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ABSTRACT

South Africa is one of the top ten wine producimgiratries in the world. The South African wine
industry contributes approximately R16.3 billion$outh Africa’s annual gross domestic product
with 42.8% of wine being exported. To compete wthile top wine producing countries and to
ensure a viable export market, South Africa needsrisure that healthy, virus free propagation
material is produced and sold. One of the virubes heed to be tested for & apevine fanleaf
virus (GFLV). Grapevine fanleaf virus causes degeneration and malformation of berriasekand
canes and is responsible for significant economésds by reducing crop yields by as much as
80%, reducing the longevity of the vines and affecfruit quality. It is widespread in the Breede
River Valley of the Western Cape where the nemataaetor, Xiphinema index, is prevalent. The
Breede River Valley contributes approximately 30%tlee total production of the local wine
industry, and severe losses in this region couleétien the viticulture. The Plant Improvement Act
states that all propagation material sold musebeet for GFLV by a reputable scientific technique.
The technique commonly used in South Africa isBloeible Antibody Sandwich - Enzyme-linked
Immunosorbent Assay (DAS-ELISA) and the kits ar@amed from Europe at a significant cost to
the South African viticulture industry.

The objective of this study was to produce a rédiaind sensitive diagnostic assay specific for the
South African strains of GFLV. This project aimex develop and optimize a DAS-ELISA, by
using recombinant DNA technology to produce antibeaggainst bacterially expressed viral coat
protein. Total RNA was extracted from GFLV infecg@dpevine material and the viral coat protein
(CP) amplified. The CP was cloned into the pGex26&xpression vector, fusing a Glutathione S-
Transferase (GST) partner to the viral coat protihancing solubility and protein purification.
Insufficient amounts of the soluble protein wer@ressed and purified, preventing the production
of antibodies and thus the development of the DASSE.

An alternative diagnostic rapid-direct-one-tube-RCR assay was developed. This rapid-direct-
one-tube-RT-PCR assay was compared to commerasaéilable DAS-ELISA and ImmunoStrip

tests (Agdia) to assess the reliability, sensitidnd specificity of the rapid-direct-one-tube-RT-
PCR assay. Twelve GFLV isolates from South Africeravsequenced to investigate the variability
between the isolates as well as the variabilitywken the South African isolates and GFLV
sequences available in Genbank. Sequence iderigi@geen clones from different GFLV isolates
from South Africa were between 86-99% and 94-99%hat nucleotide and amino acid levels,

respectively. Phylogenetic analysis based on thé pmtein gene sequences showed that the South



African isolates form two distinct clades or sulpplations. No significant correlation was found

between geographical origin and symptoms, nor batwgeographical origin and sequence
variability or between grapevine cultivar and syamptexpression. Of the 23 samples tested with all
three tests, 21 tested positive with rapid-direst-tube-RT-PCR, 19 with the ImmunoStrips and 17
with an imported DAS-ELISA kit (Agdia). Rapid-direone-tube-RT-PCR was found to be the

most reliable technique for GFLV detection.

Although the establishment of a DAS-ELISA directedhe South African strain(s) of GFLV was
not successful, an alternative PCR based diagnsgstem was developed, and proved to be
sensitive and reliable. RT-PCR based diagnostiayasare generally accepted to be more sensitive
than DAS-ELISA, but the latter is still used as thagnostic assay of choice for routine testing due
to ease of use. This rapid-direct-one-tube-RT-PE€3&yais a rapid, sensitive and reliable diagnostic
test, reducing the prevalence of false negativasiributing to a virus free viticulture industryhd@
rapid-direct-one-tube-RT-PCR assay is as easyea@msdDAS-ELISA, faster and can be performed
by semi skilled workers, thus providing all the adiages associated with DAS-ELISA.



OPSOMMING

Suid-Afrika is een van die top tien wyn produseesit@nde in die wéreld. Die Suid-Afrikaanse
wynbedryf dra ongeveer R16.3 biljoen by tot Suidid se jaarlikse bruto binnelandse produk
waarvan 42% van die wyn uitgevoer word. Om meeing det die top wyn produserende lande
asook die uitvoer mark te verseker, is dit nodig 8uid-Afrika om gesonde, virus vrye
voortplantings materiaal te produseer en te verk&em van hierdie virusse waarvoor getoets moet
word is Wingerd netelblaar virus (GFLV). Wingerdtelelaar virus veroorsaak degenerasie en
misvorming van Korrels, blare en stokke en is vevaordelik vir ernstige ekonomiese verliese
deur die oes opbrengs te verlaag met tot 80%, ediftyd van die wingerd te verminder en die
kwaliteit van die vrug te affekteer. Die virus iyavverspreid in die Breede Rivier Vallei van die
Wes Kaap waar die nematode vekt&iphinema index algemeen voorkom. Die Breede Rivier
Vallei dra tot 30% van die totale produksie van pl@aslike wyn bedryf by en ernstige verliese in
die omgewing kan die wingerdkunde ekonomie bediBig.plantverbeterings wet bepaal dat alle
voortplantings materiaal getoets moet word vir GFi®&ur 'n betroubare wetenskaplike tegniek.
“Double Antibody Sandwich - Enzyme-linked Immundsemt Assay” (DAS-ELISA) word

ingevoer vanuit Europa teen uitermatige kostesdea®uid Afrikaanse wingerdkunde industrie.

Die objektief van hierdie studie was om 'n betraebsensitiewe diagnostiese toets spesifiek vir die
Suid Afrikaanse isolate van GFLV te produseer. Geisgepoog om 'n DAS-ELISA te ontwikkel
en te optimiseer deur gebruik te maak van rekonmdn®NA tegnologie om antiliggame teen die
bakterieel-uitgedrukte virus mantelproteien te pemer. Totale RNA is geisoleer vanuit GFLV
geinfekteerde wingerdmateriaal en die virus martédiengeen is geamplifiseer. Die
mantelproteiengeen is gekloneer in die pGex-6Ptdrukkingsvektor, wat 'n Glutatioon S-
Transferase (GST) vennoot aan die virus mantelf@otgeen heg. Hierdie GST vennoot verbeter
oplosbaarheid van die mantelproteien en vergemadtik suiwering daarvan. Onvoldoende
hoeveelhede van die oplosbare proteien is egtgednik en gesuiwer, wat die produksie van

antiliggame verhinder het en dus die ontwikkeliag die DAS-ELISA onmoontlik gemaak het..

'n Alternatiewe diagnostiese “rapid-direct-one-ttR€-PCR” toets is ontwikkel. Hierdie “rapid-
direct-one-tube-RT-PCR” toets is vergelyk met komsie®l beskikbare DAS-ELISA en
ImmunoStrip toetse (Agdia) om die betroubaarheahssgiwiteit en spesifisiteit van die ‘rapid-
direct-one-tube-RT-PCR” toets te evalueer. Twaaltid\frikaanse GFLV isolate se
nukleotiedvolgorde is bepaal om die genetiese smrissen die isolate te ondersoek, asook tussen
die Suid-Afrikaanse isolate en isolate beskikbgaGenBank. Volgorde ooreenkomste tussen klone



van verskillende isolate van Suid-Afrika was tus86r09% en 94-99% op nukleotied en aminosuur
vlak respektiewelik. Filogenetiese analise gebaspedie mantelproteiengeen volgordes toon dat
die Suid-Afrikaanse isolate in twee groeperingssob-populasies verdeel. Geen betekenisvolle
korrelasie is gevind tussen die sub-populasiesiraptsomuitdrukking of tussen die geografiese
oorsprong of die wingerdkultivar en die simptoortduikking nie. Van die 23 monsters wat getoets
is vir GFLV het 21 positief getoets met die “ragpiilect-one-tube-RT-PCR”, 19 met die
ImmunoStrip toets (Agdia) en 17 met die ingevoddde&S-ELISA (Agdia). “Rapid-direct-one-tube-
RT-PCR” is bevind as die mees betroubaarste eritisésie GFLV diagnostiese toets.

Alhoewel die ontwikkeling van 'n DAS-ELISA gerig ttaie Suid Afrikaanse GFLV variante nie
suksesvol was nie, is 'n alternatiewe betroubarsegisitiewe RT-PCR gebaseerde toets daargestel.
RT-PCR gebaseerde toetse word algemeen aanvaarean sensitief as DAS-ELISA toetse te
wees, maar laasgenoemde is steeds die voorkeurodidese toets vir roetine toetsing, moontlik as
gevolg van die eenvoud van die toets. Die “rapig@atione-tube-RT-PCR” is 'n vinnige, sensitiewe
en betroubare toets, wat die voorkoms van valstiesga resultate verminder en so dus bydrae tot
'n virus vrye wingerdkunde industrie. Die “rapidreict-one-tube-RT-PCR” is net so eenvoudig om
uit te voer soos die DAS-ELISA, vinniger, kan de@mi-opgeleide werkers uitgevoer word en
lewer dus al die voordele geassosieer met die DAISA

Vi
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“Protein expression is an art, rather than a scieset
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1 INTRODUCTION

1.1 General introduction

South Africa is one of the ten largest wine prodgatountry’s in the world and the South African

wine industry contributes 1.5% to the countriealtannual gross domestic product (2003, SAWIS).
South Africa exports 42.8% of the produced winewbich the United Kingdom, Germany, the

Netherlands, Sweden and Denmark are the greatpsttiens (SAWIS).

Grapevine is the most important fruit species weitik and is under constant threat of viral
infections that could cause severe economic Idésles infections are not properly controlled. One
such virus isGrapevine fanleaf virus (GFLV). It was discovered in the 1950’s and causss of the
oldest known viral diseases of grapevines. It daspread in all major wine growing regions where
the parasitic nematodéphinema index is presentGrapevine fanleaf virus, a member of the genus
Nepovirus in the familyComoviridae, causes severe damage to leaves, canes and bierfieetion

can cause a Yield loss of up to 80%, dependindperstrain and susceptibility of the host grapevine
plant. It is an economically important virus thatutd decrease the longevity of the vine by 50%
(Andret-Link et al., 2004; Martelli et al., 2000)hree leaf symptom types are associated with the
disease: fanleaf, yellow mosaic and vein banding.association between these symptoms and
virus strains have been observed, but multipleciidgas have been associated with increased
severity in symptoms (Bashir et al., 2007c). Stsidia the variability of the virus has been done in
France (Vigne et al., 2004a, 2005), Iran (Bashialet2007a, 2007b, 2007c), Slovenia (Pompe-
Novak et al., 2007), Tunisia (Fattouch et al., 2008005b) and the USA (Naraghi-Arani et al.,
2001). Up to 13% variability on nucleotide leveda®®6 on amino acid level have been observed in
the coat protein gene, 9% and 7% respectivelylfernhovement protein (MP) gene and 6.7% and
2.5% respectively for the complete RNA2 open regadiame (ORF) (Bashir et al., 2007a, 2007b,
2007c; Fattouch et al., 2005a, 2005b; Naraghi-Aedril., 2001; Pompe-Novak et al., 2007; Vigne
et al., 2004a, 2005).

In South Africa GFLV is widespread in the Breede@dRivalley of the Western Cape (Malan and
Hugo, 2003). The Breede river valley contributepragimately 33% to the wine economy
(SAWIS) and uncontrolled spread of the virus cduddve devastating affects on the wine industry
as well as on the South African economy. The céntfo GFLV is thus essential for the
sustainability and growth of the wine industry. TBeuth African Plant Improvement Act, 1979,
states that all vine canes sold must be teste@GFuV infection. Two diagnostic assays that are

widely used for routine testing are Reverse Trapson - Polymerase Chain Reaction (RT-PCR)



and Double Antibody Sandwich - Enzyme-Linked Immsmrient Assay (DAS-ELISA). Although
RT-PCR is proven to be more sensitive than ELISIASR is still the method of choice because of
its simplicity in operation, minimum laboratory épmnent required and low cost associated with
the assay. Currently, DAS-ELISA tests are impoftedh Europe and pose two immediate threats
to the industry, the possible non-specificity of imported test to the South African strain(s) and
the great cost to the industry. To overcome thesklems, a sensitive and reliable diagnostic assay
directed to the South African strain(s) of the simas viewed to be essential. No research has been
done previously on the variability of the South iéén strain(s) of the virus, these studies are

essential to develop a sensitive diagnostic assstywtould detect all variants of the virus.

1.2 Project proposal

The aim of this study was to develop a diagnosigag directed to the South African strain(s) of the
GFLV. This project aimed to develop and optimisgiagnostic DAS-ELISA by using recombinant
DNA technology to express the virus coat proteid produce antibodies for use in this assay. The
GFLV coat protein gene will be amplified and clonetb the pGex-6P-2 expression vector, and the
expression of soluble GFLV coat protein will beeatpted in twoEscherichia coli strains:
BL21(DE3)pLysS and Rosetta2(DE3)pLysS.

We also aimed to develop an RT-PCR diagnostic agsstydetects all GFLV strain(s) present in
South Africa. To do so, information was requiredtba variability of the South African stain(s).
Grapevine fanleaf virus samples were collected from different areas inwhestern Cape of South
Africa displaying fanleaf, vein banding and yellawosaic symptoms. Different cultivars of the host

plant were also selected.

The developed RT-PCR diagnostic assay will be ceoetpdo an available DAS-ELISA and
ImmunoStrip tests to asses the reliability and isgitg thereof.



2 LITERATURE REVIEW

2.1 Introduction

Grapevine fanleaf virus causes a devastating disease and affects all keiwaw regions where the
nematode vectoKiphinema index is prevalent, including the Breede River valleytle Western
Cape of South Africa. In this review, GFLV aKdindex distribution in South Africa is discussed to
highlight the effect of what a GFLV epidemic colddve on the economic status of the wine
industry as well as on the South African econo@rapevine fanleaf virus is described in detail to
emphasise the genome variability, functioning, agireg, control strategies and the devastating
effect of GFLV infection on grapevine. Diagnostissays are discussed and compared to give
insight in the available techniques for virus idécdtion and control.

2.2 South African Grapevine Industry

2.2.1 Wine regions of South Africa

The South African wine industry dates back to appnately 350 years ago when the Dutch
Governor, Jan van Riebeeck planted the first vireeya 1655 from which the first wine was
produced from these Cape grapes in 1659. He ergedithe farmers to plant vineyards all around
the Cape area, but with little viticulture expedenthe industry did not flourish. His successor,
Simon van der Stel, brought winemaking immigranmtsnf France in 1667 and introduced the
knowledge, skills and secrets of Vviticulture and nevhaking to South Africa

(http://www.vineyardvarieties.com/history.php

The Wine of Origin System was introduced in 1978 #re South African winelands were divided
into official regions and districts. The wine grawiregions are mostly situated in the Western
Cape (fig. 2.1) near the coast with Overberg, &wdlbsch, Paarl, Swartland, Robertson, Worcester
and Swellendam as the most prominent areas. Wialsasproduced in the Klein Karoo, Oliphant’s
River, Douglas and lower Orange River regions witluch warmer and drier climates

(http://www.vineyardvarieties.com/regions.php

Today South Africa is one of the top 10 wine pradgcountries in the world and according to the
South African Wine Industry and Systems (SAWIS) st (http://www.sawis.co.2acontributes

approximately R16.3 billion (excluding tourism)$&\ annual gross domestic product in 2003. 101
957 hectares of land is planted to vineyards (vgrapes) producing 730.4 million litres of wine
and exporting 312.6 million litres (42.8%) in 20(HAWIS).
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2.2.2 Xiphinema indexand GFLV distribution
Grapevine fanleaf virus is spread by the ectoparasitic nematXgshinema index. Although not all
vineyards infected witlX. index are infected with GFLV, it is a clear indicatorwhere the virus is

prevalent.

X. index was first reported in the Western Cape Provincehi Robertson, Bonnievale and
Swellendam regions in 1971 (Heyns, 1971). It wae atported in the Worcester area (Barbercheck
and Heyns, 1986) as well as in Calitzdorp and Laulysin the Klein Karoo region (Malan and
Meyer, 1994). Barbercheck et al. (1985) reporteat ¥h index was spread from Rawsonville all
along the Breede River to Bonnievale including Véster, Robertson, Ashton, McGregor and
Montagu. This indicate that index was spread by means of irrigation water from theeBe River
used in the vineyards. Isolated caseX.aihdex were also detected in the Paarl region (Malan and
Meyer, 1994) and the Franshoek region (Van ReendrHayns, 1986).



Grapevine fanleaf virus is widely distributed in the Breede River VallehaveX. index is prevalent
(Malan and Hugo, 2003). Isolated cases of the \naug also been detected in the Paarl-Wellington

and Stellenbosch regions of the Western Capergpisrt).

2.2.3 South African quarantine and certification regulations

The Agricultural Pest Act, 1983 (Act No. 36 of 1988ovides measures to prevent and combat
agricultural pests including plant pathogens sushviawuses. The Directorate of Plant Health

regulates the importation and exportation of plamd plant products. This important material may
be infected with quarantine pathogens which mayaegdr the South African agriculture and the

agriculture of countries to which plant materialeiported to. This could result in the banning of
South African exports of plant material to thesarddes. The Plant Improvement Act, 1976, (Act

No. 53 of 1976) for the phytosanitary requiremeiotsplants and shoots states that all certified
plants and plant materials of rootstocks variedied all certified plants and plant materials obaci

varieties need to be tested for GFLV.

2.2.4 Impact on Agriculture

Inconsistant results from locally produced GFLV isetum forced the wine industry to import
DAS-ELISA kits from Europe which pose two immedigi®blems: first, by the significant cost to
the viticulture industry and second, by the potrdf non-specificity of these kits to South Afnica
strain(s) of the virus. No research has been dartéevariability of South African GFLV strain(s).
This data is required to predict the potential speeificity of these kits and to ensure the
development of a DAS-ELISA diagnostic test directedhe South African strain(s) of the virus.
Without proper diagnostic systems in place, inféateaterial may be falsely diagnosed as GFLV
free certified material and could cause a GFLV epitt in South African vineyards.

The Breede River Valley, whepg. index is prevalent, contributes to approximately 33% rod t
South African wine industry and is under threatibfgction with GFLV (SAWIS). Without the
availability of accurate diagnostic assays, infattcould spread to surrounding vine growing

regions causing significant economic losses tGiath African wine industry.

2.3 Grapevine fanleaf virus (GFLV)

2.3.1 Genus nepovirus

Grapevine fanleaf virus belongs to the genidepovirus, one of three genera belonging to the family
Comoviridae (Wellink et al., 2000). The genus consists of 2&cégs and 8 tentative species
including Arabis mosaic virus (ArMV) to which GFLV is related — both serologibaland on

genome sequence level (Martelli et @001). Nepoviruses consist of two single stranded positive
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sense genomic ribonucleic acids (RNAs), each comgia single ORF encoding a polyprotein
which is proteolytically processed by the RNAL- eted protease into functional proteins (Margis
and Pinck, 1992; Ritzinthaler et al., 1991; Sergle¢al., 1990).

2.3.2 Morphology

The icosahedral virus particles have a 28 nm diameith an angular outline and contain three

density components with different sedimentationfficients. These particles are serologically

identical (fig. 2.2). The top component (T) corsief an empty shell, the middle component (M)

consists of the capsid structure containing the RNpecies and the bottom component (B) consists
of the capsid structure containing both the RNA#l @nspecies (Quacquarelli et al., 1976). The
ratio (T:M:B) of these components varies seasonéim 1.0:0.5:3.5 in summer to 1.0:0.5:0.75 in

winter (Martelli et al. 2001). The reason for this variance is unknowrresgnt.

Figure 2.2. Electron micrograph of purified icosahedral
virus particles (Gergerich and Dolja, 2006)

2.3.3 Genome organisation

Grapevine fanleaf virus has two single stranded positive sense RNA genomBRL, with a
molecular weight (Mr) of 2.4 x foand RNA2 with an Mr of 1.4 x £qQuacquarelli et al., 1976).
RNAL is 7342 nucleotides (nt) in length with a $W@RF extending from nt 243 to 7097 and
RNA2, 3774 nt in length with an ORF extending fron233 to 3562. Both RNA species are
monocistronic and carry a small covalently linkachlprotein (VPg) at their 5’ends and a poly
adenosine (poly(A)) tail at their 3'ends (Pinclaét 1988) (fig. 2.3).

The RNA1 polyprotein (P1) is proteolytically prosed into 5 mature products (fig. 2.3); a putative
proteinase cofactor (1A), a putative helicase afddinding domain (18", a virus genome
linked protein (19, a chymotrypsin-like cysteine proteinase {fPand a putative RNA-
dependant RNA polymerase (RdRp,’¥E(Margis et al., 1991, 1994; Margis and Pinck, 299
Pinck et al., 1991; Ritzenthaler et al., 1991). Ri¢A2 polyprotein is processed into three mature



products; a homing protein (2B also required for RNA2 replication, a movementitpin (28""),
and a single coat protein (2% that encapsidate the viral RNA for the virion {@aet al., 1999;
Margis et al., 1993; Ritzenthaler et al., 199529519 Serghini et al., 1990) (fig. 2.3). The viral
capsid is composed of 60 subunits of thé2@otein and has a Mr of 56 019 as predicted frioen t
nucleotide sequence (Serghini et al., 1990). Sgvestcent of the weight of the M component and
58% of the weight of the B component consists ef2f-" protein (Quacquarelli et al., 1976).

Genomic RNAs
RNA1 7342nt
ic™9lip™ |  1E™ = Poly(A

RNA2 3774nt

S e

Satellite RNA
RNA3 1114nt

o-roly(A)

Figure 2.3. Genome organisation dbrapevine fanleaf virus genomic and satellite RNA. The boxes
represent the ORF of each RNA species. The VPepiesented by the blue circles. The triangles seprte
the cleaving sites of each polyprotein (Andret-Litkal., 2004; Martelli et al., 2001). Elementsfigure
are not drawn to scale.

Satellite RNA was discovered in association witlmeoGFLV isolatesand is refered to as RNA3
(Pinck et al., 1988; Saldarelli et al., 1993). TRHA3 is 1114 nt in length and carries a small
covalently linked viral protein (VPQ) at its 5’ tainus and a poly(A) tail at its 3’ terminus (Fuats
al., 1989; Pinck et al., 1988) (fig. 2.3). The #a&RNA contains a single ORF extending from nt
14 to 1040 and encodes a highly hydrophilic andeexély basic (pH 11) protein (P3) (Fuchs et al.,
1989). The P3 protein is unable to replicate onoitsx and requires RNA1 and RNA2 for its
encapsidation and replication, and appears to bessary for the replication of RNA3 (Hans et al.,
1992, 1993; Pinck et al., 1988).

2.3.4 Replication and cell to cell movement

The infection of a plant cell with GFLV causes unirolled production of membranes that
accumulate within the nuclear periphery and forhestiral compartment (fig. 2.4). Endoplasmic
reticulum-derived membranous vesicles form withie tviral compartment (Andret-Link et al.,
2004; Ritzenthaler et al., 2002). The viral paetckenter the viral compartment, are decapsidated
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and the two genomic RNA's replicate (Ritzenthalkeale 2002) and are translated into polyproteins
that are proteolytically spliced by the ¥Pprotease into the mature products (Margis etlab1).
The mature products accumulate within the compartmexcept the MP, which is rapidly
transported to the cell periphery (Gaire et al99)9

\

Movement protein v

Vesicle @
Virion . 2

e

Figure 2.4.Schematic representation of the replication, irghatar trafficking, and cell-to-cell movement
steps ofGrapevine fanleaf virus (Andret-Link et al., 2004). Elements in figure a@ drawn to scale.

A functional secretory pathway and intact microtieuare essential for intracellular MP transport
across cell walls through plasmodesmata (Laport@.e®003). It is suggested that MP could be
transported intracellulary together with the CRrigal particles on Golgi-derived secretory vesicles
along microtubules (fig. 2.4) (Andret-Link et aRP04; Laporte et al., 2003). From the viral
compartment the GFLV particles move to the celligiery via the microtubules followed by
movement through the plasmodesmata to infect adfasmdls (Andret-Link et al., 2004). The MP
self-assembles into unidirectional membranous eulith their base embedded in the cross-wall
and their tip in the cytoplasm of the adjacent teliorm a pathway for the viral particles to move
from cell to cell (fig. 2.4) through MP-CP or MPran interactions (Ritzenthaler et al., 1995a, b,
2002; Belin et al., 1999; Carvalho et al., 2003)isTis the first step in the systemic infectionttod
entire plant.

2.3.5 Geographical distribution and transmission
Grapevine fanleaf virus causes fanleaf degeneration in almost all tempenegions wheré/itis
vinifera is cultivated, including the Breede River ValleySputh Africa (Andret-Link et al., 2004;

Barbercheck et al., 1985krapevine fanleaf virus has been reported in North and South America,



Asia, Africa, Europe, New Zealand, and South AustrgBovey et al., 1990; Martelli and Savino,
1990).Grapevine fanleaf virus is native toV. vinifera and probably originated in the Caucasus area
between the Black and Caspian seas and was tregtsfeom there to Europe and the rest of the
world through exchange &f. vinifera material (Raski et al., 1983%rapevine fanleaf virus can be
distributed through grapevine seed§, index, and human actions like grafting, soil transfer,
mechanical inoculation and exchange of propagatioaerial (Martelli et al., 2001). The
ectoparasitic nematod¢. index from the family Longidoridae is responsible for transmission of
GFLV from grapevine to grapevine (Brown et al., 498ewitt et al., 1958)Xiphinema index feeds

on the root tips of grapevine and ingests the GHiovh infected vines during feeding. The virus is
then retained in the odontophore, oesophagus asopbageal pump and released into adjacent
vines (Raski et al., 1983; Taylor and Robertsor7,0)9Grapevine fanleaf virus can be transmitted
by both juvenile and adult nematodes but the vsusot transmitted to their progeny (McFarlane et
al.,, 2002; Taylor and Raski, 1964). Virus transmissalso occur through grafting (Martelli and
Holland, 1987; Martelli et al., 2001) As a resulttbe limited movement of the GFLV nematode

vector,X. index in soil, GFLV infected grapevines often show amatc distribution in vineyards.

2.3.6 Fanleaf disease

Grapevine fanleaf virus causes a variety of degenerating symptoms thattdffie leaves, canes and
berries of vines. These symptoms vary in seveltgr{elli, 1993). Irregular vein formation occurs,
leaves develop open marginal and petiolar sinumed,become asymmetrical and distorted with
prominent marginal teeth (Andret-Link et al., 2004artelli et al., 2001). These symptoms cause
the leaves to resemble a fan-like structure, hédme@ame “fanleaf’. Other foliar symptoms include
chlorotic mottling, yellow mosaic, ringspot, anght green to chrome yellow chlorotic bands along
the veins (Andret-Link et al., 2004; Martelli et,&2001). The virus also causes cane malformations
that include uneven internode spacing, fasciatiaiggag growth, double nodes and flattening of
the canes (Raski et al., 1983). The berry clustergeduced in size and number and berry ripening
is irregular and some berries do not reach mat(Migrtelli and Savino, 1990). Crop losses range
from moderate (10%) to high (80%) and in extrem&esathe total crop can be lost depending on
the susceptibility of the cultivar and the virulenaf the virus strain. The fruit quality is affedtby

a reduction in sugar content and vine longevity I¢odecrease by 50% in GFLV infected
grapevines (Andret-Link et al., 2004; Martelli é 2001). Symptoms develop in early spring and
fade away throughout the vegetative season (Mari€lD3). Grapevine fanleaf virus also causes
the formation of abnormal ribbon shaped bodies ¢hads the lumen of infected vines (Graniti and

Russo, 1965). These endocellular tubular structemesist mainly of cellulose sheaths coated with



lignin, suberin or cutin depending on the tissugd are visible in the lignified shoots and basal

internodes (Martelli and Savino, 1990).

2.3.7 Host Range

Vitis species especially. vinifera andV. rupestris are the major natural hosts of GFLV, but the
virus can occasionally infect weeds (Horvath et #94). Diagnostically susceptible host species
are limited to species from the familieBmaranthaceae, Chenopodiaeae, Cucurbitaceae,
Leguminoseae, Solanaceae and Fabaceae (Andret-Link et al., 2004; Martelli and Holland987).

These species can be infected by GFLV throughribeuilation of infected grapevine sap.

2.3.8 Molecular diversity

In a single host plant, RNA viruses show a hetemeges population structure, called
“quasispecies” (Kissi et al., 1999; Schneider amdd’inck, 2000)Grapevine fanleaf virus is no
different. Quasispecies are mainly caused by tofaetors: firstly, the RNA virus infects the host
plant for long periods of time and the genomessatgected to a continuous process of competition
and selection (Holland and Domingo, 1998; Roossin®®7; Sevilla et al., 1998). Secondly, there
is no proofreading mechanism associated with theARBhcoded RNA-dependant RNA
polymerase causing an error prone replication @®teat generates mutant genomes at a high rate
(Gracia-Arenal et al., 2001). The high mutatioreratlows several master sequences and related
variants, with different biological properties tarin, causing the population to become more stable

rather than genetically more diverse or variablegi@er et al., 1996; Gracia-Arenal et al., 2001).

Numerous molecular studies have been done in dewetmtries to determine the diversity of
GFLV isolates. Naraghi-Arani et al. (2001) inveatigd the quasispecies nature of 14 isolates of
GLFV in California. A 1557 bp fragment spanning artpof the CP gene and part of the 3’
untranslated region was analysed through sequeraidgRFLP analysis. Sequence identities of
87% were found on nucleotide level and 91% on amatid level. The data suggested quasispecies
populations within the GFLV genome. Vigne et aD{2a) characterised 347 GFLV isolates from
the Champagne region in France and found that 56%eo population had one predominant
restrictotype (clones that have the same RFLP Ips)fiand 33% of sequenced isolates had a
population structure with 2 distinct haplotypesstfong genetic stability was found in the CP gene,
with sequence identities of between 86.2 to 99.5%ualeotide level and 93.1 to 99.8% at amino
acid level. Fattouch et al. (2005b) characterisé@&bp fragment from the CP gene from 20 GFLV
isolates from naturally infected grapevine fromthoFunisia and found that the GFLV population
consisted of two restrictotypes corresponding tdigzinct sub-populations (Spl and Sp2). The

sequences from these two sub-populations vary ahrasl 11% on nucleotide level. Based on the
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severity of symptoms, GFLV isolates were previowsgparated into two forms, chromogenous and
deforming strains (Hewitt, 1971; Martelli, 1993)oMssociation was found between yellow mosaic
and leaf malformation symptoms and single Spl apd @fected plants; however increased

severity of symptoms was observed in grapevineaioing both Spl and Sp2 strains. Bashir et al.
(2007c) analysed a 1620 bp fragment, corresporntiniige CP gene and the 3’'non-coding (3'NC)

region, of 8 GFLV isolates from Iran and found taistinct isolates. Identities between the two

isolates were between 83 to 94% on nucleotide level

Wetzel et al. (2001) analysed the complete nudeatequence of the RNAs 2 of GFLV and ArMV
from isolates of south-west Germany. Their studyeated nucleotide homology levels of up to
72% between isolates. The MP gene of ArMV and GRu&s found to be conserved with

homologies ranging from 76-78% on nucleotide lemedl 86-88% on amino acid level. The coat
protein gene of these isolates was found to be sinjlar with homologies ranging from 67-68%
on nucleotide level and 68-69% on amino acid leMast variability was found in the 2A genes
with homologies ranging from 68-78% on nucleotieedl and 59-75% on amino acid level (Wetzel
et al. 2001). ArMV infected vines show symptoms iEmto GFLV infected vines and mixed

infections can occur (Weber et al., 2002).

2.3.9 Serology

Grapevine fanleaf virus is serologically homogeneous virus species andaayariants are rare. In
1985, Savino et al. identified one such variantumisia by using a gel double diffusion test. Huss
et al. (1987) distinguished between different GFlafiants from five countries with the use of

monoclonal antibodies. These variants could natlestified by polyclonal antibodies.

Grapevine fanleaf virus and ArMV are from the sameepovirus sub-group and are serologically
related (Dias and Harrison, 1963), this is suppbhyg similarities found between the amino acid
sequences of their CPs (Wetzel et al., 2001). Tdve hucleotide and amino acid sequence
variability between the CPs of different GFLV strienhance serology based diagnostic techniques

and permits cross reaction in these techniques.

2.3.10Cytopathology

Grapevine fanleaf virus particles have been observed in the roots, medlopbs and vascular
parenchyma and cytoplasm of grapevines; here thiiclpa are rare and aligned in short rows
(Gergola et al., 1969; Kalasjan et al., 1979). Bnmatrticle rows in the nucleoplasm were observed
(Savino et al.,, 1985) and virus particles withire tmembranous tubules connected to the

plasmodesmata (Gerola et al., 1969; Savino etl@B5). Protein P3 of the satellite particle is
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detected in subcellular membrane fractions andeuseénriched fractions but not in cytoplasmic or

cell wall fractions (Moser et al., 1992).

2.3.11GFLV control

Grapevine fanleaf virus could have a dramatic economic impact on the grapestry. The
prevention of the spread of the virus is theretasential for the industry. The availability ofugr
free propagation material has greatly increasedmiost viticultural regions because of the
implementation of grapevine certification and trstablishment of quarantine facilities (Andret-
Link et al., 2004). For these strategies to be esgftl, sensitive and reliable molecular and
serological tests are essential. Although the ldistance spread of the virus is somewhat restgctin
through these certification strategies, GFLV cadniscstill a major problem in diseased vineyards.
To win this fight, the natural cycle of the nematadrus complex must be broken (Andret-Link et

al., 2004). This could be done through culturatpcas and soil disinfestations.

To eliminate GFLV from vineyards wherg. index is absent, infected grapevines need to be
replaced by new, virus-free grapevine material. WHmoth X. index and GFLV are present, the
main control strategy is to disinfect the soil educeX. index populations (Raski et al., 1983;
Taylor and Brown, 1997). However, because thistefsa is limited to upper soil, and the
nematicides is often very toxic and prohibited @rtain countries and the efficacy is low (Abawi
and Widmer, 2000; Burrows et al., 1998). The mditcéve strategy is crop rotation and the
removal of vineyards and root debris from the itdecareas for a period of 10 years (Vuittenez et
al., 1969). Since only grapevines and figs arerahtwost plants foX. index, the nematode cannot
reproduce and survive when other crop are planmed. andex infested soils (Siddiqi, 1974; Wyss,
2000). However, this is not a viable strategy foerpium commercial vineyards where fallow

periods are limited to 2 years (Andret-Link et a004).

The conventional breeding for resistance to GFL¥nsideal strategy to control the virus, but no
useful source of resistance to GFLV has so far hdentified in wild or cultivated grapevine
(Lahogue and Boulard, 1996; Raski et al., 1983¢eBmg of grapevine that is resistanXtandex

is another control strategy. Currently varietieat thre tolerant tX. index have been identified in
Muscadine grapes, (Bouquet, 1981; Harris, 1983;akla@nd Meyer, 1993; McKenry et al., 2001;
Meredith et al., 1982; Raski et al., 1983; Walkerk 1985) but they do not completely exclude
GFLV (Staudt and Weischner, 1992).

With the progress in determining the genomic stmgtprotein function and sequence diversity of

GFLV, genetic engineering became a viable and dcitve strategy to engineer GFLV resistant
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rootstocks and thus control GFLV (Andret-Link et, &004, Fuchs, 2003). TransgeiNtcotiana
benthamiana expressing the CP gene from GFLV has shown higbldeof resistance against the
virus (Bardonnet et al., 1994). Through the usecomplete, truncated, sense or antisense,
translatable or untranslatable gene constructs, \GERCF, 2B"Pand 1E° genes have been
transferred to grapevine successfully (Krastana\a. £1995; Mauro et al., 1995; Xue et al., 1999).
Vigne et al. (2004b) recently reported resistanc&fELV in transgenic rootstocks after a three year
trial in naturally infected vineyards in Franceistetudy indicates that genetic engineering coeld b

a successful strategy to control GFLV infections.

2.4 Plant virus diagnostic testing

2.4.1 Diagnostic systems used in grapevine virus detecti@nd identification

The sensitive, reliable and rapid identification pdént viruses is essential for effective disease
control. Virus detection and identification is inmpnt for preventing the spread of the viral
infection and is needed to implement quarantineulegmns. It is also important in disease

epidemiology research and for designing new costralttegies.

Before the development of laboratory testing, fiaiwl biological indexing was used to detect and
identify viral pathogens using morphological ciideHowever, this method is time consuming and
requires an extensive knowledge in taxonomy andadis symptomology. Most grapevine virus
diseases only show diagnostic symptoms during icetienes of the year and it is virtually
impossible to diagnose grapevine diseases on miagyha@lone in dormant seasons. It is also
difficult to discriminate between closely relatadiges and mixed infections, and some viruses may
never show obvious symptoms. The concentratiom®fviral agents could also be too low for the
plant to show any disease symptoms, and the vinkl dze perceived as virus free. More reliable,
sensitive, rapid and cost effective diagnostic yss$hat can be taught quickly and easily to semi-
skilled staff were required to detect and idenfilant viruses. This led to the development of

laboratory diagnostic techniques relying on seriglmigand molecular properties of the viral agents.

2.4.2 Serological testing

The first breakthrough in the development of a tabary diagnostic testing technique came in 1977
with the development of the ELISA (Clark and Adart877). This technique is based on the
production of antibodies in an animal host agaihetvirus of interest. Different variations of the
ELISA have been developed. Indirect DAS-ELISA is thost commonly used variation (fig. 2.5).
Sap extract samples are added to a microtitre ptated with capture antibodies raised against the
virus of interest (in example a rabbit). If theusris present in the sap extract it will bind te th

antibodies fixed on the microtitre plate. After adglthe sap-extracts a detecting antibody (also
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raised against the viral agent) is added. A thinbady or enzyme-linked secondary antibody
(example a goat anti-rabbit antibody) is then added binds to the detecting antibody. This
secondary antibody antibody is coupled to a reponi@ecule that allows for indirect detection of
the virus. The reporter molecule, usually an enzyaaés on a substrate causing it to change colour,
which can be measured by a spectrophotometer (QI€IGML999; Ward et al., 2004). Antibodies
against viruses have also been used in other ggralodiagnostic techniques including western
blots, dot-blot immunobinding assay, immunodiffusi@ssays, immunostrip tests and serologically

specific electron microscopy (SSEM) (Schaad e8al03).
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Figure 2.5: Schematic presentation of an indirect Double Ardibo
Sandwich enzyme-linked immunosorbent assay (DASSBELI(1) the
microtitre plate is coated with a capture antibod®) sap extract
containing the target virus is added and bindsaguture antibody; (3)
the detecting antibody is added, and binds to ih& agent (4) the
secondary antibody coupled to an enzyme is addddbards to the
detecting antibody; (5) substrate is added, andoisverted by the
enzyme to detectable form.
(http://en.wikipedia.org/wiki/ELISA#.22Indirect. 2ELISA)

2.4.2.1Antibody production

There are two main routes for the production oftertties for use in diagnostic assays, polyclonal
antibodies and monoclonal antibodies. Polyclonéibadies are prepared by injecting purified virus
particles into a host animal. The serum is colécidter a period of time and the polyclonal
antibodies purified from the serum. The recognitanmultiple epitopes of the virus particles
makes the polyclonal antibodies tolerant to smbhdnges in the nature of the antigen or virus.
Polyclonal antibodies are heterogeneous and themseontains a complex mixture of antibodies
with different affinities. They are rapid and cedtective to produce and can be generated in a

variety of animals.

The disadvantages of polyclonal antibodies are tthey are generated in limited amounts and the
specificity varies from batch to batch, the antiesdecognize multiple specificities and could teac
to similar viruses and plant protein extracts, iegdto false positives. The development of

monoclonal antibodies against pathogens incredsedpecificity of these serological tests (Kohler
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and Milstein 1975). Monoclonal antibodies are predaby injecting mice with the purified virus.
Single antibody forming cells, developed in theespl of the mouse, are collected and fusaditro
with immortal myeloma cells to form hybridomas. Baeybridoma is cloned and will produce
identical monoclonal antibodies. In contrast to yptnal antibodies, monoclonal antibodies
recognize a single epitope, are highly specific aredavailable in unlimited supply making it ideal
for the detection and identification of specifigali strains. However, the rapid mutation rate of
especially RNA viruses could cause small changeabenepitope, leading to false negatives. The

production of monoclonal antibodies are also timestming and expensive.

Traditionally, virus particles were used as viratigens for polyclonal and monoclonal antibody
production. However, virus purification is a labentensive process, with varying and sometimes
substandard results concerning the purity and cdratgon of the purified virus (Fajardo et al.,

2007). The purified virus preparation could conthipst plant proteins as well as other viruses
present in the host plant that could lead to naeeiec reactions (Ling et al., 2007). Other

difficulties in the purification of virus particles low virus titre in woody plants, the lack of

sufficient herbaceous hosts and the presence dfitahcompounds such as polyphenols, tannins
and polysaccharides (Ling et al., 2000; Ling et 2007). Antibodies produced against different
batches of purified viruses may cause varying $jgé@s and titres and could lead to inconsistent
results (Barbieri et al., 2004).

With the development of molecular techniques anel iticreasing number of available virus

sequences, the genes of structural proteins sueinagh<CPs could be amplified, cloned, expressed,
purified and used as a viral antigen for polyclof&ira et al., 1996) and monoclonal antibody
production. Recombinant DNA technology has beconidely acceptable technique for the

production of high amounts of stable antibodieshwihiform concentrations (Targon et al., 1997;
Barbieri et al., 2004; Nickel et al., 2004).

2.4.2.2Host cells for Recombinant protein expression

Different organisms are available for antibody egsion, each with its advantages and
disadvantages (table 2.1). When selecting the @pipte expression system, important factors such
as protein solubility, functionality, speed, anetlgli need to be considered. The low cost, high
protein yield, short growth time, convenient exgies control, well-known genetics, large
selection of available plasmids and strains makssherichia. coli the most commonly used
recombinant protein expression host cell in regearc and diagnostics

(http://www.exptec.com/Stategies/Strategies)hffine selection of an appropriggecoli strain for

recombinant expression is extremely important. Ee&ctedE. coli strain should be able to
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maintain the expression plasmid stably, possegémetic elements necessary for the expression
system and be deficient in the major natural hahpifoteases encoded by tlam gene (Phillips et
al., 1984; Sorensen and Mortenson, 2005).

The E. coli strain BL21 is a lon and ompT protease deficient strain
(http://www.nextgensciences.com/pdf/documentatiomio_cells/BL21%20DE3%20pLysS%20P].

pdf) and is recommended for use with Glutathione Si3ierase (GST) gene fusion system for

optimal expression of the fusion protein (Harped @peicher, 2001; GST gene fusion system
handbook, 2002). BL21(DE3)pLysS is a chloramphdmesistant derivative d&. coli B strain that
encodes for T7 phage lysozyme. T7 Lysozyme is arakinhibitor of T7 RNA polymerase and
suppresses basal expression from the T7 promoter

(http://openwetware.org/wiki/E. coli_genotypes#BLZ8Al.29. Rosetta(DE3)pLysS is a

chloramphenicol resistant derivative Efcoli B strain that also encodes for T7 phage lysozytne.
contains the tRNA genes argU, argW, ileX, glyT,WeuproL, metT, thrT, tyrU and thrU that
supplements the rare codons AGG, AGA, AUA, CUA, CCa@nd GGA.
(http://openwetware.org/wiki/E._coli_genotypes#BLZ8AI.29).

2.4.2.3Protein expression and purification strategies

The choice of vector or plasmid is important foe texpression strategy as well as for the
purification of the expressed protein. To enhante s$olubility of the expressed protein and
simplify the purification, a wide range of fusioarmers has been developed. Most fusion partners
have their own specific affinity purification metthoA fusion partner or affinity tag is linked toeth

target protein by a recognition site that is speddr a given protease.

Fusion partners offer several advantages, sucthegprevention of fusion body formation, the
improvement of protein folding characteristics, tpation of the target protein from intracellular
proteolysis, improved solubility of the target miot, facilitation of one-step adsorption purificat;
easy to remove from the target protein and it hasidimal effect on the tertiary structure and
biological activity of the target protein (Baney®992; Hanning and Makrides, 1998; Sorensen et
al., 2005; Terpe, 2003). Several different fusiantpers or affinity tags have been developed and
are commercially available, of which the histidingion partner (His-tag), maltose binding protein
(MBP), NusA and GST are some examples. The chdidesion partner depends on the target
protein expressed, for example the hydrophobicity stability of the target protein.
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Table 2.1 Comparison of commonly used host cells for proipression

Host cell Advantages Disadvantages
Cell free Rapid expression directly from the | Low amounts of expressed protein.
plasmid.
Open system, easy to incorporate
components to enhance expression.
E. coli High amounts of expressed protein, ygOver-expression may cause insoluble
to 80% of total cellular proteins. expressed protein.
Inclusion bodies can facilitate Lack of post-translational modification.
purification. Endotoxins.
High range of fusion systems and Solubility (can be enhanced with vector
vectors available. selection).
Rapid growth rate. Growth conditions may require
Low costs. optimization.
Uncomplicated culture conditions.
Convenient expression control systems.
Yeast Eukaryotic protein expression and | Yeast cell walls are difficult to break and
processing. limit protein purification.
No endotoxins. Limited vectors available.
Uncomplicated media requirements. | More difficult expression control thea
Secretion facilitates purification. coli.
Fermentation required for large scale
protein expression.
Growth conditions may require
optimization.
Insect Post-translational modifications similarDifficult culture conditions.
(Baculovirus) | to mammalian host cells. Expressed protein activity not 100%.
High yields facilitate protein Over-expression may cause insoluble
purifications. expressed protein.
Greater yield than mammalian host
cells.
Mammalian Expressed protein activity equal to | Large scale protein expression only possi
natural protein. in suspension cultures.
Highest level of post-translational Difficult culture conditions, requires
modifications. expensive labour, facilities and
consumables.
Low cell growth rate.
High costs.

ble

(http://www.exptec.com/Stategies/Host%20cells othttp://www.invitrogen.com/site/us/en/home/Prouand-

Services/Applications/Protein-Expression-and-AnaiAotein-Expression.reg.za.htmlwww.invitrogen.g¢om

The GST gene fusion system is one of the most widséd expression systems. This pGex vector

fuses aSchistosoma japonicum 26 kDa GST protein to the target protein (GST geiséon system

handbook, 2002). One of the advantages of GST s@srfypartner is that the protein is not folded

into inclusion bodies and thus helps to increasestilubility of the fusion protein (Einarson et al.

2005). The GST fusion partner also improves exprasievels and eases the purification of the

fusion protein. A specific protease cleavage stéocated between the GST fusion partner and

target protein and is easily cleaved to remove38@ fusion partner (Harper and Speicher, 2001).
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Table 2.2 Comparison of ELISA and PCR techniques for ttegydosis and detection of plant viruses.

Characteristics ELISA technigues PCR techniques
Ease of development Time consuming and costly to | Rapid if sequence information is availahle
develop sensitive antibodies
Sample preparation Minimal Minimal if crude plamtracts are used,
but for larger fragment amplifications,
DNA or RNA extraction is necessary.
Procedure Generally simple, no skilled staff | Generally complex, technically skilled
necessary. staff required.
Portability Assays can be adapted for field | Assays can only be done in a laboratory
testing
Specificity Depends on antibody quality Exceller#in be adapted to be genus,
species or isolate specific
Sensitivity Generally less sensitive than PCR Heoél can detect a few copies of the
target virus
Quantification Directly quantitative Laborious itasdard PCR, but simple
and rapid quantification is possible using
real-time PCR.
Detection of multiple Possible, depends largely on Easy with multiplex PCR
pathogens antibody quality
Cost Cost effective, especially for high | Expensive, especially real-time PCR, but
throughput applications costs are decreasing with the increased
acceptance of this technique

(Ward et al., 2004)

2.4.3 Nucleic acid testing

Molecular techniques specifically target the genetiaterial of plant viruses. The availability of
genome sequences of more plant viruses allows mlaletechniques to be more sensitive and
specific than serologically based techniques. Pehase chain reaction (PCR) was developed in the
early 1990’s and has the ability to selectively &fiym part of the target deoxyribonucleic acid
(DNA).

In contrast with serological based techniques, mdéa techniques, could target the entire viral
genome not just the CP as with ELISA diagnostitsteSor the amplification of RNA, PCR was
adapted to include a reverse transcription (RTp ste convert the RNA to DNA before
amplification, making it more viable for virus diagstics, because most viruses have an RNA
genome (Waterhouse and Chu, 1995). PCR was algteald# test for multiple viruses by adding

extra sets of primers or with the use of a singlie pf degenerate primers.

The sensitivity and specificity of PCR could be anted by using nested PCR. This technique
involves two PCR reactions, in the second reagtiomers are used to recognise and amplify a
region within the PCR product of the first react{@thesser et al., 1991; Mutasa et al., 1995; Foste
et al., 2002). Although ELISA is not as sensitiveraolecular techniques, it is still widely used
because of low technical skill requirements, cdfciveness and portability, making it ideal for

large scale field testing (table 2.2).
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3 DAS-ELISA DEVELOPMENT

3.1 Introduction

Grapevine fanleaf virus causes one of the most devastating diseases pewgng. To successfully
control the virus a sensitive and reliable diagicos$say is necessary. In this study an attempt was
made to design a reliable and sensitive diagnd3AS-ELISA specific to the South African
strain(s) of GFLV. The use of recombinant DNA tealogy to express the protein was selected as
the method of choice for the production of GFLV dfie antibodies. This method eliminates the
possibility of false positive results by produciagtibodies against the purified virus coat protein
and not to the purified virus particles that coatthtain plant proteins and inhibitory compounds
(Ling et al., 2007). The method is reproducibled anconstant reservoir for the development of
antibodies, with the same sensitivity and spedcyfieliminating inconsistent results (Barbieri et al
2004).

The synthesis of recombinant coat proteins coulghdrdormed with or without a fusion protein.
The pGex-6P-2 expression system was selected astarvthis system creates a fusion protein by
attaching a GST fusion partner to the target voaest protein. The GST fusion partner enhances the
solubility of the target protein by improving thelding characteristics and facilitates a singlgyste
adsorption purification (Einarson et al.,, 2005). eTkscherichia coli strain BL21 is the
recommended bacterial strain for the GST gene rfusystem and promotes optimal expression of

the fusion protein (Harper and Speicher, 2001; @&e fusion system handbook, 2002).

In this study, the GFLV CP gene was cloned intoggbeive cloning vector and subcloned into the
pGex-6P-2 expression vector. The plasmid contaitieg GFLV CP gene was transformed into
BL21(DE3)pLysS and Rosetta(DE3)pLysS for expressibhe expressed protein was purified
using GST-bind chromatography.



3.2 Materials and methods

3.2.1 Plant material
Grapevine fanleaf virus-infected grapevine leaf material was obtained ftbenSouth African Plant
Improvement Organisation (SAPO), from Vititec, Ra&outh Africa, as well as from the South

African Agricultural, Food, Quarantine & Inspecti&ervices, Stellenbosch, South Africa.

3.2.2 Total RNA extraction

Total RNA extraction was performed according to adified method of Davies and Robinson
(1996). Two and a half grams of leaf material wesugd to a fine powder with liquid nitrogen
using a mortar and pestle. The ground leaf matesal resuspended in 25 ml of extraction buffer (3
M NaClQ,, 0.2 M Tris-HCI, pH 8.3, 5% (w/v) Sodium Dodecyllghate (SDS), 8.5% (w/v)
Polyvinyl Polypyrrolidone (PVPP), 2% (w/v) Polyetage Glycol (PEG) 6000, 1% (v/iv}-
mercaptoethanoB¢(ME)), stirred (30 min, room temperature) and démged (10 000 x g, 30 min,
4°C). The supernatant was removed, placed intamapadypropylene tube and precipitated with 2.5
volumes of 99% (v/v) ethanol (2 h, -20°C) followey centrifugation (8 300 x g, 15 min, 4°C). The
pellet was washed (70% (v/v) ethanol, 16 000 xQgmin, 4°C) and resuspended in 2 ml TE buffer
(20 mM Tris-HCI, pH 8, 0.1 mM Ethylene diamine teticetic acid di-sodium salt (EDTA), 0.2%
(v/v) B-ME). The sample was divided into four 1.5 ml Epgerfi tubes and six wash steps were
performed with an equal volume of phenol:chlorofasmamylalcohol (25:24:1, phenol pH 4.3,)
followed by a single wash step in an equal volurhehtoroform:isoamylalcohol (24:1) (16 000 x
g, 10 min, 4°C). The supernatant was precipitatéd &5 volumes of 99% (v/v) ethanol and 0.1
volumes of 3 M NaOAc and incubated (2 h, -20°Clipfeed by centrifugation (16 000 x g, 20 min,
4°C). The pellet was washed with 300 pl of 70% Xwthanol (16 000 x g, 10 min, 4°C), dried on
ice and resuspended in 100 pl of,@H The RNA was precipitated by adding 0.3 volume8 M
LiCl and incubated overnight (4°C). The pellet wesshed with 300 pl of 70% (v/v) ethanol (16
000 x g, 10 min, 4°C), dried on ice and resuspendesD pl of dHO, aliquoted and stored at -
80°C. The RNA quality was analysed by gel electoophis (90 min, 100 V) and the concentration
determined using the NanoDrop®-1000 Spectrophotometer according to the manufacs

instructions.
3.2.3 GFLYV coat protein amplification

3.2.3.1Primer design
Primers were designed to conserved regions of ahMailGFLV sequences from the GENBANK

database of the National Centre for Biotechnologforimation (www.ncbi.nlm.nih.ggvusing
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PRIMER DESIGNER (Version 1.01). The primers weratBgsised by Ingaba Biotech (Pretoria,
South Africa) and Integrated DNA Technologies, (Goralville, 1A, USA).

Table 3.1 Primers used in this study

Primer name Primer sequence (5 3) Region Annealing
temperature
GFLV-500-F AGTGAGTGGAACGGGACCACTATGG  Coat protein 2@°C
GFLV-500-R CACCAGCTTCGTGATGGTAACGCT Coat protein .81C
GFLV-MP-F ACCTTCTCTATCAGRAGYCG Movement protein #355.8°C
GFLV-NC-R ACAAACAACACACTGTCGCC Non-coding region 5&°C
GFLV-INV-F CACATACACCCCGGGATACT Coat protein 56.2°C
GFLV-CP@all)-F CGGTCGAC GGATTAGCTGGTAGAGG  Coat protein 61.8°C
GFLV-CP@&all)-R AGTCGACCTAGACTGGGAAGCTGG Coat protein 61.8°C
T7 TAATACGACTCACTATAGGG pDrive 47.5°C
SP6 TACGATTTAGGTGACACTATAG pDrive 48.8°C
pGex-5’ GGGCTGGCAAGCCACGTTTGGTG pGex-6P-2 65.7°C
pGex-3’ CCGGGAGCTGCATGTGTCAGAGG pGex-6P-2 64.0°C

Underlined nucleotides represent Sal recognition site. The Bold nucleotide in primeFIG/-CP-(Sall)-F represents
the inserted nucleotide to ensure that the CP segu&mains in frame.

3.2.3.2Reverse transcription polymerase chain reaction (RIPCR)

The rapid-direct-one-tube-RT-PCR was performed wting to the modified method of Osman et
al. (2007). The GFLV-500-F and GFLV-500-R primensrevused for testing the grapevine material
received for GFLV infection. The rapid-direct-on#sé-RT-PCR method was used to amplify small
fragments £500 bp). Four leaf disks or 60 pg of infected leaterial was ground in 600 pl (1:20)
grinding buffer (, 1.59 g/l N&£Os, 2.93 g/l NaHCQ (pH 9.6), 2% (w/v) Polyvinyl Pyrrolidone
(PVP) 40, 0.2% (w/v) Bovine Serum Albumin (BSA)PB% (v/v) Tween 20, 1% (w/v) N&Os).
Four microlitres of the extract was then pipettet ia tube containing 1 x GES buffer (100 mM
glycine-NaOH pH 8.0, 50 mM NacCl, 1 mM EDTA, 0.5%\yTriton X100) to give a final volume
of 50 pl. The sample was denatured for 10 minwaterbath at 95°C followed by direct cooling on
ice for 5 min. Two microlitres of the denatured RMas directly pipetted into the one-step-RT-
PCR mix (1 x BIOLINE PCR NHlreaction buffer, 1.5 mM Mggl 1 x cresol, 0.2 mM dNTPs, 0.4
UM GFLV-500-F primer, 0.4 uM GFLV-500-R primer (tal8.1), 5 mM 1,4-Dithiothreitol (DTT),

1 U AMV reverse transcriptase (Promega), and 1 OTBgq DNA polymerase (BIOLINE)) to a
final volume of 25 ul per reaction. The RT-PCR eycbnditions were: 1 cycle of 45 min at 45°C, 1
cycle of 5 min at 94°C, 30 cycles of 30 sec at 98Csec at 55°C and 30 sec at 72°C respectively,
1 cycle of 7 min at 72°C.

RNA was extracted from the grapevine samples #msted positive for GFLV through the rapid-

direct-one-tube-RT-PCR. These RNA samples were tsadplify a 1765 bp fragment extending

the CP, from within the MP to the 3'NC region okthirus, through one-step-RT-PCR and the
primers GFLV-MP-F and GFLV-NC-R (table 3.1).
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The one-step-RT-PCR method was used to amplifielfragmentsX 1 kb). Two microlitres of the
extracted RNA was directly pipetted into the onepsRT-PCR mix (1 x BIOLINE PCR NH
reaction buffer, 1.5 mM MgG| 1 x cresol, 0.2 mM dNTPs, 0.4 uM GFLV-MP-F primér4 uM
GFLV-NC-R primer (table 3.1), 5 mM DTT, 1 U AMV rexse transcriptase (Promega), and 1 U
BioTag DNA polymerase (BIOLINE)) to a final voluntd 25 ul per reaction. The RT-PCR cycle
conditions were: 1 cycle of 45 min at 42°C, 1 cyale8 min at 94°C, 30 cycles of 30 sec at 94°C,
30 sec at 53.5°C and 2 min at 72°C respectivety,cle of 7 min at 72°C.

PCR re-amplification was performed using Ex Tagk@ra), an enzyme with proofreading
capabilities, to reduce the chance of incorporatingations. The PCR was performed according to

the manufacturer’s instructions.

Agarose gel electrophoresis was performed accortinGambrook et af1989). DNA fragment
separation was performed on a 1% (w/v) agarosendek TAE (40 mM Tris, 0.114% (v\v) HOAc,

1 mM EDTA pH 8.0) at 100 V for 60 min. Ethidium bnade (0.5 pg/ml) was added to the agarose
gel to a final concentration of 0.01% (v/v) forraltviolet visualisation (gel documentation system,
SynGene). Six times (6x) Loading Dye (Fermentas) used to assist in DNA loading. Gene Ruler
1 kb DNA ladder (Fermentas) were used to deterrtiiremolecular size of the DNA fragments,

together with GeneTools and GeneSnap (SynGenangdysis tools.

3.2.4 Cloning and transformation of the 1765 bp GFLV fragnent into pDrive cloning
vector

The Wizard® SV Gel and PCR cleanup system (Promegad used to purify the PCR fragments

from the agarose gels. The purified GFLV CP gens kgated into pDrive cloning vector using the

Qiagen PCR cloning kit. The purification and ligatiwas done according to the manufacturer’s

specifications.

Chemically competent cells were prepared accortiing modified method of Sambrook et al.
(1989). A single colony oE. coli DH5a was inoculated into 5 ml of Luria Bertani (LB) kincand
incubated (225 rpm, overnight, 37°C). The overnighiture was used to inoculate 500 ml (1:100
dilution) LB broth and incubated (225 rpm, 37°Cjiuan optical density, at an absorption value of
600 (ODyog was between 0.5 and 0.6. The culture was cegedu5 000 x g, 10 min, 4°C), the
pelleted cells were resuspended in 100 ml ice Bgl, (100 mM) and incubated on ice (30 min).
The cells were pelleted (4 000 x g, 10 min, 4°Q)l aesuspended in 10 ml filter sterilised (0.22
um) CaCj (100 mM, with 15% glycerol,). One hundred micra@grof cells were aliquoted into

prechilled 1.5 ml tubes, flash frozen in (ice-cé&P6 (v/v) ethanol and stored at -80°C until use.
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All transformations were performed using the protogpecified by Sambrook et al. (1989). One
hundred microlitres of the chemically competent dH®lls was added to the ligation reaction,
mixed gently and incubation on ice for 10 min. Téells were heat shocked (45 sec, 42°C
waterbath) and directly incubated on ice for 5 nNime hundred microlitres of LB broth (Merck)
was added to the transformation reaction and inewbél55 rpm, 60 min, 37°C). One hundred
microlitres was plated out onto LB bacteriologiadar (Merck) plates containing 100 pg/ml
Ampicillin (Amp), for pDrive selection and 40 pg/rBtbromo-4-chloro-3-indolyp-D-galactoside
(X-Gal, Fermentas) and 0.2 mM IsoproflyD-thiogalactoside (IPTG, Fermentas), for blue-&hit
colony selection. The remaining 900 pl of the tfamaation reaction was centrifuged (2 000 x g,
60 sec), the cells resuspended in 100 pl of LBhbeotd plated out, when low transformation

efficiencies were expected. The plates were in@tavernight at 37°C.

3.2.5 pDrive screening for the 1765 bp GFLV insert

White colonies were screened for the correct insed using PCR with insert specific primers. The
white colonies were picked with a sterile toothpéeid the tip inserted and briefly swirled in a tube
containing 25 ul PCR reaction mixture (1 x BIOLINECR NH, reaction buffer, 1.5 mM Mgg|l 1

x cresol, 0.2 mM dNTPs, 0.4 uM GFLV-500-F primer4 @M GFLV-500-R primer (table 3.1),
and 1 U BioTaq DNA polymerase (BIOLINE)). The PCRle conditions were: 1 cycle of 5 min at
94°C, 30 cycles of 30 sec at 94°C, 30 sec at 53abC2 min at 72°C respectively, 1 cycle of 7 min
at 72°C. The confirmed positive white colonies wereculated in 5 ml LB broth containing 100

pag/ml Amp and incubated (225 rpm, overnight, 37°C).

A Geneldet Plasmid Miniprep kit (Fermentas) was usedording to the manufacturer's
specifications to purify the plasmid DNA. When larguantities of plasmid DNA was purified for
restriction enzyme analysis the plasmid alkalirgslynini-prep method was used (Sambrook et al.,
1989). Three millilitres of the overnight cultureasv centrifuged (16 000 x g, 1 min) and the
supernatant discarded. The pellet was resuspend&@0i ul of solution 1 (25 mM Tris-HCI pH 8,
500 mM Glucose, 100 mM EDTA) and incubated (5 mioom temperature). Two hundred
microlitres of solution 2 (200 mM NaOH, 1% (w/v) SPwas added, inverted 4 times and
incubated on ice for 5 min. Thereafter 150 ul @-@old solution 3 (3 M KOAc, 2 M HOAc, pH
4.8) was added, inverted 4 times, incubated (5 mmnice) and centrifuged (16 000 x g, 10 min,
4°C). The supernatant was recovered, transferredrtew tube and precipitated with 2.5 volumes
of ice cold 99% (v/v) ethanol. The solution wasdrted, incubated (5 min, -20°C) and centrifuged
(16 000 x g, 10 min, 4°C). The supernatant wasaddsd and the pellet washed with 70% (v/v)
ethanol (16 000 x g, 5 min, 4°C). The pellet waedi{10 min, room temperature) and resuspended
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in 20-50 pl of dHO depending on the pellet size. DNA concentratiwase determined using the

NanoDrop® ND-1000 Spectrophotometer according ¢éontlanufacturer's instructions.

Freezer cultures of positive clones were made loyngd420 ul 50% glycerol to 980 ul of overnight

culture and stored at -80°C.

All plasmid DNA samples were screened with restsitenzyme digestion for the appropriate size
insert, before sequencing. The plasmids were digestith ECORI (Fermentas) according to the

manufacturer’s specifications.

3.2.6 Sequencing and sequence analysis

Plasmid DNA templates were sequenced with the AppBiosystems ABI PRISM BigDye
Terminator v3.0 Ready Reaction Cycle Sequencing #itording to the manufacturer’s
instructions. The T7 and SP6 primers (table 3.Iewssed as well as the GFLV-INV-F primer to
sequence the full length of the fragment extendiiogh the MP to the 3'NC region of the RNA2
genome. Sequencing was performed by the Core DNIS®ing Unit, Department of Genetics,

Stellenbosch University.

Chromas (version 1.45) (www.technelysium.com.awfetas.html and BioEdit (version v7.0.4,

Hall, 1999) were used to perform sequence ediBagjuence comparisons were performed using
the BLAST algorithm (Altschul et al1990) against the GENBANK database of the National
Center for Biotechnology Information (www.nchi.nhih.goy) and BioEdit (version v7.0.4, Hall,
1999). Restriction sites within the CP were deteediwith NEBcutter, New England BioLabs inc.,

(www.tools.neb.com/NEBcuttey2 The GFLV CP gene was analysed with NEBcutterwNe

England BioLabs inc., (www.tools.neb.com/NEBcutjex? select a restriction enzyme that did not

cut within the CPSall sites were subsequently introduced at the 5’ 2irehds of the CP fragment
(1515 bp) after amplification with primers contaigithese sites (table 3.1, GFLV-GAI()-F and
GFLV-CP&lI)-R). One extra nucleotide was also incorporatethe forward primer to maintain
the CP ORF (appendix 1).

To amplify the CP, pDrive containing the extendegment was re-amplified with the CP specific
primers, GFLV-CP%all)-F and GFLV-CP&ll)-R (fig. 3.1). Plasmid DNA dilutions were made
and 100 ng of plasmid DNA was pipetted into the R€&ttion to a final volume of 25 pl (1 x EX
Taq reaction buffer containing 20 mM MgCL x cresol, 0.2 mM dNTPs (Takara), 0.5 uM GFLV-
CP&all)-F primer, 0.5 uM GFLV-CFall)-R primer (table 3.1), and 0.5 U Ex Taq (TakarE)e
PCR cycle conditions were: 1 cycle of 5 min at 943Q cycles of 30 sec at 94°C, 30 sec at 55°C
and 2 min at 72°C respectively, 1 cycle of 7 miif2iC.
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B GFLV-CP(Sall)-F & GFLV-CP(Sall)-R (1515 bp)

Figure 3.1 Primers positions on the RNA2 genome. The GFL\(SaM) primer set incorporates&all restriction site
into theGrapevine fanleaf virus coat protein fragment.

3.2.7 Cloning and transformation of the GFLV coat protein product into pGex-6P-2

The PCR product was analysed by gel electropho(seigion 3.2.3.2), the fragment excised and
gel purified (section 3.2.4). The fragment wastkghinto the pDrive cloning vector (section 3.2.4)
and transformed into chemically competent dH&lls (section 3.2.4). Positive colonies were
screened for using PCR amplification (section 3,2%ked and grown in LB broth and plasmid
DNA extractions were performed (section 3.2.5).eEer cultures were made from all positive
clones (section 3.2.5).The coat protein was excisauh the pDrive cloning vector by digestion
with the Sall restriction enzyme (Fermentas,) according torttemufacturer’s specifications. Both
the digestion products were analysed on an agagelssection 3.2.3.2). The coat protein fragment
was excised from the gel and purified (section43.2.

The pGex-6P-2 expression vector (Amersham Biosysjewas prepared for ligation by digesting
the vector with theSall restriction enzyme according to the manufactgrespecifications. The
vector was treated with Shrimp Alkaline PhosphatéSAP, Fermentas) as prescribed by the
manufacturer. The pGex-6P-2 expression vector veasformed into chemically competdntcoli
dH5a cells (section 3.2.4), and plated out. Differenimger combinations (table 3.2) were used to
screen the colonies through PCR amplification fier presence of the GFLV CP gene in the correct
orientation (section 3.2.5). The positive colonmesre picked and grown in liquid LB broth and
plasmid DNA purified (section 3.2.5). Restrictionzgmes that cut once in the vector and once in
the CP insert were selected to confirm the PCRIte¢NEBcutter, New England BioLabs Inc.,

www.tools.neb.com/NEBcuttey2The plasmid DNA was digested wiBstl (Roche) according to

the manufacturer’'s specifications, to confirm theéRPresults (table 3.2). Positive clones were
sequenced and analysed to confirm the orientatiwhthe integrity of the ORF (section 3.2.6)

Freezer cultures were made from all positive cldsestion 3.2.5).
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Table 3.2 Primer combinations and restriction enzyme digesduct sizes for orientation screening of the
pGex-6P-2 expression vector containing @repevine fanleaf virus coat protein fragment.

Primer set /Restriction enzyme Product size Orienti#on
pGex-5" and GFLV-500-R 1380 bp Forward
pGex-5" and GFLV-500-F 831 bp Reverse
Pstl 2360 bp and 4147 bp Forward
Pstl 1100 bp and 5407 bp Reverse

All transformations into BL21(DE3)pLysS and Ros2{E3)pLysS cells were performed using
the protocol specified by Sambrook et al. (198@c{®n 3.2.4). One hundred microlitres of the
transformation reaction in LB Broth was plated oato LB agar (Merck) plates containing 100
pag/ml Amp, for pGex-6P-2 selection and 37 pg/midgcainphenicol (Roche). Freezer cultures were
made from all positive clones (section 3.2.5).

3.2.8 Recombinant protein expression and purification

3.2.8.1Recombinant protein expression

Ten microlitres of the freezer culture BL21(DE3)giSyand Rosetta2(DE3)pLysS transformeith

the pGex-6P-2 containing the GFLV CP gene insed3 moculated in 5 ml of Terrific broth (TB,
12 g/l Bacto-tryptone, 24 g/l Bacto-yeast, 0.4%)\dlycerol, 1% (w/v) glucose, 1 x KRQuffer

(A7 mM KHPOy, 72 mM KHPQ,, pH 6.5)) and grown overnight. The culture wasitéidl 50 or
100 fold with TB containing 100 pg/ml Amp and 37/mgChloramphenicol and incubated (150-
200 rpm, depending on the flask used, 37°C) umgilappropriate density was reached {gbf 0.5

or 1.0). The culture was induced with IPTG (0.01ntM)2mM, 0.05 mM 0.1 mM 0.2 mM or 1.0
mM) and incubated (150-200 rpm, 25°C or 37°C). Aliteluction, samples were taken every hour
for 6 hours, overnight or grown until an @pof 1.3 was reached. An uninduced control sample
was subjected to the same conditions. The bactezlld were collected (8 000 x g, 20 min, 4°C)
and resuspended in 500 ml TEN5O0 lysis buffer (20 i4-HCI pH 8.0, 1 mM EDTA, 50 mM
NaCl, 10% (v/v) glycerol, 0.2 mM DTT). To rupturbet bacterial cell walls, the cell suspension
was incubated at -80°C for 15 min and then at 3#C10 min, these freeze thaw steps were
repeated three times. Fifty to 100 pg/ml DNase agded and incubated (37°C waterbath, 2 h) and
sheared by passing through a 12 gauge syringeene@dk millilitre of the total cell protein was
kept for SDS-PAGE analysis and the remainder ostmaple centrifuged (8 000 x g, 20 min). The
supernatant containing the soluble fraction of@G#d.V CP was collected. The pellet containing the
insoluble fraction of the GFLV CP was resuspendetysis buffer. All samples were stored at -
20°C.

A modified method of Chen et al. (2002) was alsedu®r protein expression. In this method 3% of
ethanol was added to the Terrific Broth. The celéuwere incubated (150-200 rpm, 37°C) until the
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correct optical density (Odgy) was reached (table 3.3). The cultures were Heatked at 42°C
(150 rpm), induced with 0.2 mM or 1 mM IPTG andubated at (150-200 rpm, 37°C) until the
appropriate Okyo was reached (table 3.3). After expression the ssnere centrifuged (500 x g,
15 min and the pellet resuspended in 1/3 (of thgir@al volume) Buffer A (25 mM Tris, 5 mM
MgCl,, 5 mM B-ME) or TEN150 lysis buffer (20 mM Tris-HCI, pH 7.4 mM EDTA, 150 mM
NaCl, 5 mM DTT, 0.2% sarkosyl, 0.4% Triton X100)lOwalls were ruptured as described above
(section 3.2.8.1).

Table 3.3 Protein expression optimisation using a modifieethod of Chen et al. (2002)

Medium 1*incubation at Heat shock at Expression Expression
37°C (ODsog) 42°C (ODsgg) temperature (ODsgo9)
Terrific broth 0.0-0.1 0.1-0.5 16°C 0.5-0.9
Terrific broth 0.0-0.1 0.1-0.5 30°C 0.5-0.9
Terrific broth 0.0-0.5 0.5-0.9 16°C Overnight
Terrific broth 0.0-0.5 0.5-0.9 30°C Overnight
Terrific broth with ethanol  0.0-0.1 0.1-0.5 16°C 5@.9
Terrific broth with ethanol  0.0-0.1 0.1-0.5 30°C 5@.9
Terrific broth with ethanol ~ 0.0-0.5 0.5-0.9 16°C @night
Terrific broth with ethanol ~ 0.0-0.5 0.5-0.9 30°C @night

3.2.8.2Solubility optimisation

Soluble protein is needed for antibody productidme optimisation protocol described by
Mercado-Pimentel et al. (2002) was used to optintiee expression of soluble protein. The
transformed BL21(DE3)pLysS cells were grown ovehnhigt 37°C in LB broth containing 100
pg/ml Amp. Twenty millilitres of the overnight cule was added to a 2 L Erlenmeyer flask
containing 1 | Terrific broth, 100 pg/ml Amp and f@/ml Chloramphenicol and incubated (150
rpm, 37°C), until an ORyo of 0.5 was reached. The culture was induced tonfM IPTG and
incubated under the same conditions until ansd@Bf approximately 1.3 was reached. The culture
was centrifuged (7 000 x g, 7 min, 4°C) and théepelashed (7 000 x g, 7 min, 4°C) with 60 ml| of
ice cold STE buffer (10 mM Tris-HCI, pH 8, 150 mMa@l, 1 mM EDTA, 100 pg/ml
Phenylmethanesulphonylfluoride (PMSF)). The baatepellet was resuspended in STE, and
treated with 100 pg/ml lysozyme (Boehringer Mannh&@mbH) for 15 min on ice, followed by the
addition of DTT to a final concentration of 5 mMhd bacterial solution was then divided into 6
aliquots and different concentrations of sarkosgrevadded to a final concentration of 0.0, 0.25,

0.5, 1.0, 2.0, and 4.0% (w/v) respectively. Celllsvavere ruptured as described above (section
3.2.8.1).

The soluble and insoluble fractions were analyseda SDS-PAGE as described below and the
lowest sarkosyl concentration able to solubilise thsion protein was selected to continue with.

The sample was divided into 5 aliquots and TritdifDX was added to a final concentration of 0.0,
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0.5, 1.0, 2.0, and 4.0 % (v/v) respectively. Thegies were briefly vortexed and 500 pl incubated
with 200 pl GST-resin (Novagen, 50% slurry) forrah at 4°C. The resin was centrifuged (500 x
g, 5 min) and washed six times with ice cold 500PB5-1(8.4 mM NaHPQ,, 1.9 mM NaHPQ,,

150 mM NacCl, pH 7.4) through resuspension and dagation (500 x g, 5 min). The pellet was
resuspended in 50 pl elution buffer 2 (75 mM Hepé$,7.4, 150 mM NaCl, 5 mM DTT, 0.1%
(w/v) SDS), vortexed and the supernatant collecBainples were analysed on a SDS-PAGE gel
and the lowest amount of Triton X100 able to bindhite GST resin was selected. The protocol was
repeated with the selected amounts of sarkosylTaitoh X100 on a 10 ml column containing 5 ml
resin (50% slurry).

3.2.8.3Protein purification using GST-bind chromatography (Novagen)

Purification of the expressed protein wasformed using affinity chromatography with GSTbi
resin, adapted from Novagen’s specifications. F@T&FLV-CP fusion protein purification,
soluble and solubilised fractions were loaded atDaml polypropylene column containing 1 ml
settled GST Binb" resin (Novagen). Before loading, the resin washedsand equilibrated with 2
x 1 column volume of equilibration buffer (1 x PBS4.3 mM NaHPQ,, 1.47 mM KHPO,, 137
mM NaCl, 2.7 mM KCI, pH 7.3) or 1 x TEN150 (20 mMig-HCI, pH 7.4, 1 mM EDTA, 150 mM
NaCl). The protein solution was inverted for 30 nain 37°C or 16°C. The flow through was
collected and stored for SDS-PAGE analysis. Theirnal was washed with 3 volumes of wash
buffer (1 x PBS-3 (4.3 mM N&PO,, 1.47 mM KHPOy,, 300 mM NaCl, 2.7 mM KCI, pH 7.3) or 1
x PBS-2 containing 0.1% Triton X100). The fusiomtein was eluted 3 x with 1 ml Glutathione
reconstitution buffer (10, 25 or 50 mM reduced gthione, 50 mM Tris-HCI, pH 8.0). Each elution
were collected and stored for SDS-PAGE analysig Esin was washed with 3 column volumes
PBS-2 or PBS-3 and the flow through collected. G&T-resin was stored in 5 ml 20% ethanol at
4°C.

3.2.8.4Solubilisation of inclusion bodies

The solubilisation of inclusion bodies was perfothaecording to Burgess (1996). The transformed
BL21(DE3)pLysS cells were grown overnight at 37YCLB broth containing 100 pg/ml Amp.
Twenty millilitres of the overnight culture was attto a 2 | Erlenmyer flask containing 1 | Terrific
broth, 100 pg/ml Amp and 37 pg/ml Chloramphenicadl ancubated (150 rpm, 37°C) until an
ODgoo Of 0.5 was reached. The culture was induced tovMLIPTG and incubated under the same
conditions until an Oky, of approximately 1.3 was reached. The culture geadrifuged (7 000 x

g, 7 min, 4°C) and the pellet washed (7 000 x igpirY, 4°C) with 60 ml of ice cold STE buffer. The
bacterial pellet was resuspended in STE contaibirgM DTT, Complete EDTA-free protease

inhibitor (Roche) and 10 % glycerol. Cell walls wauptured as described above (section 3.2.1.8).
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The pellet containing the inclusion bodies of thEL8 CP was washed four times with STE
containing 2% GuH39NaO, to remove cell debris, resuspended in STE comgifi5% sarkosyl 5

mM DTT and 10% glycerol and incubated on ice fom@@. The solution was centrifuged (7 000 x
g, 7 min, 4°C), the insoluble pellet resuspendedSIFE and the supernatant containing the

solubilised inclusion bodies stored for SDS-PAGEIgsis.

3.2.9 Solubility screening through SDS-PAGE analysis

Soluble and insoluble fractions were analysed ordematuring sodium dodecyl sulphate
polyacrylamide gel. The resolving gel contained fesolving buffer (375 mM Tris-HCI, pH 8.8,
0.1% SDS), 10% acrylamide solution (9.725% (w/vijykamide, 0.275% (w/v) bisacrylamide),
0.1% (w/v) ammonium persulphate (APS, freshly pregg and 0.13% (v/v)
Tetramethylethylenediamine (TEMED). The stackin§fdrucontained 1 x stacking buffer (125 mM
Tris-HCI, pH 6.8, 0.1% SDS), 3.25% acrylamide solut(3.16% (w/v) acrylamide, 0.09% (w/v)
bisacrylamide), 0.15% (w/v) APS, and 0.15% (v/v)MHED. All SDS- polyacrylamide gels were
electrophoresed in 1 x gel running buffer (25 mNsFHCI, pH 8.3, 200 mM glycine, 0.1% SDS).
Protein loading buffer (100 mM Tris-HCI pH 6.8, 483BS, 0.2% bromophenol blue, 20% glycerol,
200 mM DTT) was added to the samples and denattr88°C for 10 min before loading on the
gel. Molecular size markers used include UnstafPexdein Molecular Weight Marker (Fermentas),
PageRule? Unstained Protein Ladder (Fermentas), PrestaimetkiR Molecular Weight Marker
(Fermentas) and Rainbow Molecular Weight Marker (GiBersham). All markers were used
according to the manufacturer’s specificationscit@ghoresis was performed at 30 mA per gel for
2-3 h. Protein bands were visualised by stainingh vd.025% (w/v) Coomassie Blue R-250
dissolved in 40% (v/v) methanol for 1 h and destajn(30% (v/v) methanol, 10% (v/v) HOAC)

overnight.

3.2.10SDS-PAGE gel purification and electro-elution

The solubilised proteins were loaded on the SDS-PAS@I (section 3.2.9) and electrophoresed at
30 mA per gel for 2-3 h. One lane of the gel cantaj the solubilised fusion protein was excised
from the gel, stained and destained and aligndtigaest of the gel. The protein band containing
the fusion protein was excised and placed in actrelelution tray containing 1 x electro-elution
buffer (25 mM Tris-HCI, pH 8.5, 200 mM glycine). &@Husion protein was electro-eluted at 20 V
overnight and the current reversed for 30 sec.SEmeple was removed and replaced with 700 pl of
fresh electro-elution buffer and electro-eluted &mother 30 sec. The eluted fusion protein was
stored for SDS-PAGE analysis.
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3.2.11Protein processing

The GST:GFLV-CP fusion protein concentration watedained by Quick Start Bradford Protein
Assay (Bio-Rad) according to the manufacturer'scijpations. The purified fusion protein
samples were dialysed against 500 ml PreScissiote®3e cleavage buffer for 8 h at 16°C, the
buffer was replaced and dialysed for another 8 lte dialysed fusion protein was concentrated

against PEG 20000 for approximately 4 h.

The GST fusion partner removal was performed udPngScission Protease (GE Healthcare)
according to the manufacturer’s specifications. @ni¢ of PreScission Protease cleaves 100 ug of
GST-fusion protein in cleavage buffer (50 mM Tri&HpH 7, 1 mM EDTA, 150 mM NacCl).

3.2.12Western Blot

The GFLYV fusion protein specificity was analysedhaivestern blot according to the specifications
of GE Health care. Prestained Protein Molecular gMeMarker or Rainbow Molecular Weight
Marker were used for protein size determinatione Pphotein samples were separated using SDS-
PAGE, the resolving gel was removed and soakeddteim transfer buffer (25 mM Tris, 192 mM
glycine) for 20 min. A sheet of Amersham Hybond-WPDIF membrane (GE Healthcare) was
prepared by cutting the membrane to the size ofréselving gel and soaking the membrane in
100% methanol for 10 sec followed by a wash stegistilled water for 5 min and equilibrating the
membrane in transfer buffer for 10 min. The eletti@iting cassette was assembled and transferred
at 20 V overnight. The membrane was removed, tlentation marked and briefly rinsed in TBS
(20 mM Tris-HCI, 137 mM NacCl, pH 7.6) and the ngesific binding sites blocked with TBS
containing 0.1% (v/v) Tween 20 and 5% (w/v) non4faitk powder for 1 h. The membrane was
briefly rinsed and washed with TBS-T (1 x TBS, 0.0%) Tween 20) for 5 min. The membrane
was incubated with primary antibody (GFLV specdittibody or GST specific antibody) diluted in
TBS-T (1:40 000) for 1 h. The membrane was briefiged and washed twice with TBS-T for 10
min. The membrane was incubated with secondanbe@uai (goat anti-rabbit), coupled to the
enzyme alkaline phosphatase and diluted in TBS:Z0(D00) for 1 h. The membrane was briefly
rinsed and washed with TBS-T for 10 min (x 3). ®#i0-4-chloro-3-indolyl-phosphate/Nitro blue
tetrazolium (BCIP/NBT) was used as detection syster1l5 mg/ml BCIP, 0.33 mg/ml NBT in
substrate buffer (100 mM Tris, 100 mM NaCl, 5 mM ®gpH 9.5).
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3.3 Results and discussion

3.3.1 Total RNA extraction

The GLFV titre in plants is temperature sensitiad drops drastically in the hot summer months. It
is thus important to collect grapevine leaf mateia early spring to ensure a high virus
concentration in the grapevine leaves. Unfortugatelr reasons beyond our control, leaf material
for this study was obtained in the summer, whicmpered efforts to extract high concentrations of

intact viral RNA and the amplification of the CP.

1
10 000 bp
8000 bp
6 000 bp\ <—gDNA
3500 bp i
3000 bp 1
2500 bp .

2000 bp—A 0

1500 bp——=

» o 4—28s

Figure 3.2 Agarose gel electrophoresis
analysis of the total RNA extracted (Davies and
Robbinson, 1996). Lane 1: Ruler 1 kb DNA
ladder. Lane 2: Total RNA extracted (+ 1.5
ug/lane).

Grapevine material that displayed distinct fanlegfnptoms were initially tested for GFLV
infection using the rapid-direct-one-tube-RT-PCRpéfication method, using the GFLV-500-F
and GFLV-500-R primer set (table 3.1). However whamers GFLV-MP-F and GFLV-NC-R, for
the amplification of the entire CP were used, afigaliion was unsuccessful. Therefore, total RNA
extractions (Davies and Robinson, 1996) were pewar on all positive plant material. A total
RNA vyield of approximately 900 ng was obtained fr@® g of leaf material. The quality of the
RNA was assessed by agarose gel electrophoresisthicilim bromide staining. Four bands were

visible representing the genomic DNA, the riboso2td, 18s and 16s RNA subunits (fig. 3.2).
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3.3.2 GFLYV coat protein gene amplification

A fragment of 1765 bp in size, comprising a 3’ portof the MP gene, the entire CP gene, and a
portion of the 3'NC region of RNA2, was amplifiegt bne-step-RT-PCR. Agarose gel analysis
showed a faint amplification product. This couldde to the low viral RNA concentration. The

PCR product was re-amplified to obtain enough efRCR product for cloning (fig. 3.3).

A B
12 10 000 bp 1 2
10 000 bp 8 000 bp
g 000 bp:= 6,000 bp\\
6000 bp_ | 5000 bp\
5 000 bp__ 4 000 bp
4000 bp 3 500 bp
3 500 bp 3 000 bp
3 000 bp 2500bp
2 000 bp
2:300bp—g 1 500 bp -
2 000 bp— D ¥
-
1 500 bp—— e 11566 bp
1000bp 750 bp——
750 bp—
500bp
500 bp—
250 bp___ 250np—

Figure 3.3 One-step-RT-PCR and re-amplification of
the 1765 bp Grapevine fanleaf virus fragment
comprising a 3’ portion of the MP gene, the entié
gene, and a portion of the 3'NC region of RNA®)
Lane 1: Ruler 1 kb DNA ladder. Lane 2: One-step RT-
PCR 1765 bp producB) Lane 1: Ruler 1 kb DNA
ladder. Lane 2: Re-amplification of the 1765 bpdurat.

3.3.3 Cloning and transformation of the PCR fragment.

The amplified product was excised from the gel,iffad, ligatedinto the pDrive cloning vector
(fig. 3.4) and transformed into chemically compéwiSa E. coli cells. The cloned fragments were
analysed by PCR amplification and restriction engyafigestion. Positive clones were selected for
sequencing. Sequence analysis confirmed that t6& g amplified product extends from the MP
through the entire CP into the 3'NC region. No tleles or insertion were detected. Sequence data
were analysed to select restriction enzymes forcéoing into the pGex-6P-2 expression vector.
From the sequence analysss)| was selected as the enzyme of choice to clon€&ato pGEX-
6P-2. The coat protein sequence data was usedigndarimers to amplify the 1515 bp CP gene of
the South African GFLV isolate. These primers ined Sall recognition sequences in their 5'-
ends.
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Figure 3.4: Restriction map of pDrive cloning vector.
(http://www1.giagen.com/literature/pDrive/pcr_clogR1.pd)

PGEX-6P-2 (27-4508-01)
PreScission Protease

|Leu Glu Val Leu Phe GIn'al Pr0|Leu Gly Ser Pro Gly Ile Pro Gly Ser Thr Arg Ala Ala Ala Ser
CTG GAA GTT CTG TTC CAG GGG CCC CTG GGA TCC CCA GGA ATT CCC GGG TCG ACT CGA GGG GCC GCATCG
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Figure 3.5 Restriction map of pGex-6P-2.

(http://www.sgc.utoronto.ca/SGC-WebPages/Structeseiption/M&M/Vectors/pGEX-

6P-2.pdf)
The coat protein gene was amplified and cloned jpiRoive with T/A-cloning. The CP gene was
subcloned into the pGex-6P-2 I8all digestion. The clones were analysed with PCR BRstl
digestion to select clones with the correct origote Two of the ten clones digested whistl

showed a 2360 bp and 4147 bp fragment and teststiveofor the forward orientation (fig. 3.6).
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Although the clones in lane 5 and 11 show the sdigestion pattern, the fragments in lane 5 are
slightly lower than those in lane 11, this couldce to the high amount of RNA present in the
sample. The same could be seen for the slightlgtdvagment of lane 6 when compared to lanes 7
and 8 (fig. 3.6). Clones 5 and 11 also tested ipesitor the forward orientation with PCR
amplification and a 1380 bp fragment was amplifiid. 3.6, lane 5 and 11). Both clones were
sequenced and the ORF and orientation confirmed. plasmids containing the GST:GFLV-CP
fusion protein was transformed into BL21(DE3)pLysthd Rosetta2(DE3)pLysS cells for

recombinant protein expression.
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Figure 3.6 Orientation screening through restriction enzy(Psl) digestion of the
pGex-6P-2 expression vector containing the 151&BpV-CP gene clones. Lane 1:
Ruler 1 kb DNA ladder. Lane 5 and 11: Clones shgwiwo fragments of
approximately 2360 and 4147 bp indicating insartthe correct orientation. Lane 3
and 10: Clones in the reverse orientation, showivm fragments of approximately
1100 and 5407 bp.

3.3.4 Recombinant protein expression and protein purificéion

The amino acid sequence of the CP was analysetetiicpthe size of the GST:GFLV-CP fusion

protein (26 kDa + 57.41 kDa = 83.41 kDa). Initialhe pGex-6P-2 vectors containing the GFLV-
CP gene were transformed into both BL21(DE3)pLys8 Rosetta2(DE3)pLysS. Both these cell
lines were used for protein expression with no appiadifferences in the solubility of the proteins
(fig. 3.7A). BL21(DE3)pLysS cells yielded a betggowth curve compared to Rosetta2(DE3)pLysS
cells and was selected for further analysis anohogation.

For the first expression experiment, the followpgtocol was performed. Five millilitres of the

overnight culture was inoculated in 500 ml TB amdvegn to an Olgyo of 1.0 and induced with 0.1
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mM IPTG. The samples was grown overnight at 37°@lected and processed for SDS-PAGE
analysis. The 83.4 kDa fusion protein was visibje SDS-PAGE, but very little of the fusion
protein was soluble. Variable IPTG concentratiorD$Q 0.075, 0.1, 0.15 and 0.2 mM) did not
appear to lead to improved solubility. The expmsstime was changed, and samples were
collected each hour for six hours after inductiomt with no visible enhancement of the solubility.
The first expression experiment was repeated whith following adaptations (fig. 3.7A). The
inoculated cultures was grown to an &gof 0.9 at 25°C and induced with 0.2 mM IPTG. After
induction the sample was incubated overnight aC23the culture was centrifuged and the pellet
resuspended in TEN5O Lysis buffer. The purificatieas performed as described by Novagen (fig.
3.7B). All washes were performed using PBS-3. Tragin was eluted with 10 mM Glutathione

reconstitution buffer.
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Figure 3.7: SDS-PAGE analysis of GST:GFLV-CP fusion proteipression and purificatio) SDS-
PAGE analysis of GST:GFLV-CP fusion protein exprassin BL21(DE3)pLysS (lane 1-4) and
Rosetta2(DE3)pLysS (lane 6-9). Lane 1 and 6: Induseluble fraction of pGex-6P-2 without the
GFLV-CP insert. Lane 2 and 7: Total cell proteintbé expressed GST:GFLV-CP. Lane 3 and 8:
Insoluble fraction of the expressed GST:GFLV-CPnéd.a and 9: Soluble fraction of the expressed
GST:GFLV-CP. Lane 5: Prestained protein moleculaigit marker (kDa)B) SDS-PAGE analysis of
the purification of GST:GFLV-CP fusion protein iBlL(21(DE3)pLysS). Lane 1: Uninduced soluble
fraction. Lane 2: Induced soluble protein fractibane 3: Induced soluble protein flow through. L@ne
— 6: PBS-2 washes. Lane 7: Unstained Protein MtdecWeight Marker. Lane 8-10: Reduced
glutathione elution 1 to 3 (+ 83.4 kDa).

A small amount of purified fusion protein was etlittom the column (fig. 3.7) decreasing with
every elution step. A fairly high amount of purdiéusion protein is required for GST removal with
PreScission protease. The protocol was adjustethdyging the temperature and the induction time
in order to slow the growth of the cultures, andstiproduce more soluble fusion-protein. Three

inoculated samples were grown for 1 hour at 37%€rafhich it was moved to room temperature
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and grown until an Oy, of 0.5, 1.0 and 1.4 were reached respectively.fiswere collected at 3
hours and overnight, after induction with 0.05 mPRITG. All samples yielded low amounts of

soluble fusion protein.

A new protocol was followed based on the heat shnekhod of Chen et al. (2002). The growth
medium, IPTG concentration, time of induction, eegsion time, and expression temperature were
varied to enhance the solubility of the GST:GFLV-fCiBion protein (table 3.3). Best results were
obtained when the sample was grown in TB (with@atedhanol) at 37°C until an Qg of 0.1 was
reached, heat shocked at 42°C until anségDf 0.5, induced with 0.2 mM IPTG and grown at 16°C
for 4 hours or until an O of 0.9 (fig. 3.8, culture 3). Protein purificatiamas performed with
GST-bind chromatography as specified by NovagerS-RBvas used for the equilibration of the
column and PBS-3 for the wash steps and the preteted with 25 mM reduced glutathione to
further improve the yield of the eluted protein (G§ene fusion system handbook). No purified

protein was visible on the SDS-PAGE gel (figure stobwn).
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Figure 3.8: Culture growth curve. Culture 1: Grown at 37°Cilusnt ODsoo Of 1.0, expressed at 37°C. Culture 2:
Grown at 37°C until an Ofg, of 1.0, expressed at 16°C. Culture 3: Grown aC3dtitil an ORyo of 0.1, heat
shocked at 42°C until an Qg of 0.5, expressed at 16°C. Culture 4: Grown aC31itil an ORy, of 0.5, heat
shocked at 42°C until an QE of 0.9, expressed at 16°C.

Protein expression and purification was performedp&ex-6P-2, without the GFLV CP gene
insert, to optimise the experimental procedurestier GST protein. The heat shock method from
Chen et al. (2002) was performed with the TEN15)shpuffer. The cultures were grown to an
ODgno Of 0.5 at 37°C, heat shocked to an g®f 1.0 at 42°C, induced with 0.1 mM IPTG and
grown for 4 h at 16°C. Protein purification was fpemed with GST-bind chromatography
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specified by Novagen. TEN150 was used for the éxation of the column and PBS-2 containing
0.1% Triton X100 for the wash steps. The proteis whuted with 50 mM reduced glutathione (fig.
3.9). The exact protocol was repeated with pGex@®ntaining the GFLV-CP gene but failed to

purify the fusion protein.
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Figure 3.9 SDS-PAGE analysis of GST protein expression and
purification. Lane 1: Total cell protein of the G®Totein. Lane

2: Insoluble GST protein fraction. Lane 3: Solu@&T protein
fraction. Lane 4: Soluble GST protein flow throudlane 5-8:
PBS-2 containing 0.1% Triton X100 washes. Lane Bstdined
Protein Molecular Weight Marker (kDa). Lane 10 = 5 mM
Reduced glutathione elution 1 to 3 (= 26 kDa).

To express and purify sufficient amounts of theidnsprotein in the soluble fraction, more
optimisation was needed. Mercado-Pimentel et &0Z2 designed an optimisation protocol to
enhance protein expression in the soluble fractegure 3.10A shows the difference in solubility
of the fusion protein after 0.25, 0.5, 1.0, and2.6f sarkosyl was added. The extra band between
85 and 70 kDa in the marker lane 6, is due to ¢merfrom lane 5. The best results were obtained
with 0.5 and 1.0% sarkosyl. These two samples wgefected to continue the optimisation and
different amounts of Triton X100 was added to alfficoncentration of 0.0, 0.5, 1.0, 2.0, 3.0, 4.0%
respectively (fig. 3.10B). All samples were eluteith Buffer 2 (fig. 3.10B). The experiment was
repeated and 0.7% sarkosyl and no Triton X100 velmkeéh (fig. 3.10C). The fusion protein was
eluted with Buffer 2 (fig. 3.10C, lane 8 and 9) amdluced glutathione (lane 10 and 11) Low
amounts of soluble fusion protein were eluted am-specific proteins that bound to the resin were
also eluted with the GST:GFLV-CP fusion protein.
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Figure 3.1Q SDS-PAGE analysis of the GST:GFLV-CP fusion pirotexpression and purification optimisation
using the protocol described by Mercado-Pimentedle{2002).A) Comparison of the soluble and insoluble
fractions of the fusion protein samples treatechv@t25, 0.5, 1.0, 2.0, and 4.0 sarkosyl respegtiiehne 1:
Soluble protein fraction containing 0.25% sarkosyne 2: Insoluble protein fraction 0.25% sarkosyne 3:
Soluble protein fraction containing 0.5% sarkodydne 4: Insoluble protein fraction 0.5% sarkosyane 5:
Soluble protein fraction containing 1.0% sarkosyine 6: PageRul8f Unstained protein Ladder (kDa). Lane 7:
Insoluble protein fraction 1.0% sarkosyl. Lane &luble Protein fraction containing 2.0% sarkosyank 9:
Insoluble protein fraction 2.0% sarkosyl. Lane $@iuble protein fraction containing 4.0% sarkosyne 11:
Insoluble protein fraction 4.0% sarkoskl) Comparison of the protein samples treated witfeidint amounts of
Triton X100. Lane 1 -6: Samples treated with 0.%#%&ssyl and 0.0%, 0.5%, 1.0%, 2.0%, 3.0% and 4.0%6 T
X100 respectively. Lane 7: Soluble protein fractimmtaining 0.5%. Lane 8: PageRulerUnstained Protein
Ladder (kDa). Lane 9: Soluble protein fraction @iming 1.0% sarkosyl. Lane 10 — 15: Samples treati¢l
1.0% sarkosyl and 0.0%, 0.5%, 1.0%, 2.0%, 3.0%4a@% Triton X100 respectivelL) Protein expression and
purification using 0.7% sarkosyl and 0.0% Triton(Q1 Lane 1: Insoluble fusion protein fraction. LaPe
Soluble fusion protein fraction. Lane 3: Solubleituin protein flow through. Lane 4-6: Washes 1-3nd &
Unstained Protein Molecular Weight Marker (kDa)nk&8 - 10: Elution 1 and 2 of Buffer 2. Lane 10-Efution

3 and 4 with 25 mM Reduced glutathione elution.
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Figure 3.11 SDS-PAGE analysis and excision of the solubilifezion proteinA) Lane 1: Unstained Protein
Molecular Weight Marker (kDa). Lane 2-9: Solubilis@usion proteinB) SDS-PAGE gel with excised fusion
protein.C) SDS-PAGE analysis of the electro-eluted fusiastgin. Lane 1: Unstained Protein Molecular Weight
Marker (kDa). Lane 2: first electro-elution protesiample. Lane 2: Second electro-elution sample.

To enhance the solubility of the fusion proteinptpin solubilisation was performed (Burgess,
1996). The protein was solubilised, and electropbed on a SDS-PAGE gel. The protein band
containing the fusion protein was excised and edeeluted from the gel (fig. 3.11B and C).
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3.3.5 Protein processing
After electro-elution the concentration of the GSFLV-CP fusion protein was determined with

Quick Start Bradford Protein Assay and found ta2beug/ml, with a total amount of 200g. For
antibody production 2.5-3 mg of protein is need&te eluted samples were dialysed against
PreScission Protease cleavage buffer, to prepaaeG8T:GFLV-CP fusion protein for GST
removal and concentrated with PEG 20000 to incréasgrotein concentration. The concentration
was again determined with Quick start Bradford girotassay and found to be insufficient for

antibody production. The concentrated fusion prsteiwvas analysed on a SDS-PAGE gel and

showed degradation of the fusion protein.

1 2 3 4 5 6 7 8 9

— 120

— 86

- 47

— 34

Figure 3.12: Western blot analysis of
GST:GFLV-CP fusion protein expression in
BL21(DE3)pLysS (lane 1-4) and
Rosetta2(DE3)pLysS (lane 6-9), transferred to the
membrane from figure 12.. Lane 1 and 6: Induced
soluble fraction of pGex-6P-2 without the GFLV-
CP insert. Lane 2 and 7: Total cell protein of the
expressed GST:GFLV-CP. Lane 3 and 8:
Insoluble fraction of the expressed GST:GFLV-
CP. Lane 4 and 9: Soluble fraction of the
expressed GST:GFLV-CP. Lane 5: Prestained
protein molecular weight marker (kDa).

The PreScission Protease failed to remove the G&thgr from the GST:GFLV-CP fusion protein.
The concentration of fusion protein and enzyme waged with no effect on the cleavage of the

fusion protein. This could be due to incorrect fiotdof the protein.
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3.3.6 Western Blot

Western blot analysis was performed with the GFp¥cd¥fic and GST antibodies. Both antibodies
were non-specific and detected the fusion proteiwell as the bacterial proteins. The best results
were obtained using GFLV specific antibodies reediirom SAPO (fig. 3.12). The western blot
was performed according to GE Healthcare’s spetifios (section 3.2.12). No proteins were
detected in the induced control samples (withoat@#LV-CP insert) (figure 17 lane 1 and 6). In
the induced experimental samples from both the BREB)pLysS (Figure 17, lane 2-4) and
Rosetta2(DE3)pLysS cell lines (Figure 17, laneg €e¢htaining pGex-6p-2:GFLV-CP, a band of
the approximate size expected for the fusion pmoteas observed. However, many other bands
were also observed indicating that the specifioftyhe antibody was insufficient, it could also be
due to degradation of the GST:GFLV-CP fusion proti that fusion protein products are present
in the sample. The western blot was optimised bying the antibody concentrations, with no real

effect on the specificity and sensitivity to theag (data not shown).
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3.4 Conclusion

The use of recombinant DNA technology to expresdainget protein is an ideal strategy to develop
antibodies against a target viral agent. It eliresahe possible development of antibodies to non-
specific proteins such as plant proteins and pesvid reservoir that can be used to produce
antibodies of the same quality, sensitivity andcgpsty in each batch produced. Unfortunately, not
all proteins are produced as soluble proteins aadynaccumulate in insoluble protein aggregates
or inclusion bodies in th&. coli cells (Baneyx, 1992). The aim of this project viaslevelop a
sensitive and reliable DAS-ELISA directed at theutBoAfrican isolates of GFLV. Unfortunately
the expression of insufficient concentrations ofuble protein prohibited the production of
antibodies for the completion of the assay. Higpregsion levels were achieved, but the fusion
protein was expressed as insoluble aggregatesnifanee the solubility of the expressed protein,
factors such as temperature, growth rate, indudtior, growth media ang. coli cell lines were
varied (Harper and Speicher, 2001). None of théseters had any effect on the solubility of the
protein. The expression of the GST fusion partnas wptimised, and produced soluble protein
proving that the system itself worked. When theseditions were used for the expression of the

GST:GFLV-CP fusion protein, no soluble fraction e/expressed.

The expression of this protein in inclusion bod@sild be the result of one or more of the
following factors: The overload of the folding patdty during over-expression of the target protein
increases the probability of misfolding, leadingthe formation of inclusion bodies (Baneyx and
Mujacic, 2004). The expression of foreign protethat do not fit well into thee. coli folding
machinery elevates the problem of insolubility dhd formation of inclusion bodies even further
(Niiranen et al., 2007). Another inhibitory factéor the production of soluble proteins is the
presence of disulphide bridges. A target proteitih\&i structure, stabilized by disulphide bonds are
difficult to express correctly, due to the non-speity of the cysteine oxidation within the badtdr
cytoplasm (Schrodel et al., 2005). The higher teecgntage of cysteine residues the more the
protein will aggregate to form inclusion bodies €y et al., 2004). Terpe et al. (2003) suggested
that the possible cause of the formation of indosbodies could be due to the presence of
hydrophobic regions or highly charged residues iwithe target protein. The expression of rare
codons, foreign té&. coli, could also cause the protein to be folded inusioin bodies. Dyson et al.
(2004) suggested that the following factors coutdphto predict if the expressed protein will be
soluble: the percentage cysteine content, numbeoitéd coils, sub-cellular location, size of the

expressed protein and the grand average of hydrgggtindex (GRAVY).

41



We eliminated the effect of rare codons by usireihcoli strain Rosetta(DE3)pLysS that contains
a pRARE plasmid that supplies an additional tRNA tlte rare codon for arginine. This strain,
however, had no effect on the solubility of the @gsed protein. The GFLV CP (isolate Al) used
in this study contained ten cysteine amino aciés,a? the total amino acids in the fragment. Each
subunit of the GST also contains four solvent-erposysteines and could lead to a high degree of
oxidative aggregation (Kaplan et al., 1997). Thghhamount of cysteine amino acids present in the
fusion protein could contribute to the incorredtlfog of the protein by forming incorrect disulfide

bridges, altering the structure of the protein serdtlering it insoluble.

Fusion partners are proteins with the rare traértbance the solubility of the protein it is fused

one such partner is GST. Studies don&ioyth and Johnson (1988), Nygren et al. (1994), iged

et al. (1995), Scheich et al. (2003), Rabhi-Esstfl. (2007) suggest that the GST fusion partner
enhances the solubility of the target proteinshéligh these studies showed that GST enhances the
solubility of these target proteins, the resultshef expression and solubility studies is oftenyonl
relevant within closely related species or protiEimilies and cannot be directly transferred to
unrelated proteins (Niiranen et al., 2007). Hamtnans et al. (2002) and Dyson et al. (2004)
concluded that GST is a poor enhancer. Kapust aadgh (1999) Fox et al. (2003), De Marco et
al. (2004), Dyson et al. (2004) and Niiranen e{2007) compared the effect of GST, MBP and/or
NusA fusion partners on the solubility of the targeotein and found that MBP and NusA fusion

partners enhance solubility much more effectivebnt GST.

For future expression studies it is necessary topawe different expression vector and fusion
partners to select the vector that is most advaoias) for each specific target protein. There are
fusion partners, such as the MBP and NusA thatbdlda proteins better than others on average,
but there is no guarantee that the fusion partnkiselubilse the selected target protein (Esposito
and Chatterjee, 2006). Unlike GST, both these fupiartners are naturgl coli proteins and could
be a contributing factor to the excellent solupiixpression results obtained when expressing with
these fusion partners. More research needs to e @o the soluble expression of large fragments,
and the prediction of solubility expression andyéascale comparisons of protein solubility with

different fusion tags.
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4 GENETIC VARIABILITY WITHIN THE COAT PROTEIN GENE OF
GRAPEVINE FANLEAF VIRUS ISOLATES FROM SOUTH AFRICA
AND THE EVALUATION OF RT-PCR, DAS-ELISA AND
IMMUNOSTRIPS AS VIRUS DIAGNOSTIC ASSAYS
Liebenberg A., Freeborough M.-J., Burger J.T.
Submitted to Virus Research (June 2008), under regw

Abstract

Grapevine fanleaf virus (GFLV) is responsible for severe fanleaf degemnenain grapevines of all
major wine producing regions of the world, inclugliouth Africa. In order to successfully control
the spread of the virus, specific and reliable disgic assays are necessary. The genetic vanabilit
of 12 GFLV isolates recovered from naturally infstgrapevine plants in the Western Cape region
of South Africa were characterised. These samplex® wBubjected to RNA extraction, RT-PCR
analysis and sequencing of the coat protein gef&™2Sequence identities between different
GFLYV isolates from South Africa were between 86-98f6 94-99% at the nucleotide and amino
acid levels, respectively. Phylogenetic analysisebdaon the 2& gene sequences showed that the
South African isolates form two distinct cladessabpopulations. The specificity and sensitivity of
three diagnostic techniques (rapid-direct-one-teBePCR, DAS-ELISA and ImmunoStrips) for
the detection of GFLV were analysed to determine alppropriate diagnostic assay for virus
infection. Rapid-direct-one-tube-RT-PCR was foundb¢ the most reliable technique for detection.
This is the first report on sequence analysis iémgth 2C° gene cDNA clones of GFLV isolates

from South Africa.

1. Introduction

Grapevine fanleaf disease was discovered in th€'49%nd is one of the oldest known viral
diseases of grapevines. It occurs in all vine-gngwiegions of the world and has been reported in
Asia, Africa, Europe, New Zealand, Australia, Noatid South America. The disease is caused by
the Grapevine fanleaf virus (GFLV) a member of the geniepovirus in the family Comoviridae

and is spread by the ectoparasitic nemaXighinema index, as well as by vegetative propagation
and grafting.Grapevine fanleaf virus causes degeneration and malformation of berriasekeand
canes and is responsible for significant economssds by reducing crop yields by as much as
80%, reducing the longevity of the vines and affectfruit quality (Andret-Link et al., 2004;
Martelli and Savino, 1990; Raski et al., 1983).

Grapevine fanleaf virus has two single stranded positive sense RNA genoRE#1 and RNA2

(Quacquarelli et al., 1976). Both RNA species amnatistronic and carry a small covalently
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linked viral protein (VPQ) at the 5 terminus andpaly(A) tail at the 3’ terminus (Pinck et al.,
1988). Each of the RNA genomes encodes a polyprdtet is proteolytically processed into
functional proteins. The RNA1 polyprotein (P1) ikaved into 5 mature products; a putative
proteinase co-factor (1A), a putative helicase BifdP-binding domain (1B, a virus genome
linked protein (19, a chymotrypsin-like cysteine proteinase {fPand a putative RNA-
dependent RNA polymerase Pl (Margis and Pinck, 1992; Pinck et al., 1991; Ritthaler et al.,
1991). The RNA2 polyprotein is cleaved into threatume products; a homing protein (A also
required for RNA2 replication, a movement proteB\") found in tubules observed in the
plasmodesmata and a coat protein €3Ghat encapsidate the RNA molecules to form asviru
particle (Gaire et al., 1999; Margis et al., 19B%zenthaler et al., 1995a, 1995b; Serghini et al.,
1990).

The diversity and the quasispecies nature of theMGgenome have been assessed in several
countries where this virus occurs naturally. Theséude France (Vigne et al., 2004a, 2005), Iran
(Bashir et al., 2007a, 2007b, 2007c), Slovenia (B®iovak et al., 2007), Tunisia (Fattouch et al.,
2005a, 2005b) and the USA (Naraghi-Arani et alQ130Variability studies were performed using
IC-RT-PCR-RFLP and sequencing of the complete (B&stal., 2007c; Naraghi-Arani et al., 2001,
Vigne et al., 2004a, 2005) and partial 2@ene (Bashir et al., 2007a; Fattouch et al., 2005a
2005b), 2B gene (Bashir et al., 2007b) as well as the coraA2 ORF (Pompe-Novak et al.,
2007). In these studies nucleotide sequence sitidkaof 87% and amino acid sequence identities
of 91% were observed for the 90gene, 91% and 93% respectively for thé"2Bene, and 93.3%
and 97.5% for the RNA2 ORF, respectively. (Bashiale 2007a, 2007b, 2007c; Fattouch et al.,
2005a, 2005b; Naraghi-Arani et al., 2001; Pomped¥at al., 2007; Vigne et al., 2004a, 2005).

The natural occurrence of recombination in the GRAG” gene was first reported by Vigne et al.
(2004a, 2004b, 2005). Five recombinant isolatesewedentified among the 347 GFLV isolates
investigated, however, no differences were obsebattveen recombinant and non-recombinant
isolates regarding symptom expression, diseaseence or vigour (Vigne et al., 2004a, 2004b,
2005). Although the variability in the 2€ gene was high at nucleotide level (0.5-13.8%)s les
diversity was found at the amino acid level (0.2%) (Vigne et al., 2004a), indicating that there is
strong genetic stability in the GFLV 2Cgene. Considering the putative roles in virus ipkert
structure and stability, virus movement, as welirdsractions with host and vector ascribed to the
2CP gene, limited levels of genetic variation can dlerated in order to maintain viability (Andret-
Link et al., 2004; Belin et al., 1999).
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In South Africa, GFLV infections occur mostly inetiBreede River Valley in the Western Cape, an
area with highX. index infestation. Quarantine regulations in South Afrjm@scribe that vines
(nuclear and mother block material) need to bestk&tr the presence of GFLV, as the planting of
uninfected propagation material is one of the nefftctive ways to control grapevine fanleaf
disease. The specific and rapid identification dfL8 is therefore essential for the effective
prevention of disease spread. Different diagnostiethods are available for testing of viral
infections; these include molecular techniques sicRT-PCR and immunological techniques such
as DAS-ELISA and ImmunoStrips. Whilst the choicetloé diagnostic assay depends on factors
such as ease of assay development, specificitgjtsaty, skill levels of technicians, portabilityf

the test (e.g. field testing) and cost (Ward et2004); in the South African context it is impata
that any routine diagnostic assay is able to detkb@enetic variants of GFLV prevalent in local

vineyards.

In the present study the genetic variability of LV 2C-" gene of 12 isolates collected from the
grapevine growing regions in the Western Cape pamviof South Africa were investigated.
Variability studies were conducted to investigatepassible correlation between sequence
variability in the 2€" gene and the sensitivity and/or specificity of giliastic assays. Three
diagnostic assays, rapid-direct-one-tube-RT-PCRSIBAISA and ImmunoStrips were compared

using naturally GFLV-infected material collectedrfr vineyards in the Western Cape.

2. Materials and Methods

2.1 Plant material

Grapevine fanleaf virus infected grapevine leaf material was obtained franeyards in the Breede
River valley (Robertson, Bonnievale and Slanghaek)well as from Stellenbosch and the Paarl-
Wellington area in the Western Cape, and from &fititPaarl, South Africa (table 2). Not all
collected samples displayed symptoms, some sanwée collected from vines adjacent to
symptomatic vines, and others from within the sammeyard but not adjacent or near to

symptomatic vines.

2.2 RT-PCR, cloning and sequencing

Total RNA was isolated according to the method dfay et al. (1993). A fragment of
approximately 1760 bp in size, comprising a 3’ jwortof the 2B gene, the entire 2€ gene, and

a portion of the 3’ non-coding region of RNA2, waasplified by RT-PCR. For primer annealing, 1
uM of primer GFLV-NC-R (5-ACAAACAACACACTGTCGCC-3’)was added to 0.45-1, of
total RNA and incubated (5 min, 95°C) followed bynn on ice. cDNA synthesis was performed

with AMV reverse transcriptase according to therungions of the manufacturer (Fermentas). Five
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microliters of the cDNA was added to an Ex Taqg Pi®mplification cocktail containing 1 x Ex Taq
buffer (Takara), 0.2 mM dNTP’s, 0.8M GFLV-MP-F (5-ACCTTCTCTATCAGRAGYCG-'3)
and 0.5uM GFLV-NC-R, 1 mM cresol, 20% sucrose and 0.5 UdrakEx Taq. The RT-PCR cycle
conditions were: 1 cycle of 5 min at 94°C, 30 cgobé 30 sec at 94°C, 30 sec at 53.5°C and 2 min
at 72°C respectively, 1 cycle of 7 min at 72°C. Hmeplification products were gel purified using
the ZymoClean Gel DNA Recovery Kit (Zymo Resear@gtcording to the manufacturer’s
instructions. A PCR cloning kit (Qiagen) was usedlbne the purified products into pDrive as per
instructions and transformed into chemically corepet. coli dH5a cells (Invitrogen). The
GenelJet Plasmid Miniprep kit (Fermentas) was use@urify the plasmid DNA for sequence
analysis. The T7, SP6 and GFLV-348-Forw (5-CGGCAGASGCAAGC-3’) primers were used
to sequence the entire length of the fragment etgnfrom the movement protein to the
noncoding region of the RNA2 genome. Sequencingpeaformed by the Core DNA Sequencing

Unit at Stellenbosch University.

2.3 Sequence and Phylogenetic analysis

BioEdit (Ver. 7.0.4, Hall, 1999) was used to pemicsequence editing and compilation. Sequence
comparisons were performed using the BLAST algoritfAltschul et al.,, 1990) against the
GENBANK database of the National Centre for Bioteamlbgy Information (NCBI)
(www.ncbi.nim.nih.gov). The generated GFLV nucldetisequences from South Africa were
compared to GFLV sequences downloaded from GenBaitkg the ClustalwW (Ver. 1.4) alignment
function embedded in the BioEdit software. Althoulya sequences generated by RT-PCR included
100 bp of the 2B” gene, the complete 2€gene and 141 bp or 147 bp of the 3’ non-codinépreg
only the 1 515 bp 2€ gene sequence was used to perform sequence almfgigtic analysis.
The number of available 2€gene sequences that include the partidl"2Bene and 3’ non-coding
region are limited, and a more complete phylogene&e was necessary for variability analysis.
The sequences of the GFLV RNA2 fragments were siibinio the Genbank database and have
been assigned accession numiigsg0240to EU70251.

Phylogenetic analysis of the aligned “Qyene nucleotide sequences was performed using the
parsimony option in PAUP (Ver. 4.0b10) (Swafford)02). Twelve 2€F gene nucleotide
sequences from South Africa and 49°2@ene nucleotide sequences from GenBank were nsed i
the phylogenetic analysis (table 1). Thidgpovirus outgroups were selected for the phylogenetic
analysis, twoArabis mosaic virus (ArMV) isolates closely related to GFLV afdbacco ringspot

virus (TRSV) as the most distant outgroup. Gaps werednized into the GFLV 2¢ gene matrix

to ensure sufficient alignment with the ArMV and SR out groups. To search for the shortest

possible trees from the data matrix, a heuris@@zaeof 1 000 replicates were performed using tree
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bisection reconnection (TBR) branch swapping. Alla@acters were weighted equally. Clade
support was calculated with 1 000 bootstrap refdgaising TBR branch swapping. Bootstrap
percentages of75% were considered as well supported, between @850% as moderately

supported and values below 50% as weakly suppoBedtstrap percentages below 50% are not

indicated on the phylograms.

2.4 Plant material preparation for diagnostic assay

All the grapevine leaf samples were ground in sempksh bags containing 3 ml of grapevine
sample extract buffer (Agdia). Leaf material (1(820v)) was inserted between the mesh linings of
the bag and rubbed with a pestle to completelyhcams mix the sample. The extracts were used in
the rapid-direct-one-tube-RT-PCR as well as the GRmmunoStrip test (Agdia) and GFLV
indirect DAS-ELISA (Agdia), to standardise the teicfue comparison.

2.5 Rapid-direct-one-tube-RT-PCR

The rapid-direct-one-tube-RT-PCR was performed w@ting to the modified method of Osman et
al. (2007). This method was optimised using GFL\-B6rw and GFLV-348-Rev (5'-
TGGTCCCGTTCCACTCAC-3’) primers to amplify a 348 iagment with low variability in the
coat protein region. Four microliters of the mestract was pipetted into a microcentrifuge tube
containing 1x GES buffer (100 mM glycine-NaOH pH,850 mM NaCl, 1 mM EDTA, 0.5% (v/v)
Triton X100) to give a final volume of 5. The sample was denatured for 10 min in a watlrba
at 95°C followed by direct cooling on ice for 5 mifwo microliters of the denatured extract was
pipetted directly into the one-tube-RT-PCR mix (KapaTaq buffer with Mg2+, 1 mM cresol,
20% sucrose, 0.2 mM dNTP’s, OuM GFLV-348- Forw, 0.4uM GFLV-348-Rev primers, 5 mM
DTT, 1 U AMV reverse transcriptase (Fermentas), andl KapaTaq (Kapa Biosystems)) to a final
volume of 25ul per reaction. The RT-PCR cycle conditions wereytle of 45 min at 45°C, 1
cycle of 5 min at 94°C, 30 cycles of 30 sec at 98Csec at 57°C and 30 sec at 72°C respectively,
1 cycle of 7 min at 72°C.

2.6 GFLV ImmunoStrip and DAS-ELISA assay

The ImmunoStrip test was performed according to nf@ufacturer’s (Agdia) instructions. An

ImmunoStrip was inserted 0.5 cm deep into eachhef sgample mesh bags, containing the
macerated leaf material, held in a vertical positibhe strips were incubated for 30 min at room
temperature or until the control line was visible the ImmunoStrip. If the control line was not
present after 30 min, the test was regarded adslidnvBmmunoStrips were photographed to
document results (data not shown). DAS-ELISA wadqgomed using the GFLV DAS-ELISA

reagent kit (Agdia), according to the manufactwén'struction. The carbonate coating buffer, the
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PBST wash buffer, p-nitrophenyl phosphate (PNP}sate pellets and PNP substrate buffer from

Agdia were used.

Table 1.South African and previously published Z@ene sequences fGrapevine fanleaf virus (GFLV), Arabis
mosaic virusisolates (ArMV) and & obacco ringspot virus (TRSV) isolate used for phylogenetic analysis.

Accession Virus Isolate/Strain Host cultivar County
AJ318415 GFLV Hangzhou Grapevine (no CV. specified) China
AY017338 GFLV NW V. vinifera/Huxel Germany
AY370941 GFLV A2b V. vinifera/Chardonnay France

AY 370960 GFLV Al8a V. vinifera/Chardonnay France

AY 370962 GFLV Al19c V. vinifera/Chardonnay France
AY370967 GFLV A23b V. vinifera/Chardonnay France

AY 370968 GFLV A24a V. vinifera/Chardonnay France

AY 370969 GFLV A26b V. vinifera/Chardonnay France
AY370975 GFLV A30f V. vinifera/Chardonnay France
AY370977 GFLV A30h V. vinifera/Chardonnay France
AY370985 GFLV A34c V. vinifera/Chardonnay France
AY370992 GFLV A40a V. vinifera/Chardonnay France
AY370994 GFLV A42b V. vinifera/Chardonnay France
AY370998 GFLV Bl10a V. vinifera/Chardonnay France
AY370999 GFLV Blla V. vinifera/Chardonnay France
AY371002 GFLV Bl2d V. vinifera/Chardonnay France
AY371007 GFLV Bl19a V. vinifera/Chardonnay France
AY371012 GFLV B3a V. vinifera/Chardonnay France
AY371013 GFLV B3c V. vinifera/Chardonnay France
AY371016 GFLV B4e V. vinifera/Chardonnay France
AY371017 GFLV B5a V. vinifera/Chardonnay France
AY371025 GFLV b844 V. vinifera/Cabernet franc France
AY780899 GFLV Al7a V. vinifera/Chardonnay France
AY780901 GFLV Al7d V. vinifera/Chardonnay France
AY780902 GFLV AlOa V. vinifera/Chardonnay France

AY 997695 GFLV B5-7 Grapevine (no CV. specified) Iran
AY997699 GFLV SH3-3 Grapevine (no CV. specified) Iran
DQ362923 GFLV SG10 V. vinifera/Sangiovese Italy
DQ362925 GFLV SG12 V. vinifera/Sangiovese Italy
DQ362927 GFLV MS43 V. rupestris/St. George/Moscato Italy
DQ362932 GFLV FA31 V. rupestris/St. George/Favorita Italy
DQ526452 GFLV Ch-80 V. vinifera/Cabernet Sauvignon Chile
DQ922653 GFLV Vol471c V. vinifera/Volovnik Slovenia
DQ922660 GFLV Vol50cl V. vinifera/Volovnik Slovenia
DQ922662 GFLV Vol51cl V. vinifera/Volovnik Slovenia
DQ922665 GFLV Vol51c4 V. vinifera/Volovnik Slovenia
DQ922667 GFLV Vol52cl V. vinifera/Volovnik Slovenia
DQ922669 GFLV Vol54c2 V. vinifera/Volovnik Slovenia
DQ922671 GFLV Vol55c1 V. vinifera/Volovnik Slovenia
DQ922675 GFLV Vol57¢c2 V. vinifera/Volovnik Slovenia
EU038294 GFLV RS V. vinifera/Prosecco Tondo Brazil
EU258680 GFLV RUP IAC 514-6 grafted on Rupestris du LoBrazil
EU258681 GFLV IAC 106-8 grafted on cv. IAC 766 Brazil
U11768 GFLV GFLV-FC V. vinifera/French Colombard Austria
X16907 GFLV F13 V. vinifera/Muscat France
X60775 GFLV Not specified V.rupestris USA
EU702440 GFLV Al V. vinifera/Cabernet Sauvignon South Africa
EU702441 GFLV S2 V. vinifera/Sauvignon blanc South Africa
EU702442 GFLV G2 V. vinifera/Cabernet Sauvignon South Africa
EU702443 GFLV W5 V. vinifera/Cabernet Sauvignon South Africa
EU702444 GFLV w1 V. vinifera/Cabernet Sauvignon South Africa
EU702445 GFLV D1 V. vinifera/Petit Verdot South Africa
EU702446 GFLV D12 V. vinifera/Chardonnay South Africa
EU702447 GFLV Du V. vinifera/Chardonnay South Africa
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EU702448 GFLV V2 V. vinifera/Pinotnoir South Africa

EU702449 GFLV V1 V. vinifera/Pinotnoir South Africa
EU702450 GFLV D7 V. vinifera/Chardonnay South Africa
EU702451 GFLV w8 V. vinifera/Cabernet Sauvignon South Africa
AY363727 TRSV Not specified Not specified USA
X81814 ArMV P2-U Not specified France
X81815 ArMV P2-L Not specified France

3. Results

3.1 GFLV symptoms

Three distinct GFLV-associated symptoms were oleskia the leaf samples obtained from the
vineyards in the Breede River Valley; fanleaf, gellmosaic and vein banding (table 2, fig 1). Both
fanleaf and yellowing mosaic were observed in tbedktson and Bonnievale vineyards, while only
fanleaf symptoms were observed in the leaf mateb&dined from Wellington-Paarl. In contrast to
the typical fanleaf and yellow mosaic symptoms ol in the Robertson area, one sample also
showed leaf curling and malformation that is narelcteristic of GFLV infection or of grapevine
leafroll disease. Leaf material from this unknovidu) vine was included in the analysis. Definite

vein banding symptoms were only seen in leaf matedllected from the Stellenbosch area.

Figre 1: L ymptoms observed in the grape\;ﬁbrowin@rlegof he Western ape in South Africa. A)
Yellow mosaic, B) Fanleaf, C) Vein banding.
3.2 Variability analysis of the 2€ gene
From the 30 leaf samples that tested positive feL\Gwith the rapid-direct-one-tube RTPCR, 12
samples were selected for variability analysis fwf & 515 bp 26 gene. Sequence identities
between clones from different GFLV isolates fromutBoAfrica were between 86- 99% and 94-
99% at the nucleotide and amino acid levels, rasmdg (table 3). Nucleotide and amino acid
sequence identities of 82-90% and 92-99%, respgtiin the GFLV 2E" gene were observed
between South African isolates and previously migld isolates (data not shown). Nucleotide
variation was distributed throughout the?@ene rather then being conserved to specific nsgio

or sites within the gene.
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3.3 Phylogenetic analysis of the 2Cgene

The aligned GFLV 2€” gene nucleotide matrix had 390 (25.25%) constaatacters, 765 (49.5%)
parsimony informative characters (PICs) and 3902&%) parsimony uninformative characters
(PUCSs). Four trees with a tree length of 4268 weteeved with the heuristic search. Tree stasstic
revealed a consistency index (Cl) of 0.408 andtant®mn index (RI) of 0.632. Bootstrap (BS)
support of over 75% was found in 24 out of potdiytidl nodes (39.3%) and was used to compute
a strict consensus tree. The monophyly of GFLV waengly supported. The South African
isolates formed two distinct clades. Clade A (comitey isolates D1, Al, S2, G2, W1 and W5) and
clade B (containing isolates D12, W8, V2, D7 and Wi 2) were retrieved in the strict consensus
analysis with a 100% bootstrap support. The Sodtlt#n isolate Du was retrieved sister to clade
B.

3.4 Diagnostic assay comparison

Grapevine fanleaf virus was detected with rapid-direct-one-tube-RT-PCR0Ono8the 36 samples
collected (table 2). Samples S1, S3, W2, W9, W10 W2 showed no amplification of the
expected 348 bp fragment. All the samples, exceptlfe material obtained from Stellenbosch,
were also tested for GFLV infections with the GFkpecific ImmunoStrips (Agdia) and DAS-
ELISA (Agdia). Of the 23 leaf samples tested withthree diagnostic assays, 21 amplified the
expected 348 bp fragment, 19 tested positive viighltnmunoStrip assay and 17 samples with the
DAS-ELISA (table 2). Samples (D12 and V1) that shdva faint fragment with rapid-direct-one-
tube-RT-PCR under the applied amplification comdis, tested negative with the ImmunoStrips
and the samples that showed poor reactions withapiel-direct-one-tube-RT-PCR (D12 and V1)
and with ImmunoStrips (G3 and G4) tested negatiite thie DAS-ELISA. Samples W1-W12 were
collected in a vineyard that showed severe gragelgafroll disease symptoms. Some of these
samples (W5, W9, W10 and W12) showed no clear ®inding, fanleaf or yellow mosaic
symptoms. Of these, sample W5 tested positive fEL\G in rapid-direct-one-tube-RT-PCR.
Samples W9, W10 and W12 did not amplify the exp8#8 bp fragment.
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Figure 2: Parsimony phylograms based on the nucleotide segsesf GFLV 2E” genes generated by PAUP 4.0b10.
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Table 2.Origins of GFLV isolates from the wine growing regs of the Western Cape, South Africa, and symptom
observed on the leaves and methods of virus testing

Sample Symptoms on leaves g Immuno DAS-
name District Cultivar \Y Y F PCR* -Strips®  ELISAC
Al Paarl Cabernet Sauvignon - + - + n.t. n.t.
S1 Slanghoek Sauvignon Blanc - - - - - -
S2 Slanghoek Sauvignon Blanc - + + + +
S3 Slanghoek Sauvignon Blanc - - - - - -
D1 Robertson Petit Verdot - - + + + +
D2 Robertson Petit Verdot - + + + + +
D3 Robertson Petit Verdot - + - + + +
D4 Robertson Petit Verdot - - + + + +
D5 Robertson Petit Verdot - + - + + +
D6 Robertson Petit Verdot - - + + + +
D7 Robertson Chardonnay - - + + + +
D8 Robertson Chardonnay - + - + + +
D9 Robertson Chardonnay - - + + + +
D10 Robertson Chardonnay - + - + + +
D11 Robertson Chardonnay - - + + + +
D12 Robertson Chardonnay - + + + (poor) - -
Du Robertson Chardonnay und und. und. + + +
V1 Bonnievale Pinotnoir - + + + + +
V2 Bonnievale Pinotnoir - + - + (poor) - -
Gl Paarl-Wellington  Cabernet Sauvignon - - + + + +
G2 Paarl-Wellington  Cabernet Sauvignon - - + + + +
G3 Paarl-Wellington  Cabernet Sauvignon - + + + (poor) -
G4 Paarl-Wellington  Cabernet Sauvignon - - + + + (poor) -
G5 Paarl-Wellington  Cabernet Sauvignon - - + + + +
w1l Stellenbosch Cabernet Sauvignon + - - + n.t. n.t.
w2 Stellenbosch Cabernet Sauvignon + - - - n.t. n.t.
W3 Stellenbosch Cabernet Sauvignon + + - + n.t. n.t.
w4 Stellenbosch Cabernet Sauvignon + + - + n.t. n.t.
W5 Stellenbosch Cabernet Sauvignon und. und. und. + n.t. n.t.
W6 Stellenbosch Cabernet Sauvignon + + - + n.t. n.t.
w7 Stellenbosch Cabernet Sauvignon + + - + n.t. n.t.
w8 Stellenbosch Cabernet Sauvignon + + - + n.t. n.t.
W9 Stellenbosch Cabernet Sauvignon und. und. und. - n.t. n.t.
W10 Stellenbosch Cabernet Sauvignon und. und. und. - n.t. n.t.
w11 Stellenbosch Cabernet Sauvignon + - - + n.t. n.t.
W12 Stellenbosch Cabernet Sauvignon und. und. und. - n.t. n.t.

A Amplification of 348 bp DNA fragment with rapid-dict-one-tube-RT-PCR. +, amplification of the expelct
fragment, -, did not amplify the expected fragment,, not teste® GFLV ImmunoStrip test® GFLV direct double-
antibody sandwich enzyme-linked immunosorbent assayeacted, -, did not react, n.t., not testetdj, wndefined
symptoms. V, Vein banding. Y, Yellow mosaic. F,l&af. und., samples of undefined status.

4. Discussion

Three distinct types of grapevine leaf symptomsen@sserved in South African vineyards: vein
banding, yellow mosaic and fanleaf, with vein baigdsymptoms predominant in the Stellenbosch
area. The factors affecting symptom expressionstite unknown. Martelli and Savino (1990)
suggested that these factors could include virtansthost genotype, multiple infections with
different GFLV strains, the effect of other virusasd environmental conditions. No association
between sequence variants and symptom expressign observed in the present study. Pompe-
Novak et al. (2007) analysed the variability withire RNA2 of GFLV and found no association
between the genetic variability of the complete RNARF and symptomology. They suggested
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that the viral determinants for symptomology cobl linked to the RNA2 non-coding region
and/or RNA1. Our results confirm that theZ@ene is not responsible for symptom expression. In
a study on the diversity of GFLV isolates from Taiaj two distinct sub-populations (Spl and Sp2)
were observed (Fattouch et al., 2005a; 2005b).ebsmd severities of symptoms on grapevine
plants containing both isolates were observed, estgry that multiple infections with different
GFLYV strains could affect symptom expression. Testor mixed infections of GFLV isolates and
the effect of other viruses on symptom expressierewot included in this study, but needs further

investigation.

Although vein banding symptoms were only visible Stellenbosch vineyards, no significant
correlation was found between geographical origid symptoms, nor between geographical origin
and sequence variability or between grapevine vailtend symptom expression. The genetic
structure described here suggests a displacemesbmé GFLV isolates among geographically
isolated populations, since isolates from varioistirett regions had almost identical genetic
structure. For example, identities of 99 % wereaot@d among variants from the Slanghoek region
and Paarl (S2 and Al), as well as variants fromrBorale and Robertson (V1 and D7). The
current study could not correlate the observed esecpi variability with specific geographical

regions. It seems therefore more likely that valitglis the result of different sources of grapewi

propagation material that entered these regions.

Table 3.Percentage nucleotide (bottom) and amino acid @epguence identities betwe@napevine fanleaf virus
(GFLV) 2C°" genes of isolates from South Africa as determimedICBI Blast.

Al S2 D1 D7 D12 Du V1 V2 G2 Wi W5 W8
Al 99 98 94 95 94 94 94 98 99 99 94
S2 97 94 95 94 94 94 98 98 99 94
D1 94 94 95 94 94 94 98 97 98 94
D7 88 88 98 95 99 99 94 94 95 98
D12 88 88 87 96 98 98 95 95 95 99
Du 86 86 86 88 95 95 94 94 94 95
V1 88 88 87 99 97 99 94 94 94 98
V2 88 88 87 98 97 88 94 94 94 98
G2 97 97 93 88 88 86 88 99 99 98
w1 97 97 93 88 88 86 88 88 99 88
W5 97 97 94 87 87 86 87 87 93 95
w8 88 88 87 97 98 88 97 97 88

Phylogenetic analysis showed that the Du isolate el@sely related to sequence variants in clade B
(fig. 2). Pairwise alignments of Du with sequeneeiants from clade A showed sequence identities
of 86% on nucleotide level and 94% on amino acilland 88% and 95 to 96%, respectively with

sequence variants from clade B (table 3). Thesaegaare significantly lower than the values for
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intra-clade comparisons (clade A: 93-99% on nualedievel and 98-99% on amino acid level and
clade B: 97-99% on nucleotide level and 97-99% arina acid level) (table 3).There is no

significant difference between the interisolateiafaitity of the South African isolates (86%)

compared to France (86.2%) (Vigne et al., 2004y (84%) (Bashir et al., 2007c), Slovenia
(13.2%) (Pompe-Novak et al., 2007) and the USA (B{#¥araghi-Arani et al., 2001).

RT-PCR amplification of the 12 South African is@stresulted in 1 756 bp or 1 762 bp products,
extending from the 2B gene to the 3' non-coding region of the RNA2. Same analysis showed
that all the sequence variants from clade B angglih 1 762 bp fragment and have a six nucleotide
insertion in the 3’ non-coding region of the RNA&I sequence variants from clade A amplified a
1 756 bp product, and had no insertion of thesenadleotides. Random mutations or nucleotide
variations in the third base of codons were aldtced in the South African isolates. Most of these
variations are silent mutations with little effext the amino acid sequence. However, even if these
silent mutations do not influence the amino aciquesce, they can potentially modulate RNA
structure (Jaczyk et al., 2004).

In a single host plant, RNA viruses often show edelbgeneous population structure, called
“quasispecies” (Kissi et al., 1999; Schneider amdd8inck, 2000)Grapevine fanleaf virus is no
different. A recent model of RNA population evobrti suggests that viral RNA populations
naturally evolve towards sub-population organisgtithis prediction is confirmed with the
appearance of sub-populations in GFLV quasispdEiagouch et al., 2005b; Huynen et al., 1996).
Two sub-populations of the South African isolatesravevident from the phylogenetic analysis.
Clade A (D1, A1, S2, G2, W1 and W5) grouping wislolates from France, Germany and Chile,
and clade B (D12, W8, V2, D7 and V1) grouping wghlates from France and Slovenia, perhaps

indicating that these areas are the origins ofetisérsins.

Rapid, sensitive and reliable diagnostic assaysnaoessary to effectively control the spread of
GFLV. Three diagnostic techniques, rapid-direct-artee-RT-PCR, DAS-ELISA and
ImmunoStrips were evaluated in this study to deteenthe sensitivity and specificity of each
assay. No significant differences in specificityrev@bserved among the three diagnostic assays.
Isolates D12 and V1 (grouping with clade B, fig.a2)Jd G3 and G4 (grouping with clade A, data
not shown) were not reliably detected with the DBISSA and/or the ImmunoStrips. These results
are probably due to low virus titres in the infecleaf material, rather than being attributed to
sequence variability of these isolates. One ofstraples (W2) that tested negative with the rapid-
direct-one-tube-RT-PCR showed vein banding symptas could suggest that these plants were

infected with other virusesréllow mosaic virus, Arabis mosaic virus) or viriods Grapevine yellow
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speckle viriod) with similar symptomology. Samples S1 and S3 waikected from symptomless
vines in a GFLV infected vineyard to screen for gible latent infection. These samples tested
negative in all three assays, indicating no GFLfédtion and thus validating the integrity of these

assays.

The rapid-direct-one-tube-RT-PCR was found to leentiost sensitive assay in this study. Although
RT-PCR is generally accepted to be more sensitiaa DAS-ELISA, the latter is still used as the
diagnostic assay of choice for routine testing. BASSA is a high throughput, sensitive, cost
effective assay that requires moderately skilledsqenel and basic laboratory equipment. In our
experience, the ImmunoStrip assay was more seasitan the DAS-ELISA. Although the assay is
more costly, it can be performed on site by lesfieskpersonnel, and requires no specialised
equipment. The ImmunoStrip assay is applicable igh hhroughput analysis, the results are
obtained rapidly (30 min vs. 2 days) and easy terpret, with minimal chance for contamination
and false positives. This makes ImmunoStrips aleiaiternative to DAS-ELISA for routine

testing. We however recommend that rapid-directioibe-RT-PCR be implemented and used for

the most accurate, sensitive and reliable detectfi@FLV.

This paper gives a general overview of the GFLVediity within South African vineyards.
Phylogenetic analysis of the 9Cgene revealed two distinct sub-populations wittiiea South
African GFLV population. There was no associatiemeen GFLV 2€" gene sequence variability
and symptom expression or geographical origin @ mopulations. RT-PCR was found to be the
most sensitive and reliable diagnostic techniqubeaised for GFLV detection. In future work, it
would be important to investigate the effect of edxGFLV infections and other viruses on the
symptom expression of GFLV. For more reliable déitgranalysis, the complete genome of GFLV
should be compared. This could provide more insighthe viral component responsible for
symptom expression as well as the geographicalngsigof the South African isolates and sub-

population evolution.
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5 FINAL CONCLUSION

Grapevine fanleaf virus is one of the most devastating grapevine virugethé world and is a
significant problem in the Breede River valley @iugh Africa. To control the spread of the virus in
South Africa, all certified grapevine plants must tested by a sensitive and reliable diagnostic
assay. The aim of this study was to develop a semsind reliable diagnostic DAS-ELISA specific
to the South African strain(s) of GFLV. To produsensitive antibodies against the target GFLV
CP, recombinant DNA technology was utilised to esgrthe target GFLV CP, was. The CP was
successfully cloned into the pGex-6P-2 vector ahd GST:GFLV-CP fusion protein was
expressed. High amounts of fusion protein were esg®d, but the protein was localised in the
insoluble inclusion bodies. Different strategies itoprove soluble protein expression were
performed but none had any significant effect a@LV CP solubility.

The best results were obtained when GST.GFLV-CRofuprotein expression was induced at
ODgpo 0.5 with 0.1 mM IPTG and grown to an @pof 1.3. After centrifugation the pellet was
washed and resuspended in STE buffer. The sam@dreated with 100 pg/ml lysozyme followed
by the addition of 5 mM DTT. To solublise the ingilon bodies 0.5-1.0% sarkosyl was added to the
STE bacterial solution resulting in approximatey%% soluble fusion protein expression without
degradation of the protein (fig.3.10A). For proteurification elution buffer 2 was preferred over
Glutathione reconstitution buffer and resulted ipp@ximately 40% purification of the
GST:GFLV-CP fusion protein (fig. 3.10B), resulting low amounts of soluble protein being
purified, which was insufficient for antibody praction. Expression of the control sample, pGex-
6P-2 without the GFLV-CP was optimised as a corgsgieriment to prove the functioning of the
system. High amounts of soluble GST were expreasédpurified, but when the GST:GFLV-CP
was expressed under the same conditions, no sdiaaiéon was visible when subjected to SDS-
PAGE analysis.

To determine the probable cause for the expressidhe protein as an inclusion body, the CP
sequence fused to the GST partner was analysedin€bgorated thymine (T) kept the ORF in
frame and no premature stop codons were expreapperidix 1). Kaplan et al. (1997) suggested
that the higher the percentage of cysteine resigre=sent in the protein, the more likely the protei
would be expressed in the insoluble inclusion b&dRioinformatics analysis showed that the
GST:GFLV CP fusion protein had 14 cysteine residie3% of the total amino acids present that
form disulfide bridges. These cysteine residues &@m incorrect disulfide bridges when

expressed, resulting in incorrect folding of theidm protein. Christendat et al. (2000) and Bertone
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et al. (2001) state that the following sequencesthgsarameters could be helpful for solubility
prediction: proteins with long hydrophobic stretshe 20), low glutamine content (Q<4%), low
negatively charged residue content (DE<17%), haitent of aromatic residues (FYW> 7.5%) and
low content of the amino acids aspartic acid, ghitaacid, asparagines and glutamine residues
(DENQ< 16%) tend to be insoluble. Using this cidethree of the five parameters predict that the
GST:GFLV-CP fusion protein would be insoluble (&dL). The fusion protein consists of 16.8% D,
E, N, Q residues, 0.8% more than the predictediubs® value. A stretch of only 7 hydrophobic
amino acids are present in the GST:GFLV-CP fusiaten.

Table 5.1 Insolubility prediction of the GST;GFLV-CP fusiqotein by calculating the amino acid percentages.

Hydrophobic| Glutamine | Negatively | Aromatic D,E\N,Q
stretch V,I.L,| (Q) charged (F,Y,W)
M,F,W,A,P (D,E)
Insoluble >20 aa <4% <17% >7.5% <16%
GST:GFLV-CP 7 aa 2.5% 11.4% 25.1% 16.8%

V, Valine; |, Isoleucine; L, Leucine; M, Methionin&, Phynylalanine; W, Tryptophan; A, alanine; Polide;
Q, Glutamine; Y, Tyrosine; D, Aspartic acid; E, &lmic acid; N, Aspargine.

For future use of recombinant DNA technology toresg fusion proteins, more research needs to
be done on solubility prediction and different fursiproteins must be compared to select the best

possible solubility enhancer for the target pratein

Although a sensitive and reliable DAS-ELISA couldtnbe developed, an RT-PCR based
diagnostic assay was developed and optimised. Basgmples were collected from GFLV infected
areas in the Western Cape and the CP sequencesh(hipf2) to analyse the variability of the South
African isolates of the virus. The isolates groupedto two clades based on sequence and
phylogenetic analysis. Only isolate Du did not granto the 2 clades, but grouped sister to clade B.
Isolate Du had the highest variability when comgatie the available CP sequences on GenBank
and to the other South African isolates. More reseaeeds to be performed to determine if a third
GFLV clade is present in South African vineyardsthAugh only the 1515 bp CP was used in
phylogenetic analysis, sequence alignments of the6% bp fragment showed a six nucleotide
insertion in the 3'non-coding regions of all thel&es in clade B (appendix 3). No associations
were found between the leaf symptoms displayed tardsequence variability, the geographic
origin, or the cultivar. This led to the conclusitivat other factors contribute to the severity and
symptom expression. Multiple strain infections, exgistic infection with other grapevine viruses,
viriods or phytoplasmas, could also play a rolthe severity of the symptom expression. The viral
component responsible for symptom expression calgd be linked to other parts of the genome.
Pompe-Novak et al. (2007) speculated that the tiaasagent could be situated in the RNA2
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3’'Non-coding region and/or the RNA1 genome of tHeL®. More research needs to confirm this

hypothesis.

A rapid-direct-one-tube-RT-PCR that detected bdté variant groups and the Du isolate was

optimised. Primers were designed to detect th&ralvn South African and International isolates

by amplifying a region of low variability. The agsaas compared to commercially available DAS-

ELISA and ImmunoStrip tests (Agdia) and found tothe most sensitive and reliable diagnostic

assay. Twenty one of the 23 samples tested, aetlifie 348 bp coat protein fragment, 19 samples
tested positive with the ImmunoStrips and 17 wite DAS-ELISA. Sample S1 and S3 that tested
negative with all three assays were collected feymptomless vines. Thus the rapid-direct-one-
tube-RT-PCR assay is approximately 20% more sgadiian the DAS-ELISA.

The rapid-direct-one-tube-RT-PCR assay uses crladg pap eliminating the time consuming step
of RNA extractions. The assay could be utilisedl&mge scale testing and up to 96 samples can be
tested per run, similar to the throughput of ELI®&Ats. Moreover, with the world wide expansion
in the use of PCR, reaction components have bedesseexpensive and comparable with that of
DAS-ELISA diagnostic tests. With the rapid and aet® detection rate and elimination of false
negatives, this assay is an asset to the indusaisily implementable and could contribute to the

control of the virus.

Although we did not succeed in producing an ELISAgdostic test, a sensitive and reliable rapid-
direct-one-tube-RT-PCR diagnostic assay was dewdlopnd optimised using new primers
designed to amplify a 348 bp region of low varidpjldetecting all known South African GFLV

isolates.
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APPENDIX 1: pGex-6P-2 cloning strategy

10 20 30 40 50 60 70

R I Y IR [ AT Y [ [T R I I IR I I |

GTTATCGACTGCACGGTGCACCAATGCTTCTGGCGTCAGGCAGCCUATCGGARGCTGTGGTATGGCTGTGC
v I D < T %W H o C F W R O A A I 5 C MooA W

80 a0 100 110 120 130 140
T o T I [ T e L Iy I I R |
AGGTCGTARATCACTGCAT ARTTCGTGTCGUTCARGGUGCACTCCCGTTCTGGATARTGTTTTTTGLGCC
o v ¥ N H C I I E W A QO A L P F W I M F F A F

150 160 170 180 190 200 210
R I Y IR [ AT Y [ [T R I I IR I I |
GACATCATARCGGTTCTGGCARATATTCTGRAATGAGCTGTTGACAATTAATCATCGGCTCGTATAATGT
T s % R F W o I ¢ *# W E L L T I W H R L ¥ * C

220 230 240 250 260 270 280
R I [ I (R R I I [ | I [ [ R A |
GIGGRAATTGTGAGCGGAT AACAATTTCACACAGGAAACAGTATT ATGTCCCCTATACTAGGTTATTGGA
v E L * A D N N F T Q E T W F M = FE I L T

290 300 310 320 330 340 350
T T e O e L [ I [ I [T I I I |
ARATTAAGGGCCTTGTGCRAACCCACTCGACTTCTTTTGGAATATCTTGRAAGAARAATATGAAGAGCATTT

E I K L v ¢ ¢p T R L L L E ¥ L E E K ¥ E E H L
360 370 380 390 400 110 120
T T e O e L [ I [ I [T I I I |
GTATGAGCUGCGATGAAGGTGATARATGGUGARAC GITTGAATTGGGTTTGGAGTTTCCCAATCT
Y E R D E oD K w R N K K F E L L E F P N L
430 440 450 460 470 480 490

T T e O e L [ I [ I [T I I I |
CCTTATTATATTGATGGTGATGTTRAAATTARCACAGTCTATGGCCATCATACGTTATATAGCTGACARGC
F ¥ ¥ I D o v K L T 9 & M A I I E Y I A D EK

500 510 520 530 540 550 560
R I Y IR [ AT Y [ [T R I I IR I I |
ACARCATGTTGGGTGGTTGTCCAARAGAGCGTGCAGAGATTTCAATGCTTGARAGGAGUGGTTTTGGATA
H N M L . P K E E A E I = M L E A W L D I

570 580 590 600 610 620 630
T T e O e L [ I [ I [T I I I |
TAGATACGGTGTTTCGAGAATTGCATAT AGTARAGACTTTGARACTCTCAAAGTTGATTTTCTT AGCRAAG
Rk ¥ VvV &8 R I A~ ¥ & K DD F E T L K W I F L & K

640 650 660 670 680 690 700
T T e O e L [ I [ I [T I I I |
CTACCTGAAATGCTGARARTGTTCGAAGATCGTTTATGTCATAARACATATTTAAATGGTGATCATGTAR
L P E M L K M F E D R L < H K T ¥ L N D H W

710 720 730 740 750 760 770
T I Y [T R I I [ R I [T R R e |
CCCATCCTGACTTCATGTTGTATGACGCTCTTGATGTTGTTTTATACATGGACCCAATGTGCCTGGATGC
T H rF D F M L ¥ D A L D W %W L ¥ M D FE M C L DI A

780 790 800 810 820 830 840
R I [ I [ I A R I IR I TR R R I |
GTTCCCARARTTAGTTTGTTTTAARAARCGTATTGAAGCTATCCCACARATTGAT AAGTACTTGARATCC
F F E L ¥ C F EKE K E I E A I rP o I D K ¥ L EKE =&
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850 860 870 880 890 00 910
e - O T T T I [ L [T I I I
AGCRAAGTATATAGCATGGCCTTTGCAGGGCTGGCRAAGCCACGTTITGGTGGTGGUGACCATCCTCCARARR
5 K Y I A W P L Q wmw Qo A T F o H P P EK

220 930 240 230 260 970 280
O T O e o S o [ [ e I O D VT | IR L
CGGATCTGGRAGTTCTGTTCCAGGGGLCCCTGGGAT CCCCAGGRAATTCCCGHGTCGRACTIGGACT AGCT GG
= Db L E W L F 1 P L s P I P 5 T L A

290 1000 1010 1020 1030 1040 1050
T O T e S L T [ e P T [ L
TAGAGGAGTGATTTATATCCCARAGGATTGCCAGGCGRATAGGTACTTGGGCACCCTGRAACATGCGTGA!
E v I ¥ I B K D C o A N R ¥ L T L M M R D

1060 1070 1080 1090 1100 1110 1120
R P I I I I [T R R I P I R e
ATGATCTCAGATTTCAAAGGTGTTCAGTATGARARGTGGAT AACTGCAGGATTAGTCATGCCTACTTTCA
M I = D F K Voo Y E E W I T A L ¥ M P T F

1130 1140 1150 1160 1170 1180 1190
R P I I I I [T R R I P I R e
AGATAGTTATTAGGCTACCTGCARATGCTTTCACTGGATTGACATGGGTGATGAGCTTTGATGCTTATAA
K 1 v I R L P A~ IN A F T L T Ww % M & F D A YT N

1200 1210 1220 1230 1240 1250 1260
R P I I I I [T R R I P I R e
CCGGATARCTAGT AGAATCACTGCTAGTGCGGATCCTGTGTACACTCTATCAGT CCCACATTGGCTTATC
E I T = R I T A & A D P % ¥ T L & W P H W L I

1270 1280 1290 1300 1310 1320 1330
R P I I I I [T R R I P I R e
CRCCATARGTTGGGCACGTTTTCGTGIGAAGT GGACTATGGAGAATTGTGTGGTCATGUCATGTGGTTT
H H K L T F 5] c E WV D ¥ E L C H A M W F

1340 1350 1360 1370 1380 1390 1400
R P I I I I [T R R I P I R e
AGTCCACGACTTTTGAATCTCCAAGGTTACACTTTACATGTTTGACGGGTAACAARCAAAGAGCTTGCGGC
B = T T F E 3 F R L H F T ¢ L T N M K E L A A

1410 1420 1430 1440 1450 1460 1470
AGRCTGGCARGCTGTTGTGGAGCTAT ACGCTGAATTGGARGAGGCCACCTCTTTTCTTGGGARACCARCT
ow 2o A v % E L ¥ A~ E L E E A T 5 F L E F T

1480 1490 1500 1510 1520 1530 1540
R P I I I I [T R R I P I R e
TTGGTTTTCGACCCAGGAGTTTTTGATGGTAAATTCCAATTTCTGACTTGCCCTCCCATATTTTTTGAT
L v F D = VoF D K F o F L T [ F F I F F D

1550 1560 1570 1580 1590 1600 1610
TGACAGUCOGTCACAGCCCTTAGGRAGTGCTGGGCTAACATTGGGACARGTCCCARTGGTTGGCACCACCAA
L T A~ ¥ T A L R 3§ A L T L oov P M WV T T K

1620 1630 1640 1650 1660 1670 1680
R P I I I I [T R R I P I R e
GGTTTATAACTTARACAGUGCTCTUGTGAGCTGTGTTTTGGGTATGGGAGGT ACTATTAGAGGARGAGTG
VoY N L 0N 5 A L W2 Z Vv L M T I R R W
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1690 1700 1710 1720 1730 1740 1750
R T [ [ [ I [T [ Y IETT TR [ R R I |
CATATATGTGUGCCARATCTTCTATAGTATTGTTTTGTGGGTITGTCAGTGAGTGGARCGGGACCACTATGG
H I ¢ &~ P I F ¥ & I % L W %W %W &5 E W N T T M

1760 1770 1780 1790 1800 1810 1820
R T [ [ [ I [T [ Y IETT TR [ R R I |
ACTGGAATGAACTTTTCARAGTATCCOGGGGTGTATGTGGAAGAAGACGGGCGTTTTGAAGTCAARATTCG
oL w w E L F K I P Vo r¥ W E E D ER F E v E I R

1830 1840 1850 1860 1870 1880 1890
R T [ [ [ I [T [ Y IETT TR [ R R I |
GTCTCCATATCACCGAACGUCTGCTRAAATTGCTTGCTGGCCARAGUCAGRAGGGACATGAGCTCTCTGAR
3 P Y H R T P A K L L A o 8 o R D M 3 = L N

1900 1910 1920 1930 1940 1950 1960
R T [ [ [ I [T [ Y IETT TR [ R R I |
TTCTATGCAATAGCAGGACCTATTGCTCCTTCOGGGTGARAACTGCACGACTTCCCATCGTTGTGCARATTG
F ¥ A I A FP I A P 5] E T A R L P I WV Vv 0o I

1970 1980 1990 2000 2010 2020 2030
R T [ [ [ I [T [ Y IETT TR [ R R I |
ATGAGATTGTGCGCCCAGACCTCTCTCTACCAAGTTTTGARAGATGATTATTTTGTGTGGGTGGACTTTTC
r ¢ I ¥v R P D L % L P ©® FF E D D ¥ F W W W D F 53

2040 2050 2060 2070 2080 2090 2100
R T [ [ [ I [T [ Y IETT TR [ R R I |
TGAGTTTACTCTCGAT ARAGARGARATTGAGATTGGTTCCCGTTTCTTCGATTTCACTTCAAGTACTTGT
E F T L. b KE E E I E I = R F ¥ D F T 53 5= T C

2110 2120 2130 2140 2150 2160 2170
R T [ [ [ I [T [ Y IETT TR [ R R I |
AGGGTGTCTATGGGAGAARATCCGTTTGUTGUGATGATTGCCTGTICATGGGTTGCATAGTGEGTGTGTTGE
R v 5 M E W P F A A M I A C H L H 1§ WL

2180 2190 2200 2210 2220 2230 2240
SR I P I [ I IR IR Y [T R I I I |
ATCTCRAARCTCCAATGGAGTCTARRCACCGAGTTTGGCARGAGT AGCGGGAGCUGTCACT ATCACGRAAGCT
o L. ¥ L o w & L N T E F K & & 5 W T I T E L

2250 2260 2270 2280 2290 2300 2310
e T e I [ P I I I [T R I I A |
GGTGGGTGAT ARAGCT ACGGGCCTGGATGGRACCTTCTCARGTTTTTGUCAT ACARRARTT AGRAGGGAGTT
i o K A T L D F 5 0 ¥ F A I 0 K L E W

2320 2330 2340 2350 2360 2370 2380
R T [ [ [ I [T [ Y IETT TR [ R R I |
ACAGATTTGCTGATTGGGAATTTTGCAGGAGCARACCCT ARCAGTCATTTCTCCCTTTATAGCOUGGTGGA
T D L L I N F A A N P N &8 H F = L ¥ & R W

2390 2400 2410 2420 2430 2440 2450
TGGCARTTAAATTGGACCAAGCGARGAGT ATTARAGT ACTCCGTGTCTTGTGCAAGCCTCGTCCAGGTT
Mm A~ I K L D o2 A~ K & I K ¥ L R %¥ L < K F E F F

2460 2470 2480 2490 2500 2510 2520
R I [ U I [ | (R [ [ R TP R [ I |
CARGTTTTTATGGARGARCCAGCTTCCCAGTICT AGETCEACTCERAGCGECCGCATCGTGACTGACTGRCGA
g F Y R T & F P i * w D 5§ 8 R I ¥ T D * R

Arrow indicates the inserted nucleotide. First klaedicates the GST protein. Second block indicatesGFLV CP.
Underlined nucleotides indicate tBall recognition sites.
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APPENDIX 2: South African GFLV partial RNA2 sequences

EU702440, Isolate Al

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741

ACCTTCTCTA
CAACTTGAGG
ATTTATATCC
ATGATCTCAG
CCTACTTTCA
ATGACGCTTTG
TACACTCTAT
GIGGACTATG
CCAAGGITAC
GCTGITGIGG
TTGGITTTCG
TTTTTTGATT
CCAATGGTITG
GGTATGGGAG
GITTTGIGGG
TATCCCGGEGEG
CACCGAACCC
TTCTATGCAA
GITGCAAATTG
TTTGTGTGGG
CGITTCTTCG
GCGATGATTG
CTAAACACCG
AAAGCTACGG
ACAGATTTGC
AGCCGGTGGA
TGCAAGCCTC
TGACTATAAA
TGTAGITTGC
ACAGIGIGIT

TCAGGAGCCG
CTGAACCCAG
CAAAGGATTG
ATTTCAAAGG
AGATAGITAT
ATGCTTATAA
CAGTCCCACA
GAGAATTGIG
ACTTTACATG
AGCTATACGC
ACCCAGGAGT
TGACAGCCGT
GCACCACCAA
GTACTATTAG
TTGICAGTGA
TGTATGIGGA
CTGCTAAATT
TAGCAGGACC
ATGAGATTGT
TGGACTTTTC
ATTTCACTTC
CCTGTCATGG
AGITTGGCAA
GCCTGGATGG
TGATTGGGAA
TGGCAATTAA
GICCAGGITT
AGACTCAGGT
TTTAACTTGT
GITTGT

EU702441, Isolate S1

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741

ACCTTCTCTA
CAACTTGAGG
ATTTATATCC
ATGATCTCAG
CCTACTTTCA
ATGACCTTTG
TACACTCTAT
GITGGACTATG
CCAAGGITAC
GCTGITGIGG
TTGGITCCCG
TTTTTTGATT
CCAATGGTITG
GGTATGGGAG
GITTTGIGGG
TATCCCGCEGEG
CACCGAACCC
TTCTATGCAA
GITGCAAATTG
TTTGTGTGGG
CGITTCTTCG
GCGATGATTG
CTAAACACCG
AAAGCTACGG
ACAGATTTGC
AGCCGGTGGA
TGCAAGCCTC
TGACTATAAA
TGTAGITTGC
ACAGIGIGIT

TCAGGAGCCG
CTGAACCCAG
CAAAGGATTG
ATTTCAAAGG
AGATAGITAT
ATGCTTATAA
CAGTCCCACA
GAGAATTGIG
ACTTTACATG
AGCTATACCC
ACCCAGGAGT
TGACAGCCGT
GCACCACCAA
GTACTATTAG
TTGICAGTGA
TGTATGIGGA
CTGCTAAATT
TAGCAGGACC
ATGAGATTGT
TGGACTTTTC
ATTTCACTTC
CCTGTCATGG
AGITTGGCAA
GCCTGGATGG
TGATTGGGAA
TGGCAATTAT
GICCAGGTITT
AGACTCAGGT
TTTAACTTGT
GITTGT

CTCACGATCG
ATTGAGITCA
CCAGGCGAAT
TGITCAGTAT
TAGGCTACCT
CCGGATAACT
TTGGCTTATC
TGGTCATGCC
TTTGACGEGT
TGAATTGGAA
TTTTGATGGT
CACAGCCCTT
GGTTTATAAC
AGGAAGAGTG
GTGGAACGGG
AGAAGACGGG
GCTTGCTGEC
TATTGCTCCT
GCGCCCAGAC
TGAGITTACT
AAGTACTTGT
GTTGCATAGT
GAGTAGCGGG
ACCTTCTCAA
TTTTGCAGGA
ATTGGACCAA
CAGTTTTTAT
GTACATATGT
TTACTCCTTT

CTCACGATCG
ATTGAGITCA
CCAGGCGAAT
TGITCAGTAT
TAGGCTACCT
CCGGATAACT
TTGGCTTATC
TGGTCATGCC
TTTGACGGGT
TGAATTGGAA
TTTTGATGGT
CACAGCCCTT
GGTTTATAAC
AGGAAGAGTG
GTGGAACGGG
AGAAGACGGG
GCTTGCTGCEC
TATTGCTCCT
GCGCCCAGAC
TGAGITTACT
AAGTACTTGT
GTTGCATAGT
GAGTAGCGGEG
ACCTTCTCAA
TTTTGCAGGA
ATTGGACCAA
CAGTTTTTAT
GTACATATGT
TTACTCCTTT

GTGAGGATTG
ACTGTGAGAG
AGGTACTTGG
GAAAAGTGGA
GCAAATGCTT
AGTAGAATCA
CACCATAAGT
ATGIGGITTA
AACAACAAAG
GAGGCCACCT
AAATTCCAAT
AGGAGTCCTG
TTAAACAGCG
CATATATGIG
ACCACTATGG
CGTTTTGAAG
CAAAGCCAGA
TCGGGTGAAA
CTCTCTCTAC
CTCGATAAAG
AGGGTGICTA
GGIGIGITGG
AGCGTCACTA
GITTTTGCCA
GCAAACCCTA
GCGAAGAGTA
GGAAGAACCA
GCTTTAATAG
AGIGIGITTA

GTGAGGATTG
ACTGTGAGAG
AGGTACTTGG
GAAAAGT GGA
GCAAATCCTT
AGTAGAATCA
CACCATAAGT
ATGIGGITTA
AACAACAAAG
GAGGCCACCT
AAATTCCAAT
AGGAGTCCTG
TTAAACAGCG
CATATCTGIG
ACCACTATGG
CGTTTTGAAG
CAAAGCCAGA
TCGGGTGAAA
CTCTCTCTAC
CTCGATAAAG
AGGGTGICTA
GGTGIGITGG
AGCGTCACTA
GITTTTGCCA
GCAAACCCTA
GCGAAGAGTA
GGAAGAACCA
CCTTTAATAG
AGIGIGITTA

ACAGAAATGT
GACTAGCTGG
GCACCCTGAA
TAACTGCAGG
TCACTGGATT
CTGCTAGIGC
TGGGCACGTT
AGTCCACGAC
AGCTTGCGEC
CTTTTCTTGG
TTCTGACTTG
GGCTAACATT
CTCTCGTGAG
CGCCAATCTT
ACTGGAATGA
TCAAAATTCG
GGGACATGAG
CTGCACGACT
CAAGTTTTGA
AAGAAATTGA
TGGGAGAAAA
ATCTCAAACT
TCACGAAGCT
TACAAAAATT
ACAGTCATTT
TTAAAGTACT
GCTTCCCAGT
TTGTGIGTAT
ATTTCATGCT

ACAGAAATGT
GACTAGCTGG
GCACCCTGAA
TAACTGCAGG
TCACTGGATT
CTGCTAGICGC
TGGGCACGTT
AGTCCACGAC
AGCTTGCGGEC
CTTTTCITGG
TTCTGACTTG
GGCTAACATT
CTCTCGIGAG
CGCCAATCTT
ACTGGAATGA
TCAAAATTCG
GGGACATGAG
CTGCACGACT
CAAGITTTGA
AAGAAATTGA
TGGGAGAAAA
ATCTCAAACT
TCACGAAGCT
TACAAAAATT
ACAGTCATTT
TTAAAGTACT
GCTTCCCAGT
TTGTGIGTAT
ATTTCATGCT

TGATCTTCCC
TAGAGGAGTG
CATGCGTGAT
ATTAGTCATG
GACATGGEGTG
GGATCCTGIG
TTCGTGTGAA
TTTTGAATCT
AGACTGGCAA
GAAACCAACT
CCCTCCCATA
GGGACAAGTC
CTGIGITTTG
CTATAGTATT
ACTTTTCAAG
GTCTCCATAT
CTCTCTGAAT
TCCCATCGIT
AGATGATTAT
GATTGGITCC
TCCGITTGCT
CCAATGGAGT
GGTGGGTGAT
AGAGGGAGTT
CTCCCTTTAT
CCGTGTCTTG
CTAGAGTATC
TATTTTGTAT
TTTAGIGECG

TGATCTTCCC
TAGAGGAGTG
CATACGTGAT
ATTAGICATG
GACATGGGTG
GGATCCTGIG
TTCGTGTGAA
TTTTGAATCT
AGACTGGCAA
GAAACCAACT
CCCTCCCATA
GGGACAAGTC
CTGIGITTTG
CTATAGTATT
ACTTTTCAAG
GTCTCCATAT
CTCTCTGAAT
TCCCATCGIT
AGATGATTAT
GATTGGITCC
TCCGITTGCT
CCAATGGAGT
GGTGGGTGAT
AGAGGGAGT T
CTCCCTTTAT
CCGTGTCTTG
CTAGAGTATC
TATTTTGTAT
TTTAGIGECG
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EU702442, Isolate G2

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1121
1201
1261
1321
1381
1441
1501
1561
1621
1681
1721

EU70
1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741

ACCTTCTCTA
CAACTTGAGG
ATCTATATCC
ATGATCTCAG
CCTACTTTTA
ATGACGCTTCG
TACACCCTAT
GIGGACTATG
CCAAGGITAC
GCTGITGIGG
TTGGITTTCG
TTCTTTGACC
CCAATGGTCG
GGTATGGGAG
GITTTGIGGG
TATCCCGEGEG
CACCGAACCC
TTCTATGCAA
GIGCAAATTG
TTTGTGIGGG
CGITTCTTCG
GCGATGATTG
CTGAACACCG
AAAGCTATGG
ACAGATTTGC
AGCCGATGGA
TGCAAGCCTC
TGACTATAAA
TGTAGITTGC
ACAGIGIGIT

ACCTTCTCTA
CAACTTGAGG
ATTTATATCC
ATGATTTCAG
CCTACTTTTA
ATGACCTTTG
TACACCCTAT
GIGGACTATG
CCAAGGITAC
GCTGITGIGG
TTGGITTTCG
TTCTTTGACC
CCAATGGTITG
GGTATGGGAG
GITTTGIGGG
TATCCCGGEGEG
CACCGAACCC
TTCTATGCAA
GITGCAAATTG
TTTGTGIGGG
CGITTCTTCG
GCGATGATTG
CTAAACACCG
AAAGCTATGG
ACAGATTTGC
AGCCGATGGA
TGCAAGCCTC
TGACTATAAA
TGTAGITTGC
ACAGIGIGIT

TCAGGAGTCG
CTGAACCCAG
CAAAGGATTG
ATTTCAAAGG
AGATAGITAT
ATGCTTATAA
CAGTCCCACA
GGGAATTGIG
ACTTCACATG
AGCTATATGC
ACCCAGGAGT
TGACAGCCGT
GCACCACTAA
GTACTATTAG
TTGICAGTGA
TGTATGTGGA
CTGCTAAATT
TAGCAGGACC
ATGAGATTGT
TAGACTTTTC
ATTTCACTTC
CCTGTCATGG
AGTTTGGCAA
GCCTGGATGG
TGATTGGGAA
TGGCAATTAA
GICCAGGITT
AGACTCAGGT
TTTAACTTGT
GITTGT

2443 isolate W5

TCAGGAGTCG
TTAAACCCAG
CAAAGGATTG
ATTTTAAAGG
AGATAGITAT
ATGCTTATAA
CAGTCCCACA
GGGAATTGIG
ACTTCACATG
AGCTATATGC
ACCCAGGAGT
TGACAGCCGT
GCACCACTAA
GTACTATTAG
TTGICAGTGA
TGTATGIGGA
CTGCTAAATT
TAGCAGGACC
ATGAGATTGT
TAGACTTTTC
ATTTCACTTC
CCTGTICATGG
AATTTGGCAA
GCCTGGATGG
TGATTGGGAA
TGGCAATTAA
GICCAGGTITT
AGACTCAGGT
TTTAACTTGT
GITTGT

CTCACGCTCG
ATTGAGITCA
CCAGGCAAAT
TGITCAGTAT
TAGGCTACCT
CCGGATAACT
TTGGCTTATC
TGGICATGCC
TTTAACGGGT
TGAATTGGAA
TTTTAATGGT
CACAGCCCTA
GGTTTATAAC
AGGAAGAGT G
GTGGAACGGG
AGAGGACGGEG
GCTTGCTGGT
TATTGCTCCT
GCGCCCAGAC
TGAGITTACT
AAGTACTTGT
GTTGCATAGT
GAGTAGCGGEG
ACCTTCTCAA
TTTTGCAGGA
ATTGGACCAA
CAGTTTTTAT
GTACATATGT
TTACTCCTTT

CTCACGATCG
GTTGAGITCA
CCAGGCAAAT
TGITCAGTAT
TAGGCTACCT
CCGGATAACT
TTGGCTTATC
TGGTCATGCC
TTTAACGEGT
TGAATTGGAA
TTTTAGIGGT
CACAGCCCTA
GGTTTATAAC
AGGAAGAGTG
GTGGAACGGG
AGAGGACGGG
GCTTGCTGEC
TATTGCTCCT
GCGCCCAGAC
TGAGITTACT
AAGTACTTGT
GTTGCATAGT
GAGTAGCGGEG
ACCTTCTCAA
TTTTGCAGGA
ATTGGACCAA
CAGTTTTTAT
GTACATATGT
TTACTGCTTT

GTGAGGATTG
ACTGTGAGAG
AGATATTTGG
GAAAAGT GGA
GCAAATCCTT
AGTAGAATCA
CACCATAAGT
ATGIGGITTA
AACAACAAAG
GAGGCCACCT
AAATTCCAAT
AGGAGTGCTG
TTAAACAGCA
CATATCTGIG
ACCACTATGG
CTTTTTGAAG
CAAAGCCAGA
GCGGGTGAAA
CTCTCTCTAC
CTCGATAAAG
AGGGTGICTA
GGTGIGCTGG
AGCGITACTA
GITTTTGCCA
GCAAACCCTA
GCAAAGAGTA
GGAAGAACCA
GCTTTAATAG
AGIGIGITTA

GIGAGGATTG
ACTGTGAGAG
AGATACTTGG
GAAAAGT GGA
GCAAATCCTT
AGTAGAATCA
CACCATAAGT
ATGIGGITTA
AACAACAAAG
GAGGCCACCT
AAATTCCAAT
AGGAGTGCTG
TTAAACAGCG
CATATCTGIG
ACCACTATGG
CGTTTTGAAG
CAAAGCCAGA
TCGGGTGAAA
CTCTCTCTAC
CTCGATAAAG
AGGGTGICTA
GGTGIGITAG
AGCGITACTA
GITTTTGCCA
GCAAATCCTA
GCAAAGAGTA
GGAAGAACCA
GCTTTAATAG
AGIGIGITTA

ACAGAAATGT
GACTAGCTGG
GCACCTTGAA
TAACTGCAGG
TCACTGGATT
CTGCTAGICGC
TGGGCACGTT
AGTCCACGAC
AGCTGGECGEC
CTTTTCTTGG
TTCTGACTTG
GGCTGACATT
CTCTCGTGAG
CGCCAATCTT
ACTGGAATGA
TCAAGATTCG
GGGACATGAG
CTGCACGACT
CAAGTTTTGA
AAGAAATTGA
TGGGAGAAAA
ATCTCAAACT
TCACGAAGCT
TACAAAAACT
ACAGTCATTT
TTAAAGTACT
GCTTCCCAGT
TTGTATGTAT
ATTTCATGCT

ACAGAAATGT
GACTAGCTGG
GCACCCTGAA
TAACTGCAGG
TCACTGGATT
CTGCTAGICC
TGGGCACGTT
AGTCCACGAC
AGCTGGECGEC
CTTTTCTTGG
TTCTGACTTG
GGCTGACATT
CTCTTGIGAG
CGCCAATCTT
ACTGGAATGA
TCAAAATTCG
GGGACATGAG
CTGCACGACT
CAAGTTTTGA
AAGAAATTGA
TGGGAGAAAA
ATCTCAAGCT
TCACGAAGCT
TACAAAAACT
ACAGTCATTT
TTAAAGTACT
GCTTCCCAGT
TTGTATGTAT
ATTTCATGCT

TGATCTTCCT
TAGAGGAGTG
CATACGTGAT
ACTAGTCATG
GACATGGGTG
GGATCCTGIG
TTCGTGTGAA
TTTTGAATCT
AGACTGGCAA
GAAACCAACT
CCCTCCCATA
GGGACAAGTC
CTGIGITTTG
CTATAGTATT
ACTTTTCAAG
TTCTCCATAT
CTCTCTGAAT
TCCCATCGIT
AGATGATTAT
GATTGGITCC
TCCGITTCGCT
CCAATGGAGC
GGTGGGTGAT
AGAGGGAGT T
CTCCCTTTAC
CCGTGTCTTG
CTAGAGTATC
TATTTTGCAT
TTTAGIGECG

TGATCTTCCT
TAGAGGAGTG
CATACGTGAT
ACTAGTCATG
GACATGGGTG
GGATCCTGIG
TTCGTGTGAA
TTTTGAATCT
AGACTGGCAA
GAAACCAACT
CCCTCCCATA
GGGACAAGTC
CTGIGITTTG
CTATAGTATT
ACTTTTCAAG
TTCTCCATAT
CTCTCTGAAT
TCCCATCGIT
AGATGATTAT
GATTGGITCC
TCCGITTCCT
TCAATGGACGC
GGTGGGTGAT
AGAGGGAGTT
CTCCCTTTAC
CCGTGTICTTG
CTAGAGTATC
TATTTTGIAT
TTTAGIGECG
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ACCTTCTCTA
CAACTTGGGG
ATTTATATCC
ATGATTTCAG
CCTACTTTTA
ATGACCTTTG
TACACCCTAT
GIGGACTATG
CCAAGGITAC
GCTGITGIGG
TTGGITTTCG
TTCTTTGACC
CCAATGGTITG
GGTATGGGAG
GITTTGIGGG
TATCCCGEGEG
CACCGAACCC
TTCTATGCAA
GIGCAAATTG
TTTGTGIGGG
CCGCTTCTTCG
GCGATGATTG
CTAAACACCG
AAAGCTATGG
ACAGATTTGC
AGCCGATGGA
TGCAAGCCTC
TGACTATAAA
TGTAGITTGC
TCAGIGIGIT

ACCTTCTCTA
CAACTTGAGG
ATTTATATCC
ATGATCTCAG
CCTACTTTCA
ATGACCTTTG
TACACTCTAT
GIGGACTATG
CCAAGGITAC
GCTGITGIGG
TTGGITTTCG
TTTTTTGACT
CCAATGGTITG
GGTATGGGAG
GITTTGIGGG
TATCCCGGEGEG
CACCGTACCC
TTTTATGCAA
GITGCAAATTG
TTTGTATGGG

TCAGGAGTCG
CTGAACCCAG
CAAAGGATCG
ATTTTAAAGG
AGATAGITAT
ATGCTTATAA
CAGTCCCACA
GGGAATTGIG
ACTTCACATG
AGCTATATGC
ACCCAGGAGT
TGACAGCCGT
GCACCACTAA
GTACTATTAG
TTGICAGTGA
TGTATGTGGA
CTGCTAAATT
TAGCAGGACC
ATGAGATTGT
TAGACTTTTC
ATTTCACTTC
CCTGTCATGG
AGITTGGCAA
GCCTGGATGG
TGATTGGGAA
TGGCAATTAA
GICCAGGITT
AGACTCAGGT
TTTAACTTGT
GITTGT

2445 |solate D1

TCAGGAGTCG
CTGAACCCAG
CAAAGGATTG
ATTTCAAAGG
AGATAGITAT
ATGCTTATAA
CAGTCCCACA
GAGAATTGIG
ACTTTATATG
AGCTATACGC
ACCCAGGAGT
TGACAGCCGT
GCACCACCAA
GTACTATTAG
TTGICAGTGA
TGTATGIGGA
CTGCTAGATT
TAGCAGGCECC
ATGAAATCGT
TGGATTTTTC

CGITTCTTTG
GCAATGATTG
CTGAACACTG
AAAGCCATGG
ACGGAACTGT
AGTAGATGGA
TGTAAACCCC
TGACTTTAAA
TGTAATCTGC
ACAGIGIGIT

ATTTTACTTC
CCTGTICATGG
AATTTGGCAA
GICTGGATGG
TGATTGGGAA
TGGCAATTAA
GCCCAGGTITT
AGACCCAGGT
TTTAACTTGT
GITTGT

CTCACGATCG
GTTGAGITCA
CCAGGCAAAT
TGITCAGTAT
TAGGCTACCT
CCGGATAACT
TTGGCTTATC
TGGICATGCC
TTTAACGGGT
TGAATTGGAA
TTTTAATGGT
CACAGCCCTA
GGTTTATAAC
AGGAAGAGT G
GTGGAACGGG
AGAGGACGGEG
GCTTGCTGCEC
TATTGCTCCT
ACGCCCAGAC
TGAGITTACT
AAGTACTTGT
GTTGCATAGT
GAGTAGCGGEG
ACCTTCTCAA
TTTTGCAGGA
ATTGGACCAA
CAGTTTTTAT
GTACATATGT
TTACTCCTTT

CTCACGATCG
ATTGAGITCA
CCAGGCAAAT
TGICCAGTAT
TAGGCTACCT
CCGGATAACT
TTGGCTTATC
TGGTCATGCC
TTTGACGEGT
TGAATTGGAA
TTTTGATGGT
CACAGCCCTT
GGTTTATAAC
AGGAAGAGTG
GTGGAACGGG
AGAGGATGGA
GCTTGCTGGT
TATCGCTCCA
GCGCCCTGAT
TGAGITCACT
AAACACTTGT
ATTGCATAGT
GAGCAGCGGEG
GCCTTCACAA
TTTTGCAGGA
ATTGGATCAA
CAGTTTTTAT
GTACATGIGT
TTACTGCTTT

GTGAGGATTG
ACTGTGAGAG
AGATACTTGG
GAAAAGT GGA
GCAAATCCTT
AGTAGAATCA
CACCATAAGT
ATGIGGITTA
AACAACAAAG
GAGGCCACCT
AAATTCCAAT
AGGAGTGCTG
TTAAACAGCG
CATATCTGIG
ACCACTATGG
CGTTTTGAAG
CAAAGCCAGG
TCGGGTGAAA
CTCTCTCTAC
CTCGATAAAG
AGGGTGICTA
GGTGIGITAG
AGCGITACTA
GITTTTGCCA
GCAAACCCTA
GCAAAGAGTA
GGAAGAACCA
GCTTTAATAG
AGIGIGITTA

GIGAGGATTG
ACTGTGAGAG
AGGTACTTGG
GAAAAGT GGA
GCAAATCCTT
AGTAGAATCA
CACCATAAGT
ATGIGGITTA
AACAACAAAG
GAGGCCACCT
AAATTCCAAT
AGGAGTGCTG
TTAAACAGCG
CATATCTGIG
ACCACTATGG
ACGCTTTGAAG
CAAAGTCAGA
TCGGGTGAAA
CTTTCTCTAC
CTTGATAAAG
AGAGTGICTA
GGTGTATTGG
AGCGITACTA
GITTTTGCCA
GCAAACCCAA
GCAAAGAGCA
GGAAGAACCA
ACTGTATTAG
AGIGIGITTA

ACAGAAATGT
GACTAGCTGG
GCACCCTGAA
TAACTGCAGG
TCACTGGATT
TGCTAGIGCG
TGGGCACGTT
AGTCCACGAC
AGCTGGECGEC
CTTTTCTTGG
TTCTGACTTG
GGCTGACATT
CTCTTGIGAG
CGCCAATCTT
ACTGGAATGA
TCAAAATTCG
GGGACATGAG
CTGCACGACT
CAAGTTTTGA
AAGAAATTGA
TGGGAGAAAA
ATCTCAAACT
TCACGAAGCT
TACAAAAACT
ACAGTCATTT
TTAAAGTACT
GCTTCCCAGT
TTGTATGTAT
ATTTCATGCT

ACAGAAATGT
GACTAGCTGG
GCACCCTGAA
TAGCTGCAGG
TCACTGGATT
CTGCTAGICGC
TGGGCACGTT
AGTCCACGAC
AGCTTGCGEC
CTTTTCTTGG
TTCTGACTTG
GGCTGACATT
CTCTCGTGAG
CGCCAATCTT
ACTGGAATGA
TCAAAATTCG
GGGACATGAG
CTGCACGATT
CAAGTTTTGA
AAGAAATTGA
TGGGAGAAAA
ATCTCAAACT
TCACGAAGCT
TACAAAAACT
ATACTCATTT
TTAAAGTGCT
GCTTCCCAGT
TAATGTACGT
TTTTCATGCT

TGATCTTCCT
TAGAGGAGTG
CATACGTGAT
ACTAGTCATG
GACATGGGTG
GATCCTGIG
TTCGTGTGAA
TTTTGAATCT
AGACTGGCAA
GAAACCAACT
CCCTCCCATA
GGGACAAGTC
CTGIGITTTG
CTATAGTATT
ACTTTTCAAG
TTCTCCATAT
CTCTCTGAAT
TCCCATCGIT
AGATGATTAT
GATTGGITCC
TCCGITTCGCT
CCAATGGAGC
GGTGGGTGAT
AGAGGGAGT T
CTCCCTTTAT
CCGTGTICTTG
CTAGAGTATC
TATTTTGTAT
TTTAGIGECG

TGATCTTCCC
TAGAGGAGTG
CATACGTGAT
ATTAGICATG
GACATGGGTG
GGATCCTGIG
TTCGTGTAAA
TTTTGAATCT
AGACTGGCAA
GAAACCAACT
CCCTCCCATA
GGGACAAGTC
CTGIGITTTG
CTATAGTATT
ACTTTTCAAG
TTCTCCATAT
CTCTCTAAAT
GCCCATTGIT
AGATGATTAT
GATTGGITCT
CCCGTTTGCT
GCAATGGAGT
GGTTGGCGAT
AGAGGGAGTC
CTCTCTCTAT
CCGTGTTTTG
CTAGGGTATC
TATTTGGIGT
TTTAGIGECG
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ACCTTCTCTA
CAACTTGAGG
GICTACATTC
ATGATCTCAG
CCTACTTTTA
ATGACCTTTG
TACACCCTGT
ATAGACTATG
CCTAGGITAC
GCTGICGTAG
TTGGITTTTG
TTTTTTGATT
CCAATGGTITG
GGTATGGGAG
GITTTATGGG
TATCCCGGAG
CACCGAACCC
TTTTATGCAA
GIGCAGATTG
TTCGTGTGGG
CGITTCTTTG
GCGATGATTG
TTAAATACCG
AAGGCCATGG
ACCGATTTGT
AGTCGATGGA
TGTAAGCCTC
TGACTTTAAA
TTGIGITATA
GTGGCGACAG

ACCTTCTCTA
CAACTTGAGG
ATTTATATTC
ATGATTACGG
CCTATTTTCA
ATGACCTTTG
TATACCCTAT
GTAAACTATG
CCAAGGCTAC
GCTGICGICG
CTGGITTTTG
TTCTTTGATT
CCAATGGTITG
GGTGIGGGAG
GITCTGIGGG
TATCCCGGEGEG
CACCGAACCC
TTTTATGCGA
GITGCAAATTG
TTCGTGTGGG
CGITTCTTTG
GCAATGATTG
TTAAATACCG
AAGGCCATGG
ACAGAATTGT
AGCCGATGGA
TGTAAGCCTC
TGACTTTAAA
TTGIGITATA

TCAGAAGCCG
CTGAGCCCAG
CTAAGGATTG
ATTTCAAGGG
AGATAGITGT
ATGCTTATAA
CAGTCCCTCA
GAGAATTGIG
ATTTCACGIG
AGITGTATGC
ATCCAGGTGT
TGACAGCCGT
GCACTACCAA
GTACTATTAA
TTGICAGCGA
TGTATGTGGA
CTGCTAGATT
TAGCAGGACC
AGGAAATTGT
TAGACTTCTC
ACTTCACTTC
CCTGCCATGG
AGITCGGCAA
GCCTGGATGG
TGATTGGGAA
TGGCAATTAA
GICCAGGITT
AGACCCATAT

CTCAAGATCT
GTTGAGCTCA
TCAGGCAAAT
TGITCAGTAC
TAGGCTACCT
TCGGATAACT
TTGGCTTATC
TGGCCACGCC
TTTAACGGGT
CGAGITGGAA
TTTCAATGGT
TACGGCTCTC
GGTTTATAAT
AGGGGAGGTT
GTGGAACGGG
AGAAGACGGA
GCTTGCTGGT
TATTGCTCCT
GCGCCCAGAC
TGAGITTACT
AAGCACTTGT
ATTGCACAGT
AAGTAGCGGEG
ACCGTCTCAA
TTTTGCAGGA
AATGGATCAA
CAGTTTTTAT
GTACGTGGIT

GTGAGGATTG
ACCGT GAGAG
AGGTACTTGG
GAAAAGT GGA
GCAAATCCTT
AGTAGAATTA
CACCATAAGT
ATGIGGITTA
AACAACAAAG
GAGGCCACCT
AAATTCCAAT
AAGAGTGCTG
CTGAACAGTG
CACATTTGIG
ACCACTATGG
AGCTTTGAAG
CAAAGTCAAA
TCGGGTGAGA
CTTTCCTTAC
CTTGATAGGG
AAGGTTGCTA
GGTATTTTAG
AGCATCACTA
GITTTTGCGA
GCAAACCCAA
GCAAAGAGTA
GGAAGAACCA
ATTTCTTTTG

ATAGAAATGT
GACTAGCTGG
GTACCTTGAA
TAACTGCAGG
TCACTGGATT
CTGCTAGICGC
TGGGCACGTT
AGTCCACAAC
AACTAGCGGEC
CTTTTCTTGG
TTCTTACTTG
GGCTGACATT
CTCTTGICAG
CGCCAATCTT
ACTGGAATGA
TTAAAATCCG
GGGATATGAG
CTGCACGACT
CGAGITTTGA
AAGAAATTGA
TGGGAGAGAA
ATCTCAAACT
TTACGAAGCT
TACAAAGACT
ACACCCATTT
TCAAGGTACT
GTTTCCCAGT
TTTTGATTGT

ATTTGITTTA
TGIGITGITT

2447 Isolate Du

ATTTTAAGGG
AAATTGITGT
ATGCTTACAA
CCGTCCCACA
GAGAATTGIG
ACTTTACGIG
AGITGTATGC
ACCCGEGTGT
TAACAGCCGT
GCACTACAAA
GCACTATTAA
TTGITAGTGA
TGTATGIGGA
CTGCTAGCCT
TAGCAGGACC
AGGAGATTGT
TTGACTTTTC
ATTTCACTTC
CCTGTCACGG
AATTTGGCAA
GCCTGGATGG
TAATTGGGAA
TGGCAATCAA
GICCAGGTITT
AGACCCATGT

ACTTGITTAC
Gr

ATCACGATCA
ATTGAGCTCA
CCAGGCAAGT
AGTCCAGTAT
TAGGCTACCC
TCGGATAACT
CTGCCTTATT
TGGACATGCA
CCTGACTGGG
AGAATTGGAA
TTTCAATGGC
CACGGCTCTT
GGTTTATAAT
AGGGAAGGTC
GTGGAACGGG
AGAAGATGGA
GCTTGCTGGT
CATTGCTCCT
GCACCCAGAT
TGAGITTACT
AAGTACTTGT
ATTGCATAGT
GAGCAGT GGG
ACCGTCTCAA
CTTTGCAGGA
AATGGACCAA
CAGTTTCTAT
ACACATAGTT

TCCTTTAGIG

GIGAGAATTG
ACCGT GAGAG
AGGTATTTGG
GAAAAGT GGA
GCTAACGCGT
AGTAGAATCA
CATCATAAGT
ATGIGGITTA
AATAATAAAG
GAAGCCACGT
AAATTTCAAT
AGGAGTGCTG
CTGAACAGCG
CACATTTGIG
ACCACTATGG
ACGCTTTGAAG
CAAAGCCAGA
ACGGGTGAGA
CTTTCCTTAC
CTCGATAGAG
AAGGTAGCCA
GGIGITTTAG
AGCATTACCG
GITTTTGCCA
GCAAACCCAA
GCAAAGAGCA
GGAAGGACCA
CCTTTCTTTG

TGITTAATTT

ATAGAAATGT
GATTAGCTGG
GTACCCTTAA
TAACTGCAGG
TTACTGGCECT
CTACTAGICC
TGGCCACTTT
AATCCACAAC
AATTGGECGEC
CCTTTCTTGG
TTTTGACTTG
GGCTGACGIT
CCCTTGIGAG
CACCAATCTT
ATTGGAATGA
TTAAGATCCG
GGGATATGAG
CTGCGCGECT
CAAGTTTTGA
AAGAAATTGA
TGGGAGAGAA
ACCTCAAGCT
TCACGAAGCT
TACAAAAGCT
ATACCCATTT
TTAAAGTGCT
GCTTCCCAGT
CTTTGGICGT

ATTTGCTTTA

ACTTGITTAC

GIGECGACAG TGIGITGITT GrI

TGCTTTGGTG

TGITTAATTT

TGATCTTCCA
TAGAGGAGTG
TATACGTGAT
ACTAGTCATG
GACGTGGGTG
AGATCCTGTA
TTCATGCGAG
ATTTGAATCT
AGACTGGCAA
AAAACCAACT
CCCTCCCATA
GGGTCAGGTC
TTGIGITCTG
TTATAGTATT
ACTTTTCAAA
CTCTCCATAT
CTCCCTAAAC
CCCTGITGIC
AGATGATTAT
GATTGGATCT
CCCATTTGCT
TCAGITGGAGT
GGTAGGTGAT
GGAGGGAACC
CTCCCTCTAC
CCGGATCTTG
CTAGGGTATC
GTACATTGCT
CATCCTTTTA

TGATCTCCCT
TAGGGGGGTG
TATACGTGAT
TTTAGICATG
TACATGGGIT
AGATCCTGTG
TACCTGTGAA
ATTCGAATCT
GGACTGGCAA
AAAACCCACC
CCCTCCCATA
GGGACAGGTC
TTGIGITTTG
TTATAGIGIT
ACTTTTCAAG
TTCTCCATAT
CTCCCTAAAC
TCCTGITGIC
AGATGATTAT
GATTGGATCT
TCCATTTCCT
TCAGTGGAGT
GGTGGGTGAT
GGAGGGAACC
CTCCCTCTAT
CCGAGTCTTG
CTAGGGTATC
GIGICTTGIT
CACGCTTTTA
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ACCTTCTCTA
CAACTTGAGG
GITTACATTC
ATGATCTCAG
CCTACTTTTA
ATGACCTTTG
TACACCCTGT
ATAGACTATG
CCTAGGITAC
GCTGICGTAG
TTGGITTTTG
TTTTTTGATT
CCAATGGTITG
GGTATGGGAG
GITTTATGGG
TATCCCGGAG
CACCGAACCC
TTTTACGCAA
GIGCAGATTG
TTCGTGTGGG
CGITTCTTTG
GITGATGATTG
TTAAATACCG
AAGGCCACGG
ACAGATTTGC
AGTCGATGGA
TGTAAGCCTC
TGACTTTAAA
TTGIGITATA
GTGGCGGCAG

TCCTTCTCTA
CAACTTGAGG
GITTACATTC
ATGATTTCAG
CCTACTTTTA
ATGACCTTTG
TACACCCTGT
ATAGACTATG
CCTAGGITAC
GCTGICGTAG
TTGGITTTTG
TTTTTTGATT
CCAATGGTITG
GGTATGGGAG
GITTTATGGG
TATCCCGGAG
CACCGAACCC
TTTTATGCAA
GIGCAGATTG
TTCGTGTGGG
CGITTCTTTG
GCGATGATTG
TTAAATACCG
AAGGCCATGG
ACAGATTTGC
AGTCGATGGA
TGTAAGCCTC
TGACTTTAAA
TTGIGITATA

TCAGGAGTCG
CTGAGCCCAG
CTAAGGATTG
ATTTCAAGGG
AGATAGITGT
ACGCTTATAA
CAGTCCCTCA
GAGAATTGIG
ATTTCACGIG
AGITGTATGC
ATCCAGGTGT
TGACAGCCGT
GCACTACCAA
GTACTATTAA
TTGICAGCGA
TGTATGTGGA
CTGCTAGATT
TAGCAGGACC
AGGAAATTGT
TAGACTTCTC
ATTTCACTTC
CCTGCCATGG
AGITTGGCAA
GCCTAGACGG
TGGTCGGGAA
TGGCAATTAA
GICCAGGITT
AGACCCATAT

CTCAAGATCT
GTTGAGCTCA
CCAGGCAAAT
TGITCAGTAT
TAGGCTACCT
TCGGATAACT
TTGGCTTATC
TGGCCACCCT
TTTAACGGGT
CGAGITGGAA
TTTCAATGGC
TACGGCTCTC
GGTTTATAAT
AGGGAAGGTC
GTGGAACGGG
AGAAGACGGA
GCTTGCTGGT
TATTGCTCCC
GCGCCCAGAC
TGAGITTACT
AAGCACTTGT
ATTGCATAGT
GAGCAGCGGEG
ACCGTCTCAA
TTTTGCAGGA
AATGGATCAA
CAGTTTTTAT
GTGTGIGGIT

GTGAGGATTG
ACCGT GAGAG
AGGTACTTGG
GAAAGGT GGA
GCAAATCCTT
AGTAGAATTA
CACCATAAGT
ATGIGGITTA
AACAACAAAG
GAGGCCACCT
AAATTCCAAT
AAGAGTGCTG
CTGAACAGTG
CACATTTGIG
ACCACTATGG
AGCTTTGAAG
CAAAGCCAAA
TCGGGTGAGA
CTTTCCTTAC
CTTGATAGGG
AAGGTTGCTA
GGTATTTTAG
AGCATTACTA
GITTTTGCGA
GCAAACCCGA
GCAAAGAGTA
GGAAGAACCA
ATTTCTTTTG

ATAGAAATGT
GACTAGCTGG
GCACCCTGAA
TAACTGCAGG
TCACTGGATT
CCGCTAGICGC
TGGGCACGTT
AGTCCACAAC
AACTAGCGGEC
CTTTTCTTGG
TTCTTACTTG
GGCTGACATT
CTCTTGTAAG
CGCCAATCTT
ATTGGAATGA
TTAAAATCCG
GGGATATGAG
CTGCACGACT
CGAGITTTGA
AAGAAATTGA
TGGGAGAGAA
ATCTCAAACT
TTACGAAGCT
TACAAAGACT
ACACCCATTT
TCAAGGTACT
GTTTCCCAGT
ATTTGATTGT

ATTTGITTTA
TGIGITGITT

2449 |solate V1

TCAGAAGTCG
CTGAGCCCAG
CCAAGGATTG
ATTTCAAGGG
AGATCGITGT
ACGCTTATAA
CAGTCCCTCA
GAGAATTGIG
ATTTCACGTG
AGITGTATGC
ATCCAGGTGT
TGACAGCCGT
GCACTACCAA
GTACTATTAA
TTGICAGCGA
TGTATGIGGA
CTGCTAGATT
TAGCAGGACC
CGGAAATTGT
TAGACTTCTC
ATTTCACTTC
CCTGCCATGG
AGITTGGCAA
GCCTGGATGG
TGGTITGGGAA
TGGCAATTAA
GICCAGGTITT
AGACCCATAT

ACTTGITTAC
Gr

CTCAAGATCT
GTTGAGCTCA
CCAGGCAAAT
TGITCAGTAT
TAGGCTACCT
TCGGATAACT
TTGGCTTATC
TGGCCACCGCT
TTTGACGEEC
CGAGITGGAA
TTTCAATGGC
TACGGCTCTC
GGTTTATAAT
AGGGAAGGTC
GTGGAACGGG
AGAAGACGGA
GCTTGCTGGT
TATTGCTCCT
GCGCCCAGAC
TGAGITTACT
AAGCACTTGT
ATTGCATAGT
GAGCAGT GGG
ATCGICTCAA
TTTTGCAGGA
AATGGATCAA
CAGTTTTTAT
GCGTGTGGIT

ATTTGITTTA

ACTTGITTAC

GIGECGACAG TGIGITGITT GrI

TCCTTTAGIG

GIGAGGATTG
ACCGT GAGAG
AGGTACTTGG
GAAAGGT GGA
GCAAATCCTT
AGTAGAATTA
CACCATAAGT
ATGIGGITTA
AACAACAAAG
GAGGCCACCT
AAATTCCAAT
AAGAGTGCTG
CTGAACAGTG
CACATTTGIG
ACCACTATGG
ACGCTTTGAAG
CAAAGTCAAA
TCGGGTGAGA
CTTTCCCTAC
CTTGATAGGG
AAGGTTCGCTA
GGTATTTTAG
AGCATTACTA
GITTTTGCGA
GCAAACCCGA
GCAAAGAGTA
GGAAGAACCA
ATTTCTTTTG
TGCATTAGTG

TGITTAATTT

ATAGAAATGT
GATTAGCTGG
GCACCCTGAA
TAACTGCAGG
TCACTGGATT
CTGCTAGICGC
TGGGCACGTT
AGTCCACAAC
AACTAGCGGEC
CTTTTCTTGG
TTCTTACTTG
GGCTGACATT
CTCTTGTAAG
CGCCAATCTT
ATTGGAATGA
TTAAAATCCG
GGGATATGAG
CTGCACGACT
CGAGITTTGA
AAGAAATTGA
TGGGAGAGAA
ATCTCAAACT
TTACGAAGCT
TACAAAGACT
ACACCCATTT
TCAAGGTACT
GTTTCCCAGT
ATTTGATTGT
TGITTAATTT

TGATCTTCCA
TAGAGGAGTG
TATACGTGAT
ATTAGICATG
GACGTGGGTG
AGATCCTGTA
TTCATGIGAG
ATTTGAATCT
AGACTGGCAA
AAAACCAACT
CCCTCCCATA
GGGCCAGGTC
CTGIGITCTG
TTATAGTATT
ACTTTTCAAA
CTCTCCATAT
CTCCCTAAAC
TCCTGITGIC
AGATGATTAT
GATTGGCTCT
CCCATTTGCT
TCAGITGGAGT
GGTAGGTGAT
GGAGGGAACC
CTCCCTCTAC
CCGGATCTTG
CTAGGGTATC
GTGCATTGCC
CATCCTTTTA

TGATCTTCCA
TAGAGGAGTG
TATACGTGAT
ACTAGTCATG
GACGTGGGTG
AGATCCTGTA
TTCATGIGAG
ATTTGAATCT
AGACTGGCAA
AAAACCAACT
CCCTCCCATA
GGGCCAGGTC
CTGIGITCTG
TTATAGTATT
ACTTTTCAAA
CTCTCCATAT
CTCCCTAAAC
TCCTGITGIC
AGATGATTAT
GATTGGATCT
CCCATTTGCT
TCAGTGGAGT
GGTAGGTGAT
GGAGGGAACC
CTCCCTCTAC
CCGGATCCTG
CTAGGGTATC
ATGCATTGCT
CATGCTTATA
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TCCTTCTCTA
CAACTTGAGG
GITTACATTC
ATGATTTCAG
CCTACTTTTA
ATGACCTTTG
TACACCCTGT
ATAGACTATG
CCTAGGITAC
GCTGICGTAG
TTGGITTTTG
TTTTTTGATT
CCAATGGTITG
GGTATGGGAG
GITTTATGGG
TATCCCGGAG
CACCGAACCC
TTTTATGCAA
GIGCAGATTG
TTCGTGTGGG
CGITTCTTTG
GCGATGATTG
TTAAATACCG
AAGGCCATGG
ACAGATTTGC
AGTCGATGGA
TGTAAGCCTC
TGACTTTAAA
TTGIGITATA
GTGGCGACAG

TCAGAAGTCG
CTGAGCCCAG
CCAAGGATTG
ATTTCAAGGG
AGATCGITGT
ACGCTTATAA
CAGTCCCTCA
GAGAATTGIG
ATTTCACGTG
AGITGTATGC
ATCCAGGTGT
TGACAGCCGT
GCACTACCAA
GTACTATTAA
TTGICAGCGA
TGTATGTGGA
CTGCTAGATT
TAGCAGGACC
CGGAAATTGT
TAGACTTCTC
ATTTCACTTC
CCTGCCATGG
AGITTGGCAA
GCCTGGATGG
TGGTITGGGAA
TGGCAATTAA
GICCAGGTITT
AGACCCATAT

CTCAAGATCT
GTTGAGCTCA
CCAGGCAAAT
TGITCAGTAT
TAGGCTACCT
TCGGATAACT
TTGGCTTATC
TGGCCACCCT
TTTGACGEEC
CGAGITGGAA
TTTCAATGGC
TACGGCTCTC
GGTTTATAAT
AGGGAAGGTC
GTGGAACGGG
AGAAGACGGA
GCTTGCTGGT
TATTGCTCCT
GCGCCCAGAC
TGAGITTACT
AAGCACTTGT
ATTGCATAGT
GAGCAGT GGG
ATCGITCTCAA
TTTTGCAGGA
AATGGATCAA
CAGTTTTTAT
GCGTGTGGTIT

ATTTGITTTA
TGIGITGITT

EU702451 Isolate W8

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741

TACTTCTCTA
CAACTTGAGG
GICTACATTC
ATGATCTCAG
CCTACTTTTA
ATGAGITTTG
TACACCCTGT
ATAGACTATG
CCTAGGITAC
GCTGICGTAG
TTGGITTTTG
TTTTTTGATT
CCAATGGTITG
GGTATGGGAG
GITTTGIGGG
TATCCCGGAG
CACCGAACGC
TTTTATGCAA
GIGCAGATTG
TTCGTGTGGG

TCAGGAGTCG
CTGAGCCCAG
CTAAGGATTG
ATTTCAAGCG
AGATAGITGT
ACGCCTACAA
CAGTCCCTCA
GAGAATTGIG
ATTTCACGIG
AGITGTATCC
ATCCAGGTGT
TGACAGACGT
GCACTACCAA
GTACTATTAA
TTGICAGCGA
TGTATGTGGA
CTGCTAGATT
TAGCAGGACC
AGGAAATTGT
TAGACTTCTC

CGITTCTITTG
GCGATGATTG
TTAAATACCG
AAGCCCATGG
ACAGATTTGT
AGTCGATGGA
TGTAAGCCTC
TGACTTTAAA
TTGIGITATA

ATTTTACTTC
CCTGCCATGG
AGITTGGCAA
GCCTGGATGG
TGATTGGGAA
TGGCAATTAA
GICCAGGITT
AGACCCATAT

ACTTGITTAC
Gr

CTCAAGATCT
GTTGAGCTCA
CCAGGCAAAT
TGITCAGTAT
TAGGCTACCT
CCGGATAACT
TTGGCTTATC
CGGTCACGCC
TTTAACGEGT
CGAGITGGAA
TTTCAATGCC
TACGGCTCTC
GGTTTATAAT
AGGGAAGGTT
GTGGAACGGEG
AGAAGACGGA
GCTTGCTGGT
TATTGCTCCT
GCGCCCAGAC
CGAGITTACT
AAGCACTTGT
ATTGCACAGT
AAGTAGCGGEG
ACCGTCTCGA
TTTTGCAGGA
AATGGATCAA
CAGTTTTTAT
GTACGTGGIT

GTGAGGATTG
ACCGT GAGAG
AGGTACTTGG
GAAAGGT GGA
GCAAATCCTT
AGTAGAATTA
CACCATAAGT
ATGIGGITTA
AACAACAAAG
GAGGCCACCT
AAATTCCAAT
AAGAGTGCTG
CTGAACAGTG
CACATTTGIG
ACCACTATGG
AGCTTTGAAG
CAAAGTCAAA
TCGGGTGAGA
CTTTCCCTAC
CTTGATAGGG
AAGGTTGCTA
GGTATTTTAG
AGCATTACTA
GITTTTGCGA
GCAAACCCGA
GCAAAGAGTA
GGAAGAACCA
ATTTCTTTTG
TGCATTAGTG

GTGAGGATCG
ACCGT GAGGG
AGGTACTTGG
GAAAAGTGGA
GCAAATGCTT
AGTAGAATTA
CACCATAAGT
ATGIGGITTA
AACAACAAAG
GAGGCCACCT
AAATTCCAAT
AAGAGTCCTG
CTGAACAGTG
CACATTTGIG
ACCACTATGG
AGCTTTGAAG
CAAAGTCAAA
TCGGGTGAGA
CTTTCCTTAC
CTTGATAGGG
AAGGTTGCTA
GGTATTTTAG
AGCATTACTA
GITTTTGCAA
GCAAACCCAA
GCAAAGAGTA
GGAAGAACCA
ATTTCTTTTG

ATAGAAATGT
GATTAGCTGG
GCACCCTGAA
TAACTGCAGG
TCACTGGATT
CTGCTAGICGC
TGGGCACGTT
AGTCCACAAC
AACTAGCGGEC
CTTTTCTTGG
TTCTTACTTG
GGCTGACATT
CTCTTGTAAG
CGCCAATCTT
ATTGGAATGA
TTAAAATCCG
GGGATATGAG
CTGCACGACT
CGAGITTTGA
AAGAAATTGA
TGGGAGAGAA
ATCTCAAACT
TTACGAAGCT
TACAAAGACT
ACACCCATTT
TCAAGGTACT
GTTTCCCAGT
ATTTGATTGT
TGITTAATTT

ATAGAAACGT
GATTAGCTGG
GCACCTTGAA
TAACTGCAGG
TCACTGGATT
CTGCTAGTIGC
TGGGCACGTT
AGTCCACAAC
AACTAGCGGEC
CTTTTCITGG
TTCTTACTTG
GGCTGACATT
CTCTTGTAAG
CGCCAATCTT
ATTGGAATGA
TTAAAATCCG
GGGATATGAG
CTGCACGACT
CGAGITTTGA
AAGAAATTGA
TGGGAGAGAA
ATCTCAAACT
TTACGAAGCT
TACAAAGACT
ACACCCATTT
TCAAGGTACT
GTTTCCCAGT
TTTTGATTGT

ATTTGITTTA

ACTTGITTAC

GIGGCGACAG TGIGITGTITT Gr

TCCTTTAGIG

TGITTAATTT

TGATCTTCCA
TAGAGGAGTG
TATACGTGAT
ACTAGTCATG
GACGTGGGTG
AGATCCTGTA
TTCATGIGAG
ATTTGAATCT
AGACTGGCAA
AAAACCAACT
CCCTCCCATA
GGGCCAGGTC
CTGIGITCTG
TTATAGTATT
ACTTTTCAAA
CTCTCCATAT
CTCCCTAAAC
TCCTGITGIC
AGATGATTAT
GATTGGATCT
CCCATTTGCT
TCAGITGGAGT
GGTAGGTGAT
GGAGGGAACC
CTCCCTCTAC
CCGGATCCTG
CTAGGGTATC
ATGCATTGCT
CATGCTTATA

TGATCTTCCA
TAGAGGAGTG
TACACGTGAT
ACTAGTCATG
GACGTGGEGTG
AGATCCTGTA
TTCATGIGAG
ATTTGAATCT
AGACTGGCAA
AAAACCAACT
CCCTCCCATT
GGGTCAGGTC
TTGIGITCTG
TTATAGTATT
ATTTTTCAAA
CTCTCCATAT
CTCCCTAAAC
CCCTGITGIC
AGATGATTAT
GATTGGATCT
CCCATTTGCT
TCAGTGGAGT
GGTAGGTGAT
GGAGGGAACC
CTCCCTCTAC
CCGGATCTTG
CTAGGGTATC
GTGCATTGCT
CATGCTTTTA
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APPENDIX 3: Sequence alignment of the South AfricalsFLV sequences with

Isolate F13 (France)
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EUT02440
EUT02441
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EUT02443
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EUT02446
EUT02447
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APPENDIX 4: Buffer Composition

Buffer name

Buffer composition

Total RNA extraction buffer

3 M NaClp0.2 M Tris-HCI, pH 8.3, 5% (w/v) SDS, 8.59
(w/v) PVPP, 2% (w/v) PEG 6000, 1% (VRIME

[=)

TE buffer

10 mM Tris-HCI, pH 8, 0.1 mM EDTA, 0.2%/{) B-ME

Grinding buffer

1.59 g/l NaCOs;, 2.93 g/l NaHC®(pH 9.6), 2% (w/v) PVP
40, 0.2% (w/v) BSA, 0.05% (v/v) Tween 20, 1% (w/v)
NapS;0s5

40 mM Tris, 0.114% (v\v) HOAc, 1 mM EDTA

TAE buffer pH 8.0
100 mM glycine-NaOH pH 8.0, 50 mM NaCl, 1 mM EDT4
GES buffer 0.5% (v/v) Triton X100

P

TENSO Lysis buffer

20 mM Tris-HCI pH 8.0, 1 mM EDTA, 50 mM NacCl, 10%
(v/v) glycerol, 0.2 mM DTT

TEN150 Lysis buffer

20 mM Tris-HCI, pH 7.4, 1 mM EDTA, 150 mM NacCl, 5
mM DTT, 0.2% sarkosyl, 0.4% Triton X100

Buffer A 25 mM Tris, 5 mM MgCJ, 5 mM B-ME
PBS-1 8.4 mM NgHPQ,, 1.9 mM NaHPQ,, 150 mM NaCl, pH 7.4
10 mM Tris-HCI, pH 8, 150 mM NaCl, 1 mM EDTA, 100
STE pg/ml PMSF
4.3 mM NaHPQ,, 1.47 mM KHPQO,, 137 mM NaCl, 2.7
PBS-2 mM KCI, pH 7.3
4.3 mM NaHPOQ,, 1.47 mM KHPQO,, 300 mM NaCl, 2.7
PBS-3 mM KCI, pH 7.3

Elution buffer 2

75 mM Hepes, pH 7.4, 150 mM NaCl, 5 mM DTT, 0.1%
(w/v) SDS

Glutathione reconstitution buffe

10, 25 or 50 mM reduced glutathione, 50 mM Tris-H&H
8.0

Resolving buffer

375 mM Tris-HCI, pH 8.8, 0.1% SDS

Stacking buffer

125 mM Tris-HCI, pH 6.8, 0.1% SDS

Protein loading buffer

100 mM Tris-HCI pH 6.8, 4% SDS, 0.2% bromophenaoleh
20% glycerol, 200 mM DTT

Destaining buffer

(30% (v/v) methanol, 10% (v/v) HO

Electro-elution buffer

25 mM Tris-HCI, pH 8.5, 26@M glycine

PreScission protease cleavage
buffer

50 mM Tris-HCI, pH 7, 1 mM EDTA, 150 mM NaCl

Transfer Buffer

25 mM Tris, 192 mM glycine

Plasmid extraction solution 1

25 mM Tris-HCI pH5®0 mM Glucose, 100 mM EDTA

Plasmid extraction solution 2

200 mM NaOH, 1% (wBDS

Plasmid extraction solution 3

3 M KOAc, 2 M HOAd{ 8.8

TBS

20 mM Tris-HCI, 137 mM NaCl, pH 7.6

TBS-T

1 x TBS, 0.1% (v/v) Tween 20

SDS-PAGE running buffer

25 mM Tris-HCI, pH 8.3,28M glycine, 0.1% SDS
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