blue) was 84°06to 84.14°C while the range for subgroup I
(HV19, red) was 84.0€ to 84.21C.

To aid visualisation of any difference between the melt peak profiles, a differentevpk
examined Figure2.8C). The technical replicates of the subgroup | sample (HV27, blue), were
used as the baseline samples, and showed a large degree of vari@tiomple replicates did

not group near, or on the baseline, as would be expected if the samples had produced
identical profiles and melt peaks. The subgroup Il (HV19, red) replicates were also spread
across the plot, including near the baseline, indicatiogsabstantial difference between the
subgroup | and subgroup Il samples. These data indicate that the combination of the
Ajithkumar Primers with AccuMelt dye was not appropriate for LNYV subgroup diagnosis. The
use of a more sensitive, saturating interdalg dye may produce HRM melt peaks with better

subgroup discrimination with these primers.



Figure2.8 Testing the Ajithkumar Primers in a multiplessay with QuantaBipAccuMelt dye. Subgroup
| technicalreplicates (SI, HV27) are shown in blue and subgraeghhicalreplicates (Sll, HV19) are
shown in red. A) Amplification cur{€ycle number versus fluorescencB) Normalised HRM melt

peaks(Temperature versusiF/dT). C) Difference pladerived fromthe normalisedHRM met peaklata

shown inB) with subgroup | technical replicates used as the basdlimenperature versus difference in
-dF/dT) Showing amplification and overlapping HRM profiles for all samples.

2.3.3.3 Testing the Usefulness of BioRad EvaGreen Dye Kits

The BioRad Sso Fast EvaGreen dye was tested as an alternative dye due to its reported higher
sensitivity and better performancgischeid 2011; Radvanszky et al. 20T@)ostep RTgPCR

HRM analysis was carried owith the Ajithkumar Primers using the BioRad Sso Fast EvaGreen
dye. Five kits of the BioRad Sso FasiGreen dyeere available for use that had been in cold
storage for some time. To test the usefulnedthesekits, each tibe from eactkit was tested

with a known LNYV subgrougHV27),and a knownsubgroup 1l samp (HV19) in singleplex
assays. Testing each tube from each of the five kits acted as technical replicéiegirg?.9

the multiple tubes (five from each kit (humberd 1-5) have been labelled with the same
colour for easiercomparison. These experimentepresented step 3.1 in the experimental

designFigure2.3.



The amplification curved-{gure2.9A andFigure2.9B) showed that each tube from each kit
amplified a product. This indicates that none of the EvaGreen dye kits had degraded beyond
use. For subgroup Figure2.9A) the amplification profiles were consistent across the kits
numbered 1, 2, 4 and 5, although some variation across tubes within the kits was visible. Kit 3
(pink) produced a slightly different amplification profile shape, pamed to the other Kkits.
Although the amplification profiles for the tubes in this kit were consistent. The amplification
curve for subgroup IIRigure2.9B) showed caosistency of the amplification profiles across all

the Kits, and across the tubes within each kit. There was no amplification of the NTC replicates

seen.

The normalised HRM melt peaksidqure2.9C andFigure2.9D) indicated amplification of one
product in each reaction. For subgroug-lgure2.9C) there was some variation in the melting
temperatures of the amplified products, producing a temperature range from 82530
82.99°C. However, the melt peak temperatures and profile stsaggpeared consistent for the
tubes within each kit. Kits 1 (light green), 2 (orange), 4 (light blue) and 5 (dark blue) produced
melt peaks of similar shape and fluorescence level. Kit 3 (pink) produced melting peaks at
higher fluorescence, suggestive obra PCR product, with peaks that appeared sharper when
compared to the other kits. Kits 1 and 3 produced the lowest within kit melt peak temperature

variation of < 0.2C.

For subgroup Il Higure 2.9D) variation in the melting temperatures was also seen. This
produced a narrow temperature range of 82.92 to 83.25°C for all the tubes in all five Kits.

Kits 4 (light blue) and 5 (dark blue) amplified products with mgltemperature ranges of >
0.2°C. The melting temperature ranges for kits 1 (light green), 2 (orange), and 3 (pink) were <

0.2°C. Kit 3 (pink) gave the lowest variation of 0’06

Allfive EvaGreen dye kits proved to be usable even after long term g@ré&mplification from
both LNYV subgroups and their respective primers in singleplex reactions werelbeekits
that produced consistent results with minimal within kit variation Waésl (light green) and kit
3 (pink).Kit 3 performed the best ovelahnd was used in subsequent EvaGreeqRCRHRM

assays.
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Figure2.9 Testing the usefulness of BioRad EvaGreen dye kits in singlepd®CRARM analysis with the Ajithkumar Primefée five tubes from kit 1 are shown in light green,
kit 2 are shown in orange, kit 3 are shown in pink, kit 4 are shown in lightdrdekit 5 are shown in dark blue. A) Amplificatimurve with Ajithkumasubgroup | specific primers
and template §1,HV27). B) Amplificain curve with Ajithkumasubgroup Il specific primers and templag&i(HV19). C) Normalised HRM melt peak witth&kjimar subgroup |
specifc primers and template (SI, HV2D). Normalised HRM melt peak wigjithkumar subgroup Il specific primers and templa&dd,HV19).Shows amplification with all tubes
across all five kits, indicating the EvaGreen dyeriat degaded.A) and B) Cycle number versus fluorescence. C) and D) Temperature-tuerdiis



2.3.3.4 Singleplex RT-gPCRHRM Analysis with BioRad EvaGreen Dye
In order to better visualise the subgroup HRM profiles further singleplex and#ygure2.10)
followed by multiplex analysid-igure2.11) with BioRad EvaGreedye kit 3 was performed.

These experiments represented step 3.2Figure2.3.

The singleplex amplification curvebidure 2.10A and Figure 2.10B) showed amplification
across all technical replicates for both subgroup samples.té@tienical replicates for each
LNYV subgroup produced tight, overlapping curves, as was expected. No amplification of the

NTC replicates was seen in either singleplex assay.

The normalised HRM melt peaksidure2.10C andFigure2.10D) indicated amplification of a
single product, as expected. The general HRM profile shape for eachospbgas similar;

with some visiblevariation across the technical replicates. For subgroup | (HV27, blue) the
melting temperature range wa2.70 °C t032.83°C, while subgroup Il (HV19, red) it vé&s03

°C t083.10 °C. The difference between these rangeas 0.2 °G which is at the limit of
detection for the instrument. Although the temperature difference between the two
subgroups was larger than that produced in singleplex with the AccuMelt dye (S2@i8ri
Figure2.7), it was still below the minimum acceptable difference ofCl(Cheng et al. 2013;
Osathanunkul et al. 2016As the EvaGreen dye appeared more sensitive than thaMelt

dye, the primers still showed potential for use in LNYV subgroup diagnostic analysis with RT

gPCRHRM. Further multiplex analysis was carried out.
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Figure2.10 Testing the AjithkumakNYV subgroup specific primers in a singleplex assay with BioRad EvaGreen dye kit 3. Siglohroca@ireplicates (Sl, HV27) are shown in
blue and subgroup technicalreplicates (SlI, HV19) are stwin red. A) Subgroup | amplification curve. B) Subgroup Il amplification curve. C) Subgroup | normalised HRM melt
peaks. D) Subgroup Il normalised HRM melt peakswingtight amplification and single melt peaks with both LNYV subgrcAipand B) Cycleumber versus fluorescence. C)

and D) Temperature versudF/dT.



2.3.3.5  Multipl ex RT-gPCRHRM Analysis with BioRad EvaGreenDye

Multiplex reactions with the Ajithkumar Primers using the BioRad EvaGreen dye kit 3 was
performed to cafirm HRM peak profiles of each subgroup in multiplex reactions. A multiplex
RFgPCRHRM assay for LNYV subgroup diagnosis would reduce time and costs compared to

singleplex analysis.

The amplification curveFjgure2.11A) showed amplification of all five technical replicates for
both subgroup | (SI, blue), and subgroup Il (SlI, red). Two distinct amplification profiles were
produced. The amplification curves for thectmical replicates of each subgroup overlapped
tightly within the gPCR exponential phase. Subgroup Il amplified at an earlier cycle, suggesting

a higher viral titre compared to subgroup I. No amplification of the NTC replicates was seen.

The normalised HR melt peak Figure2.11B) showed two melt peaks. One melt peak for each
LNYV subgroup was seen, indicating amplification of one product in every re&vierap of

the two melt peaks was apparent, as was variation among the replicate templates for each
subgroup. The subgroup | (HV27, bloglt peak temperatures rangeftom 83.16°C t083.23

°C, while the sbgroup II(HV19, redmelt peak temperatures rangeflom 83.36°C t083.43

°C. Both subgroup temperature ranges generated variation of 0X@7 However, the
temperature difference between the two subgroups, C.C3vas below the instrument limit of
detection and smaller than that observed in the singleplex assyid8 2.3.3.4. This would

indicate the two subgroups could not be discriminated by their HRM melt peaks.

To allow better examination of the HRM profile shapes and the variation across the technical
replicates, the difference plot was assessdeig(re 2.11C). The subgroup | (HV27, blue)
technical replicates were used as the baseline samples. The variation across theupubg
technical replicates was easily seen, and similar variation was also seen across the subgroup Il
(HV19, red) technical replicates. Although there was clear differences in the profile shapes
between the two subgroups, there appeared to be a large am@f variation in the technical

replicates for each subgroup, which was undesirable.
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Figure2.11 Testing the Ajithkumar Primers in a multiplessay with BioRad EvaGreen dye kit 3.
Subgroup technicalreplicates (SI, HV27) are shown in blue and subgragghhicalreplicates (SlI,
HV19) ae shown in red. A) @plification curvg(Cycle number versus fluorescencB)Normalised HRM
melt peakg Temperature versugiF/dT) C) Difference plotlerived fromthe normalisedHRM met peak
data shown irB) with subgroup | technical replicates used as the basdllieenperature versus
difference in-dF/dT) Shove amplification of both subgroups with overlapping HRM profiles and melting
curvevariation across théechnical replicates for each subgroup.

2.3.3.6  Testing the LNYV Specificity of Ajithkumar Primers Using RT -gPCRHRM
Analysis with BioRad EvaGreenDye

Multiplex analysis of the Ajithkumar Primers with the BioRad EvaGreen Figerd 2.11)

showed two distinct melt peaks for each subgroup. While, there was variation across the
technical replicates for each subgroup and the temperature difference between the two
subgroups was belv the instruments limit of detection, the results support the possibility of
diagnosing the LNYV subgroups using-gRIRHRM approach. The BioRad Sso Fast EvaGreen
R&S LINPOSR Y2NB &SYAAGADS KL y233.8 4 evidricadli | . A 2
by greater distinction between the two LNYV subgroups when analysed in singleplex and

multiplex two-step RIQPCRHRM assays. However, the LNYV subgroup specitidukjiar
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Primers, designed for use inRCR, appeared unable to differentiate the two subgroups in RT

gPCRHRM analysis.

Using traditional end point RFCR analysis, Ajithkumar (2018) had shown that these primers

were LNYV subgroup specific. They amplifidNYV from infected leaf tissue, with no non

specific amplification. It had been assumed here that this would also be true irgR &

HRM assay, and therefore uninfected samples were not included in the above analyses. As

gPCR is more sensitive, and eifie, compared to traditional PCR metho@@oonham et al.

2014; Jeong enl. 2014) it was decided to use the BioRad Sso Fast EvaGreen dye kit 3 to
confirmthat nond LISOA FAO | YLIE AFAOFIGA2Y 461 ayQlid AyTtdzSyOay3
The primers were tested in singleplex tstep RTGPCRHRM assays with uninfected latte

and uninfected\. glutinosa along with the known subgroup I, HV27 from infected lettuce, and

known subgroup I, HV19 from infect®d glutinosarepresenting step 3.3 in the experimental

design summaryHigure2.3).

2.3.3.6.1 Testing the Ajithkumar Subgroup | Specific Primers with BioRad EvaGreen
Dye

The amplification curveF{gure2.12) showed amplification with the subgroup | (HV27, blue)
technical replicates only. No amplification was seen with the technical replicates for subgroup
[l (HV19), uninfected lettuce, uninfectddl glutinosa or the NTC. This is consistent with the
findings ofAjithkumar (2018) and showed these primers are specific to LNYV subgroup | in a
RFgPCRHRM assay. As this analysis was implemented to determine ifspecific
amplification was occurring from plant RNA, these data were not further analysed by HRM
melt peak analysis. These data confirm that the HRM analyses from Segti®:3s4 and

2.3.3.5were not influenced by nospecific amplification products.
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Figure2.12 Amplification curve for testing the LNYV specificity of Ajithkusedrgroup | primers in a
singleplex twestep RTgPCRHRM analysis with BioRad EvaGreen (@xele versus fluorescence)
Subgroup | (HV27) technical replicates are shown in blue. No amplification of the other samples was
seen.

2.3.3.6.2 Testing the Ajithkumar Subgrou p Il Specific Primers with BioRad EvaGreen
Dye

It was discovered that the subgroup Il (HV19, red) technical replicates and 2 of the 5
uninfected lettuce technical replicates amplified with the Ajithkumar subgroup Il specific
primers. The amplification cuev(Figure2.13A) showed consistent amplification of the known
subgroup Il (HV19, red) technical replicates, and there was no amplification of the known
subgroup | sampléHV27)or the uninfectedN. glutinosatechnical replicate sampleslowever,

very late amplificatiorfrom uninfected lettuce(light green) was seen fro@ of the 5 technical
replicates with an increase in fluorescent signal from cycle Z8is amplificatn was
unexpected; however, to rule this out as specific amplification, these data were normalised
(Figure2.13B) and the HRM melt peakBigure2.13C) examinedNo amplification of the NTC

technical replicates was seen, indicating there was no contamination in the reactions.

Normalisation of the datashowed the uninfected lettuce technical replicates normalised to
below the baseline. The normalised melt curt/g(re2.13B) and the HRM melt peaksigure
2.13C) revealed the uninfected lettuce technical replicates as a flat light green line. This
confirms very low fluorescence was detected for these samples. The subgroup Il &chnic
replicates produced an HRM melt peak with a small amount of variation, as was expected.
These data suggest the late amplification and fluorescence of the uninfected lettuce was not
the result of specific amplification, and was not sufficient to infleetice HRM melt peak

temperatures (Section®.3.3.4and2.3.3.5.
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Uninfected lettuce

Temperature

Figure2.13 Testingthe LNYV specificity of the subgroup Il Ajithkumar Prinveessingleplex twestep
RTgPCRHRM analysiwith BioRad EvaGreen dy8ubgroup tlechnicalreplicates (Sll, HV19) are shown
in red. Uninfected lettucéechnicalreplicates are shown in light greef) Amplification curvéCycle
number versus fluorescencea}) Normalised melt cury@emperature versus fluorescen€s)
Normalised HRM melt peaks dezd from normalised data shown i) Bremperature versusiF/dT).
Showing expected subgroup Il amplification and unexpected amplification of two uninfected lettuce
technical replicates.

Taken together, the results from the above analyses indicate thibk@jnar Primers are

unsuitable for differentiation of the LNYV subgroups in a-step RIgPCRHRM approach.

Development of primers specifically for use in tatep RTgPCRHRM analysis could provide

sensitive differentiation of the two LNYV subgroups. éttheless, these analyses provided

valuable analysis of the sensitivity of the BioRad Sso Fast EvaGreen dye compared to the

vdzt yGl . A2Qa | OOdzaStd FyR LY@GAGNRISYQA {..w DNBSY

the BioRad Sso Fast EvaGreen dye was. used
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2.3.4 Primer Design for Use in Two -step RT-gPCRHRM Analysis with
EvaGreenDye

Designing primers specific to each of the two LNYV subgroups proved difficult. There were few

regions within the LNYV N gene that allowed subgroup specific binding and thaedatister

primer design criteria, as well as producing PCR products from each subgroup that were

sufficiently different in predicted melting temperature to be used for discriminating the LNYV

subgroups in HRM analysis. This difficulty was also descrithedhsidesign of the Ajithkumar

Primers(Ajithkumar 2018) Ultimately, three primer sets were settled upon for testing. The

primer parameters arelisphyed inTable2.2 (Section2.2.6). Figure2.14 shows arillustration

representing the relative positions on the LNYV N gene of each developed primer set, as well

as primers designed previously.

91-1623 2720 - 3765 4412 - 6247

(N T ° @ M6 ] C e

1631 - 2712 6278 — 12613

3773 - 4403

91 169 1548 1623 1631 2712
¢ —{uR] N [urr H P |
BCNGL 63w 1629 BCNGZ]- Callaghan and Dietzgen (2005)
LNYV_440F 440 wmep «— 1185 INVV_1185R | Higgins et al. (2016)
BCN3 440 sy < 1178 BCN4 } Callaghan and Dietzgen (2005)

LNYVNS1FS889 975 wuip
LNYVNS2F892 981 =i

= 511 LNYVNS1R 423 Primer Set 1
<= 565 LNYVNS2R_477

@ 1189 I.NYVNSISZR110:|> Ajithkumar (2018)

LNYVNS1S2F_351 440 iy

e 1428 LNYVNS1R 1339

LNYVNS1S2F 1082 1171 =P } Primer Set 2
< 1313 LNYVNS2R 1224

LNYVNSIF_844 933 wmip &= 1005 LNYVNS1R 916 Primer Set 3
LNYVNS2F 844 933 ==p == 1005 LNYVNS2R 916

Figure2.14 Diagram illustrating the positions of the developed primer sets on the LNYV N gene with
other primer sets used previouEifure2.1). Primer Set 1 (LNYVNS1S2F 35YMME1R_423/
LNYVNS2R_477), plum purple, Primer Set 2 (LNYVNS1S2F_1082/ LNYVNS1R_1339/ LNYVNS2R_1224),
dark green, and Primer Set 3 (LNYVNS1F_844/ LNYVNS1R_916/ LNYVNS2F_ 844/ LNYVNS2R_916),
purple, were designed in this study for use in tatep RTgPCRHRMassays. Ajithkumar Primers and
Primer Sets 1, 2 and 3 are named as per the primer positions in the N gene sequence alignment, rather
than whole genome position (black numbers). Sedle2.3 for designed primer PCR product sizes, and
Figure2.1 for description of previously used primer sets.
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The predicted PCR product properties weaalso assessed for their suitability for use in the
postPCR HRM analysis. These properties are dispiay€dble2.3. For each primer set, the
temperature differencebetween the subgroup specific PCR products was analysed to ensure
their usefulness in subgroup diagnosis by HRM analysis. These are all above the acceptable
discrimination difference of I°C (Cheng et al. 2013; Osathanunkul et al. 2Q1fGyther
indicating their suitability. Furthermore, Primer Set 2 shows atimedéed temperature
difference of 2°C, which is the desirable temperature for discriminati@heng et al. 2013;

Osathanunkul et al. 2016)
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Table2.3: Properties of the predicted P@Roducts for each primer set designed for tetep RTgPCRHRM analysis.

Primer name

PCR product

Tm (°C) difference between

I 0, H )
Subgroup Expected size GC% Predicted T, (°C) subgroups
LNYVNS1S2F_351
| 73 46.6 77.8
) LNYVNS1R_423
Primer Set 1 1.6
LNYVNS1S2F_351
1] 127 43.3 79.4
LNYVNS2R_477
LNYVNS1S2F 1082
| 143 49 79.5
] LNYVNS1R_1339
Primer Set 2 2
LNYVNS1S2F 1082
1] 258 44.6 77.5
LNYVNS2R_1224
LNYVNS1F 844
| 73 46.6 78.8
) LNYVNS1R_916
Primer Set 3 1.5
LNYVNS2F 844
1] 73 56.2 80.3

LNYVNS2R_916



2.3.4.1  Testing the Suitability of Primer Set 1 in Two -Step RT-gPCRHRM Analysis
with BioRad EvaGreen Dye

In order to test the suitability of Primer Set 1 for subgrali@gnosis in twestep RIgPCRHRM

analysis, singleple¥igure2.15) and multiplex Figure2.16) assays were performed. Primer Set

1 consists of three primers, a naubgroup specific forward primer (LNYVNS1S2F 351) and

two subgroup specific reverse primers (LNYVNS1R_423/ LNYVNS2R_477). Singleplex assays
included the common forward pmer with either the subgroup I, or subgroup I, specific
primer, while the multiplex assay included all three primers. This represents step 3.4 in the

experimental design summariigure2.3).

2.3.4.1.1 Subgroup | and Subgroup Il Singleplex Analysis of Primer Set 1

The singleplex analysis of the subgroup | and subgroup Il specific primer pairs of Primer Set 1
are shown inFigure2.15. For each subgroup specific analysis, amplificabf the appropriate
subgroup sample was seen; the subgroup | (HV14, blue) technical replicates with the subgroup
| primers Figure2.15A), and the subgroup Il (HV1@d) technical replicates with the subgroup

Il primers Figure2.15B), respectively. This indicates that both subgroup specific primer pairs
are specific to their respive LNYV subgroups, and both showed overlap of the amplification
profiles during the exponential phase, although subgroup Il (HV18, red) showed a much tighter
profile. No amplification was seen with the uninfected lettuce, or NTC technical replicaigs. Th
indicates there was no nespecific amplification with lettuce, and no contamination in the

reactions for both singleplex assays.

The normalised HRM melt peak analysig@re2.15C andFigure2.15D) showed a single peak

with each subgroup primer pair, suggesting one PCR product was amplified for each. However,
the subgroup Il (HV18ed) melt peakKigure2.15D) appeared to show a slight left shoulder
leading up to the peak. For both subgroups, variation was seen in the HRM melt peak profiles,
although the melt peak temperature ranges were in fact narrow. The subgroup | (HV14, blue;
Figure2.15C) melt peak temperature from the subgroup | primer pair was 78%tb 78.68C,

while the subgroup 1l (HV18, reHigure2.15D) melt peak temperature from the subgroup Il

primer pair was 80.87C to 80.94C, both well within the instment limit of detection.
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Figure2.15 Testing the suitability of Primer SeLLIN¥ subgroup specific primers $ingleplex asseswith BioRad EvaGreen dy&ubgroup | technical replicates (S, Hvdre

shown in blue andubgroup Il technical replicates (SlI, HY&8 shown in red. A) Subgroup | amplification curve. B) Subgroup Il amplification curve. C) Subgroup | normalised

HRM mét peaks. D) Subgroup Il normalised HRM melt peakewing subgroup specific amplification and one HRM melt peak for each Aysenl B) Cycle number versus
fluorescence. C) and D) Temperature versiigdT.



2.3.4.1.2 Multiplex Analysis of Primer Set 1

To confirm the LNYV subgroup specificity of Primer Set 1 when all three primers were
combined, amultiplex two-step RTgPCRHRM assay was carried ouepresentng step 3.4 in

the experimental design summarigure2.3).

The amplification curveHgure2.16A) showed amplification of the subgroup | @V blue),

and the subgroup Il (HV18, red and orange) technical replicates. Two distinct amplification
profiles were observed, one for subgroup | (HV14, blue), and one for subgroup Il (HV18, red
and orange), although one subgroup Il technical replicatenglba differing amplification
curve (orange). While equal amounts of RNA were loaded into each reaction for both
subgroups, subgroup | amplified earlier. Variation was seen in the amplification profiles for
each subgroup, suggesting different amplificatifficiencies with greatest variation towards

the end of the reactions, as is often observed for P&FRc et al. 2015No ampliftation of the

uninfected lettuce nor the NTC technical replicates was seen.

The normalised HRM melt peak analysigy@re2.16B) showed two discrete, neoverlapping

melt peaks. The subgroup | (HV14, blue) technical replicates gave a melting temperature range

of 78.58°C to 78.72°C, while the subgroup Il (HV18, red and orange) range was 80.1@

80.90°C. Both subgroup melt peak temperature ranges were within theNiblty Sy °Qa n ®dH
limit of detection, and the temperature difference between the two peaks was 2@5A
temperature difference of this value is considered appropriate for HRM discrimingtibeng

et al. 2013; Osathanunkul et al. 2018he subgroup Il (HV18) replieathat produced the

highest melting temperature is indicated in orange, and corresponds to the orange technical

replicate inFigure2.16A.

To further visualise the relate variation and profile shape differences between the two LNYV
subgroup samples, a difference plot was generatédyre2.16C). The subgroup | (HV14, blue)
technicalreplicates were used as the baseline. These samples clustered together close to the
baseline, showing very little variation. This is desirable and would be expected in an
appropriate baseline sample. A clear different between the subgroup | and subdr(iig18,

red and orange) curves was seen. The subgroup Il (HV18, red and orange) variation that was
visible in the HRM melt pealfigure2.16B) was more refined in thelifference plot, with
replicates producing a tight melt curve. The outlying subgroup Il replicate (orange) still
clustered with the other subgroup Il replicates (red), creating a consistent profile shape. Taken
together, the difference plotKigure2.16C) and the HRM melt peakigure2.16B) results
would suggest that the outlying sutmyp Il product was amplified from an LNYV subgroup I

sequence, but had amplified in a dissimilar manner to the other subgroup Il replicates.
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Figure2.16 Testing the suitability of Primer Set 1 in a npléxassy with BioRad EvaGreen dye
Subgroup | technical replicates (S, Hvdr shown in blue andubgroup Il technical replicates (SlI,
HV18 are shown in re@nd orangeA) Amplification curve(Cycle number versus fluorescencB)
Normalised HRM melt peak3emperature versusiF/dT) C) Difference plotlerived fromthe
normalisedHRM met peaklata shown irB) with the subgroup | technical replicates used as the
baseline(Temperature versus difference idF/dT) Showing discrete anfification and HRM melt
profiles for each subgroup.

The results from both the singleplex (Secti2i3.4.1.) and multiplex Figure 2.16) assays
indicated that Primer Set 1 did not amplify any repecific products, and was LNYV subgroup
specific. The HRM melt peaks produced from the multiplex a$sgur€2.16B) indicated this
primer combination could distinguish the two LNYV subgroups, and therefore be suitable for
quick, costeffective subgroup diagnosis of samples using a$tep RTgPCRHRMapproach.

For robust analysis of this primer set, testing of untyped samples was the next stage, and is
described in &ction2.3.4.5 representing step 3.7 in the pg&rimental design summaryigure

2.3).
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2.3.4.2  Testing the Suitability of Primer Set 2 in Two -Step RT-gPCRHRM Analysis
with BioRad EvaGreen Dye

SingleplexKigure2.17) and multiplex Figure2.18) analysis with Primer Set 2 was performed in

order to test the suitability bthe primers for subgroup diagnosis in tgtep RTgPCRHRM

analysis. This represents stefb &1 the experimental design summaryigure2.3). Primer Set

2 consisted bthree primers, a norsubgroup specific forward primer (LNYVNS1S2F_1082) and

two subgroup specific reverse primers (LNYVNS1R_1339/ LNYVNS2R_1224). Singleplex assays
included the common forward primer with either the subgroup | or subgroup Il specifieprim

The multiplex assay included all three primers.

2.3.4.2.1 Subgroup | and Subgroup Il Singleplex Analysis of Primer Set 2

The outcomes of the singleplex subgroup specific analysis for Primer Set 2 are sliaguren

2.17. Both amplification curved={gure2.17A andFigure2.17B) showed amplification of their
specific subgroups. However, in the subgroup | specific afsguré€2.17A) amplification at

cycle 22 was seemione of the five NTC technical replicates (grey), indicating possible
contamination during the qPCR set up. As the remaining four NTC technical replicates were
contamination free, it was assumed that this contamination was limited to a single reaction
and the assay was not repeated. For both subgroup specific assays, no amplification with
uninfected lettuce was seen. The subgroup Il (HV18, red) amplification piéifier¢2.17B)
showed tight overlapping of the technical replicates, and there was no contamination in these

reactions as indicated by no amplification of the NTC technical replicates.

For the subgroup | (HV14, blue) normalised HRM melt pEaure2.17C) two peaks were

seen. One with the subgroup | technical replicates and one from the single NTC technical
replicate (grey)The subgroup | (HV14, blue) rigltes showed variation, generating a narrow

melt peak temperature range of 82.9C to 82.97C, while the NTC melt peak was at 82264

¢CKSNE gFa&a | G§SYLISNI (dzZNBE  RA F€ BritBf fefeStionthatBeleri SNJ G K S
the two peaks, suggesij the contamination had a different sequence from the subgroup |

(HV14, blue) sample.

The normalised HRM melt peaks with the subgroup Il specific primer Piguré 2.17D),
showed a single melt peak with a visible left shoulder. Although this shoulder was more
defined than the shoulder seen with the Primer Set 1 subgroup Il singleplex &sation
2.3.4.1.1 Figure2.15D), it could be indicative of multihase melting of a single PCR product
as a second, defined melt peaidicative ofthe melting of multiple PCR productsas not seen
(Bester et al. 2012; Downey 2014urther analysis of the PCR produuld be requiredto
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confirm this. Thesingle melt peak generated by tisebgroup Il (HV18, ret@chnical replicates

showed variationwhich producedh narrow temperature range from 82.82 to 82.7TC.
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Figure2.17 Testing the suitability of Primer SeLRI¥ subgroup specific primers singleplex assas with BioRad EvaGreen dyibgroup | technical replicates (SI, Hvd#
shown in blugthe single NTC replicate shown in grayd sibgroup 1l technical replicase(Sll, HV)&re shown in red. A) Subgroup | amplification curve. B) Subgroup Il
amplification curve. C) Subgroup | normalised HRM melt peaks. D) Subgroup Il normalised HRM m&hpeakg amplification of both subgroups and possible contamination

of one NTC replicate in the subgroup | specific as&pgnd B) Cycle number versus fluorescence. C) and D) Temperature-aerdids


















































































































































































































