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ABSTRACT

Begomovirus infectioncauses a significant decrease in yield productionmiultiple
economically important crops. This poses a problem to food security and livelihoods of
farmers and employes in the farming indusyr. Tomato curly stunt viru§ToCSV) exists as

two variantssevere (ToCSW30) and mild (ToCSW22), which negatively impasttomato
productionin South Africa. Thenon-codingintergenic region (IRpf ToCSV ssDNAis of

particular interest because of its involvement in bindingt factors to initiate infection and
transcription of viral proteindn addition, thdR region contains the promoter for the adjacent

V2 ORFwhich encogksthe precoat proteinwhich is aknown pathogenicity determinant in
begomoviruses. The IR was investigated by agroinoculatliggptiana benthamianaan
experimental host, with wiltlype infectious clone constructs Bd6CSV-V30 (V30), ToCSV-
V22(V22)andl R mut ants where nucleotides of the 3¢
nucleotides as found in V30he treeV22 IR mutantsconstructedverea f u | | 36 IR
mut ant -sMra&-4dl7)Rand two shorter IR swaps on either side of the conserved TATA

box V2 2 gdl @t 619 4 ) and-sr\(t 20811383. The role of theV2 ORF was
investigated by introducing single amino acidchanges, creating/2 V27S and T58S
substitution mutants namedV 2 2 eVY2S and V 2 2 pV¥2S respectively A mixed

infection ofwildtype (WT) V30 and V22wasalsoinvestigated as mixed infections are more

likely to occur in the #Id as opposed to sirgiral infectiors. Another mixed infection of WT

V30 and V30IRs, the V30 backbone with the V22 IR, was don&utther explore the role of

the IR in a mixed infectionThe putative C5 ORKn V22 wasexaminedby ext endi ng t
end of the ORF using sHi#irected mutagenesis to generate a longeerminally extended

protein like that encoded by ti#drican cassava mosaic viruBCMV) C5 ORF.V2 2 gd R

andV 2 2 gdlrésulted in a knochut of upward leaf rolbbserved in wildtyp&22.V 2 2 gV 2

VY Sresulted in more severe symptoms, a delayed recovery and increased viral load at 36 dpi
compared to V22V 2 2 pVY2Sresulted in a delayed onset of induced symptoms compared

to V22. Thewildtype mixed infection resulted in an intermediary result in symptom scores and

viral load compared to the wildtypeshe V30 and V30IRs mixed infection induced more

severe symptom$ian both V30 and V2Reverse transcription and PCR was performed o

V22-i nfected | eaf mater i al at 20 dpi whi ch ve
Furthermore, the V22 C5 mutantiuceda delayed onset of symptsmompared to V22T his

study concluded thatashortu c | eot i de sequence within the 3

inducing upward leaf rolproducedby V22 infection Furthermorethe V22 V2 ORFwas
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concluded to playa role in symptom severity and recovemhe exploratory study fothe
putative V22 C5 ORRNd the results observegen avenues to future studiesnvestigae
the significance of putative ORFs and possible evolutionary links to these ORFs.
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CHAPTER 1 - LITERATURE REVIEW

1.1 Agricultural importance of tomato crops

Food safety is of great importance, especially due to accelerated global population growth, and
hence the increasing demand for food supply. Crop industries plap@ortantrole in
employment and provide income to 40 % of ghebal population Agriculture specifically is
essential inpoor rural areas with the largest source of income coming from agricultural
practices. Seventy percent of Africans depend on agriculture as a means of income, with 80 %
of the population in West and Central Africa depending on agriculture for a livikkg étal.,

2015).

Solanum Lycopersicyrtomato,is an important crop as the fruits produced by these plants are
prevalent in the daily food intake of many people in South AfrideeyTbelong to the
dicotyledonous nightshade famif§olanaceaend tomatdtruits contain vitamins, including
vitamin A and vitamin C, and minerals which are essential to the humaidaad, 2007)

The cultivated tomato is second to the potato in terms of worldwide consumption amains g
worldwide.Over the period from 20012011 bmato production in South Afrigrewby more

than 20 % and South Africa has established itself as a major tomato producerSatawan
Africa (Malherbe& Marais, 2015) As this plant is a significant contributor to the crop industry
in South Africa, the concern of yield losses due to infection of these crops with hases
increased (Pieterset al.,2000).

1.2 Virus pathogenicity: a threat totomato crops

Viruses are a common threat to crop produgctiath geminiviruses fornmg the second largest
family of plant viruses. Of the nine genera named undeG#mainiviridaefamily (Zerbini et

al.,, 2017) the genusBegomovirusis particularly significant as begomoviruses infect
dicotyledonous plants and have one of the most diverse viral gerfbmeset al.,2017)
Begomoviruses are of agricultural importance as they are known to infect a large range of
vegetable crops as well as a few fruit crops.seh@ruseseduce yields of many food crops
including melon, chilli, brinjal, papaya, squash, sweet potato, cassava, potato, pepper and
tomato (Zerbinit al.,2017).
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1.3 The discovery and origin offTomatocurly stunt virus

Tomato curly stunt virugToCSV) is a monopartite begomovirus which is of agricultural
significance in South Africa. ToCSV was discovered in 1997 in cultivated tomato, in the
Onderberg region of South Africa (Pietersral.,2008). This virus was identified based on

the analysis of its core coat protein sequence. ToOCSV shares the highest nucleotide sequence
identity of 84% with the begomovirugobacco leaf curl ZimbabwéTbLCZV) from
Zimbabwe followed byPepper vein yellowiws (PepYVV) andTomato leaf curl Mali virus
(ToLCMLYV) (Pieterseret al.,2008)

1.4 The pathogenicity ofTomato curly stunt virusn tomato

The infection of tomato with ToCS¥esults in symptoms similar to those causeddmgato
yellow leaf curl virus TYLCV). These symptoms include foliar chlorosis, leaf curling, stunting
and reduced fruit size (Pietersehal.,2000).The severity of symptoms induced in tomato
depends on thanfecting variant of ToCSV which could be eitheToCSVW-V30 or ToCS\

V22. ToCS\WV30 causes more severe symptoms in tomato as opposed to TWZSV
(Esterhuizen, 2012F5evere leaf yellowing and cumty are induced in tomato by ToCSX80
(Figure 1) The two variants share 97.3 % nucleotide identity and are differentiated based on
the presence or absence of a recombination fragment in the stnse gene (V2) which codes
for the precoat proteinwhich serves as the movement associated protein and silencing
suppressofPieterseret al, 2008) In a previousv2 swap studyit was established th#te
differences in th&/2 recombinant regioof the two variantslonedo not determingymptom
differenceswhen infectingtomato cv. RooikhakiEsterhuizen, 2012), suggesting other ORF
mutations may play a role in symptom sevenityomato Both mild and severe variants are
found throughout the tomatgrowingregions in South Africa with ToCSV30 being more
prevalent. Mixed infection with bothaviants has also been found to occur on a frequent basis
(Esterhuizen, 2012).

21



V30 (severe yellowing and leaf curl)

Figure 1 Solanum lycopersicunmfected with severe and mild variants of Tomato curly stunt virus (ToCSV).
Close up of the leaves show yellowing and leaf curling preSevere symptoms induced by ToG$30, and
mild symptoms induced by ToCSV22. Images taken at 30 days post inodolat(dpi). Photos taken at the
University of the Witwatersrand 202

Previousresearch [by postdoctoral fellow Dr. Ishtiaq Hassan in the Plant Biotechnology
Laboratory, University of Witwatersrand 2018Lind that in the experimental hdsicotiana
benthamianathe opposite symptom phenotypes were observed for ToCEMand ToCSV

V22 whencompared tahe symptoms induced B. lycopersicumN. benthamiananoculated

with ToCSW-V30 showed mild symptomsvhereasl oCSV-V22-inoculatedplants resulted in

more severe symptomSymptoms induced iN. benthamianavere further clarified in this
study. It was established in this study that To@&0 induced downward cupping, swollen
veins, rugosity and no apparergcovery whereas ToCSV22 inducel upwardleaf roll,
rugosity, sunken veins and a recovery was observed in symptoms (Fighréo@nthamiana

a solanaceous plant originating in Australia, is used as a model experimental plant to study
crop viruses because of its potential to be infected by a multitude of organisms including fungi,
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bacteria and virusd¥ing et al.,2010) N. benthamianased in laboratory stliedacks a virus
inducide RNA-dependent RNA polymeras®dRP) that is responsible for limiting viral
accumulation. Thisl. benthamiangs therefore hypesusceptible to infection by a wide variety
of plant virusegYing et al, 2010.

Swollen veins TOCSV- V22

Rugosity
Downward cupping
No apparent recovery

Mock-inoculated ToCSV- V30

Swollen veins
* Rugosity

* Severe upward leaf roll

* Recovery of symptoms post 28 dpi

Figure 2 Nicotianabenthamiananoculated with TOCSW30 and ToCSW22. Symptomsnducedas described

in the imageN. benthamianavas inoculated with mockpCambia vector idgrobacterium tumefacishfor the
negative control Images taken aR0 days post inoculation (dpi). Photos taken at the University of the
Witwatersrand 202.

1.5 Begomovirus structure and replication

Begomoviruses can be monopartite, possessing one single strande{sEIDMA) circular
genome, or bipartite, possessing two ssDNA circular genomes (Collmer and Howell, 1992).
The genetic material, whether monopartite or bipartite, is encased in geminate icosahedral
particles (Harrison, 1985). Some begomovinisctionhavebeen found to be associated with
satellite DNAs, which are known to play a role in symptom induction (Collmer and Howell,
1992; Kumaret al.,2016). Replication of begomoviruses only occurs within their respective
hosts. Symptoms and decreased crop yreldéed by begomoviruses in susceptible plants are
often dependent on the pathogenicity and replication ability of viruses (8bs2006).
Begomoviruses infect their hosts when their whitefly veBemisia tabacGenn. feeds on the

sap of the plant (Moriones and Nav@astillo, 2000). Once the begomovirus is inside the host
cells, uncoating of the virion occurs in the cytoplaBilowing this thessDNAIs transported

into the nucleushroughthe virus encoded coarotein (CP). Once present in the nucleus, the
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viral ssDNA is converted to double stranded DNA (dsDNA) by the host DNA polymerase. The
dsDNA, the transcriptionally active form of the viral DNA, becomes the template for
transcription by host RNA polymemdl. Firstly, the genes encoding proteins involved in
replication and transcription are transcribed from the antisense strand, followed by the
expression of virion sense genes (Smetlal.,2017).To establish systemic plant infectiohet

viral DNA moves out of the host nucleus into the surrounding cells or the phloem of the plant.
This movement out of the nucleus is facilitated by proteins such as the movement protein (MP)
and the nuclear shuttle protein (NSP) (Noueirgl.,1994).

Begomoviruses regate inside the host nucleus after the conversion of SSDNA to dsDNA, via
host cell machinery, by a combination of the rolling circle replication (RCR) and recombinant
dependent replication (Jeske al.,2001). Rolling circle replication is initiated biad viral
replicationassociated protein (Refep has a DNAinding domain, a DNA nicking domain

as well as an oligomerization domaih.also interacts with host factors to carry out viral
replication(Orozcoet al.,1997). RCR occurs when one strandha dsDNA circular genome

is nicked at a site, called the doulsteand origin, creating a ssDNA circular template for
multiple rounds of replicationtoocclRepb i nds t o the 56 end of the
around the ssDNA template displaces theked ssDNA strand. From this displaced ssDNA,
multiple linear copies are produced whitelater converted to dsDNA circular genomes, a
process which is facilitated by hemtcoded DNA ligase (Jeske al.,2001). Recombination
dependent replication occurs through homologous DNA sequence recombination resulting in

the formation of singlstranded as well as doukderanded DNA copies (Jeskeal.,2001).

1.6 Structure of the genomes offomato curly stuntvirus

It has been found that monopartite DNA A genomes, TIR&E.CV, are responsible for
infectivity and disease development in tomato pléNts/otet al.,1991) despite lacking DNA

B that is characteristic of bipartilgomovirusesWhile no satellite molecules have yet been
identified in association with ToCSVhfection in tomatoto date(Esterhuizen, 2012), many
monopartite begomoviruses require a satellite molecule for compligtegeaicity (Nawaz

ul-Rehman and Fauquet, 2009).

The circular sONA ToCSV genome is 2 766 nucleotidgg) in length.(Pieterseret al.,
2008) DNA-A contains six open reading frames (ORFs), two visense gees (V1 & V2)
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and four complementary sense gefes3(C1, C2, C3 and C4Figure3). V1 encodes th€P,

V2 encodes the movemeassociated protein / virus suppressor of gene silencing, C1 encodes
for Repand C2 encodes a protein that increases the ragen# expression of viriegense
genes (Murayamat al.,1991; Laufset al, 1995; Rojaset al.,2001; Saunders and Stanley,
1995). C3 encodes a replication enhancer protein (Ren) and C4 was found to determine
symptom severity (Murayanet al.,1991; Laufset al.,1995; Rojast al.,2001; Saunders and
Stanley,1995). The C4 gene plays a role in movement as well as supressinug desponses

of the host thereby making C4 an important pathogenicity determ{Raoima and Petty,
1996) The intergenic region (IR) lies between C1 and V2 and is a conserved begomovirus
sequence containing an origin of replicat{@RI). The IR is 259 nucleotides in length and
contains ahairpin structure of ahort nucleotide motif TAATATTAC, referred to as a
nonanucleotide sequen@)compassinthe ORI. The CRI is present in all geminiviruses and

is essentialto viral replication (Ikgami et al., 1988). The functionsdescribed for the
abovementionedenes and regions of ToCSViiderred fromthe functions established in

multiple begomoviruses other than ToCSV.

vl
CP
C1 (&F)
(Rep)

c2

Figure 3 Diagramshowingthe genome organization of Tomato curly stunt virus (ToCSV) BNwith a length
of 2766 nucleotides, containing 6 open reading fraf@&d-s) V1, V2, C1, C2, C3 and C4. The Intergenic region

contains the origin of replicatiogf©RI) as well as the short nleotide motif hairpin (Esterhuizen, 2012).
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1.7 The significance of the intergenic region (IR) in ToCSV

In all geminiviruses, the IR facilitates DNA viral replicatidhconsists of a conserved stem

loop motifthatcontains he r epl i cation i niti ahichsmrequsedt e on
for DNA replication. The IR also contains bidirectional transcription promdteat are

essential for transcription of ORFs on the viral and complementary s{fauds et al.1995).

The ToCSV IR contains two direct repeat sequences of GGTAC withimuttleotideregions

of 26242627 and 2662668 with thesepredicted to be iteron sites fdre binding of Rep
(Pieterseretal.,2008) . The 306 | R var-V3eand ppCvd2lWwith bet we
multiple nucleotide differences and deletions. This can be seen in the alignment of these two
variants Figure 4). Therefore,investigatingthe IR region in the ToCSV may prove to be

significant in determining ToCSV infectivity.

CTECTAT T TGTCTT TATATGEGAARCTTC Lels

A TAGTEGCEEATLGTCATAAT

Y30 IR craeaaTeTCECC
V22 |R GRRATTGAGGCS

CCATTETCA - AGA
P

G &)

Gh G

ITTGTTIGETCT AL A

Figure 4Al i gnment of inhtdrgenicIeyiondR) af Tomato curly stunt virus (ToOCSW30 anc
ToCS\-V22 (nucleotide position 61 to 139). Alignment done on BioEdit Sequence Alignment editor.

Further researchighlighting the importance of the intergenic region can be seen in a study
carried out using TYLCVTYLCV was found to modulate symptom development through IR
derived viral smatinterfering RNAs (vsiRNAS) that target a long noncoding (Inc) RNA, called
SILNR1 present in tomato. In resistant tomato cultivars, a 14 nt delet®ih MR1was found,
suggestinghat theSILNR1region in conjunction with vsiRNAs from the IR is required for
symptom developmentSILNR1homologues were not found in other screened plants to date
(Yanget al.,2019).

1.8 The significance of the V2 gene in ToCSV

The V2 gene, which id31nucleotidesrft) in length, is located on the viral strand amdodes

a pre-coat protein(Navotet al.,1991) In TYLCV, a monopartite begomovirus, it has been
shown that the V2 protein, more specifically amino &a&j71 of the V2 protein, is responsible
for selfinteraction, viral accumulation, pathogenicity and infectivity of TYLCRhis was
shown in the model experimental plant benthamianaand its natural host plan&
lycopersicum(Zhaoet al.,2018) Furthernore, in TYLCV, V2 was found to interact with the
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host proteirsuppressor of gene silencing 833S3, a component involved in the host RNA
silencing defence mechanism against viruses. This interaction suppressesi@&idhgas
binding of V2 to SGS3 impasrfunctionalityof the host proteimluring RNA silencing Glick

et al.,2007) Additionally, TYLCV V2 wasshownto suppress transcriptional gene silencing
(TGS) of a green fluorescence protein (GFP) transgene iN.thenthamiand 6-TGS line.
Suppression of the GFP was accompaniea gduction of methylation in its promotégom
which it can be concludetiat V2of TYLCV can supress methylatienediated transcriptional

gene silencingWanget al.,2014)

Previous research on many monopartite begomoviruses show the V2 geneital bar
infectivity and pathogenicity, and therefore Tf@CSV V2 protein may play significant role

in the pathogenicity othis plant virus In ToCSV, the severe and mild ToCSV variants are
differentiated based on the recombinant fragment present in the V2 (Egterhuizen, 2012)

As mentionecprevioudy, a previousnvestigation with a V2 swap between the two ToCSV
variants determined that the phenotypic differences between the ToCSV variants, upon
infection of tomato cv. Rooikhaki, could not belely attributed to V2, but further studies in
other tomato cultivarsyr other experimental hosts, were not perforntestgrhuizen, 2012)
Furthermore, viral load was not determined in the tomato cv. Rooikhaki experikivihtshe

use of model experimental plamtNsbenthamianandN. tabacumstudies have shown that the

V2 protein in monopartite begomoviruses, Papaya leaf curl virus (PaLCuV) and Cotton leaf
curl Kokhran virus (CLCuKoV), are significant in pathogenicity (Mubin et al., 2010).
Additionalinvestigation into the role of TOCSV V2 swaps between the mild andeseagants

in the model experimental planly. benthamianamay reveal significant differences in

pathogenicitysuch asymptom severity and viral load

1.9 Mixed infections

Mixed viral infections, although not deequentlystudied as single infectionappear to be
common both in the field and wild plantsor weedgnatural reservoir for virusesyiruses in
mixed infections, depending on the viruses and strains invopMagl, a vital role in the
symptoms induced in plant diseases and it is thereitaieto look at multiple viruses when
studying a plant diseag®oreno and LépeMoya, 2020) Mixed infections can be attributed
to multiple factors,the first beingviruses vhich frequently mutate resulting in new variants

with different hostinfecting capabilitiesFurthermorethevast host range of these viruses and
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virus vectors which are polyphagous and can carry a range of viruses allow for mixed infections
totake plac€Singhal et al., 2020). Three interactions can occur between viruses within a mixed
infection, these being neutralisraynergism and antagonism. Neutralism is evidenéen
symptoms remain unchanged compared to single infectionghereas synergism and
antagonismare observed when phenotypicor viral load difference between the single and

mixed infectiongs presen{Mascai and Gallitelli, 2016).

Synergism amongst viruses can occur via different mechanisms of, arteof these being
the suppression of host defense mechanisms by one or both viruses allowing for elevated
disease symptoms. Anothiratureof synergism is when one virus acquires the ability to
invade different host tissues through viral suppressor proteans one virus influencing
movement patterns of other virus@SarciaMarcos et al., 2009)Contraryto synergism,
antagonism can occur when a subsequent infection is prevented due to #ikehosty RNAs
(siRNA), generated by the plant RNA silencing ahmery, deployed against one virus
consequently targets other virugbsrebypreventing infection or symptom development by
competingviruses (Ratcliff et al., 1997ChavezCalvillo et al. 2016). Therefore, in an
antagonistic mixed infection, the preseraf one virus is detrimental to the other virlikis
would allow for the concept of crogwotection to beexploited in orderto control the
populations oplant virusesCrossprotection occurs when tolerance of a plant to one virus is
induced by the infection of that plant by another virus. This phenomenon can therefore be used
in the field as a form dbiocontrol Antagonism resulting imduced resistance was shown in
N. benthamianaafter beinginfected with two geminivirusesAfrican cassava mosaic virus
(ACMV) and East African cassava mosaic virus (EACMV) where ACMV BAAnduced
resistance to ACMV and EACMVYReddy et al., 2012)t has previouslypeenshown that
closdy related viruses or variants of a virus are more likely to result in -gragection
(NakazoneNagaoka et al., 2008nd Wen et al., 1991)The different interactions, those of
coinfection or superinfection, between plant viruses is what establisheas#tioene of a mixed
infection which may also influence ithost Coinfection occurswhen multiple viruses
simultaneously infect a single hosh&reas in superinfection, different viruses infect the host
at different times (Joan et al., 2008he order of infection of viruses withinphant plays an
important role in the interactions between the viruses in a mixed inferimalso influences

the phenomenon of crogsotection.
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1.91 Mixed infections of Geminiviruses

Frequently mixed infections in multiple plant hosts have been identified as being
geminivirusesAn important crop disease induced by a mixed viral infeatifogeminiviruses

is cassava mosaic disease (CMD). Coinfection of multiple viruses or strainsoiemaon
occurrence in CMD often leading to increased severity in symptoms induced in cassava (Rey
and Vanderschuren, 2017). An example of a mixed infection leading to CMD is the infection
of two viruses belonging to the geriBegomovirg, these beingfrican cassava mosaic virus
(ACMV) and East African cassava mosaic VI(BACMV). These two viruses engagea
synergistic relationship with each other thereby inducing more severe symptoms in cassava
(Harrison et al., 1997, Zinga et al., 2013).

Mixed infectionscan als@romote recombination, reassortment and complementation between
different viruses resulting in new variants of a virus being generated. Therefore, mixed
infections play a pivotal role in the evolution of viruses and hence howplagit hosts are
affected (Singhal et al., 2020). An example of this can be seen in the outbreak of acasgous

of cassava mosaic disease (CMD) caused by a recombinant virulent virus strairEasgtere
African cassava mosaic virBACMV) gained the cagd protein sequence African cassava
mosaic viruACMYV). This virulent strain, referred to d&ast African cassava mosaic virus
Uganda2 (EACMV-UG2), resulted in a devastating disease outbreak in the cassava crop in
Uganda. This variant was also fouladbe associated with ACMV in a mixed infection where

the CMD symptoms induced were significantly heightened (Pita et al., 2001).

1.10 The geminiviral C5 ORF and its role in pathogenicity

The C5 open reading frame (ORF) has only recdrgnidentifiedin begomoviruses. This

ORF is |l ocated downstream ofendohtee VCGRFORF and
few studieghathave characterised C5 in monopartite and bipartite begomoviruses have found
this ORF to play an important roledietermininghe pathogenicity of the viryki et al., 2015

Li et al., 2021andVaghi Medina et al., 2038The AC5 protein of mungbean yall mosaic

India virus (MYMIV) is 183 residues in length and was confirmed to play a role in RNA
silencing suppression activity. TMYMIV AC5 was also found to be vital for infectivity of

the virus(Li et al., 2015) The C5 protein in Ageratum leaf curl @iuan virus (ALCScV) was

shown to be transcribedand act asa virulence factor whichinduced symptomsn N.
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benthamianavhen expressed in the PVX vector. The ALCScV C5 was also found to supress
post transcriptional gene silencing (PT@8itherebyinterferewith plantsrecovery as PTGS

is involved in the plant antiviral defence systémet al., 2021andSijen & Kooter, 200).

As knowledge of the C5 protein in begomovirugesis, the mechanisms of pathogenicity of
these viruses anthe interaction with their respective hosts made clearerTherefore,
exploring this novel ORF in begomoviruses for which it has not lelsmified or characterised

yet proves to be promisinRecently, the presence of this ORF wientifiedin ToCSV using
sequence comparison with published sequences of other begomovirus C5(R&EFs
Zwolinski, 2022. Furthermore, putative C6 and C7 were also identified in this manner but
further studies to validate these still need to be done (Zwolig69. Investigating the
putative uncharacterised C5 ORF in a begomovirus such as ToCS\anaipute to the

charaterisation of this virus ag putative C5 ORF was recently identifiednifoCSV.

1.11 Rationale for study

Begomovirus infection of crops is known to cause a significant decrease in yield production in
a multitude of economically important cropsridwide (Saeed and Samad, 2017@reby
posing a threato food security as well as to the livelihoods of farmers and people employed
by the farmingassociated industrieS.he importance of studying these viruses is further
highlighted, as resistant craariety development relies on the knowledge gained from this
researclsuch as thisToCSV is a virus which has negatively impactieel yields otomato, an
important crop, in southern Africa (Pietersetnal.,2000). By comparing the pathogenicity
(sympbms) and infectivity (viral load) between the mild and severe ToCSV variants as well
as determining the role of the IR region and the V2 gene in ToCSV infectivity by quantitative
and qualitative means, the pathogenicity determinants of ToCSV can be fiubigiated.
Studying a mixed infection of the two ToCSV variants proves to be more applicable for field
application purposes. Furthermobg,looking into putativeuncharacterise@RFs in ToCSY

the pathogenicity of ToCSV can be furtlidrminated This study will alsoaim tocontribute
towards understanding begomovhplant host interactionby determining the relationship

between symptom severity and viral load within a mixed infection of the ToCSV variants
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1.12 Aims and specific objectives

1.12.1 Aims

1. To investigate the role of the IR and V@2RF in infectivity (viral load) and
pathogenicity (symptoms) @GoCSV-V22 in N. benthamiana

2. To determine the pathogenicity of botloCSV-V30 andToCSV-V22 variantsin a
mixed infection

3. To investigate the novel C5 ORFToCSV-V22

1.12.2 Specific objectives

To design IR swap mutants between V30 and V22
To introduce targeted single amino acid changassite directed mutagenesistoe
cognatev2 nucleotide regiotin theV22 infectious clone

1 To establistpathogenicityof a mixed infectionof wildtype variantsV30+V22 and a
mixed infection of V38V 3 0 gdinR. benthamianghrough the cenoculation of the
V30 and V22 infectious clone constructs

91 To introducepotential expression @& putative C3ORFin V22 through sitedirected
mutagenesis

1 To determine the effects tife mutant infectious clone constructs and mixed irdgacti
in comparison to the wild type variants and mock inoculated treatnoemsymptom
phenotype height and disease severity atday intervals post inoculatiorof
N. benthamiana

1 To determine the viral load of the BddV2 mutant clonesandof the mixed infection
using degenerate primers and real time PCR

1 Todetermine if thdR is transcrbedvia cDNA synthesis and PCR
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CHAPTER 2 - METHODOLOGY

2.1 Infectious cloneconstructs

The severe&/30 and mildV22 ToCSV genetic varian@are named oCSV- [ZA: Mks30:08]
and ToCSV [ZA: Mks22:07], respectivelyThe infectiouggeminivirusclone constructef the
severe and mild variants of ToCSWsed in this study were constructesing the
pCAMBIA2300 ector(Esterhuizen2012)as this vectois suitablgor infection of plantsvith
ToCSV using Agrobacteriumtumefaciens The pCambia2300vector has thekanamycin
resistantselection markegene ands an Agrobacterium binary vector specifically used for
plant transformationThis vector also contains Multiple Cloning Sites (B)Chas a high copy
number inE. coliallowing for high DNA yieldsandis stable inPAgrobacteriumhereforethis
plasmid backbonsewes as aood vector for ToCSV in this studfhe SnapGenplasmid
map for this vector can be seenhigure 5 below (from Insightful Science; available at
shapgene.com)

(8623) Pmel
(8410) HindIII
(8402) Pstl - SbfI
(8302} Sall N\

(8386) Xbal ~
(8380) BamHI .

(8377) Smal -
(8375) KpnI - TspMI - Xmal —
(8371) Acc651 ——
(8369) Sacl ———
(8367) Eco53kI —
(8359) ECORT —

lac operator
(8116) BSXI —

(7316) BgIII __
(7301) Neol -~

yoa |
&)

¢ wocz0 RETDNA g

__——AdI (1932)

(6771) BSSHIT —

(6653) RSFIT ——

PCAMBIA2300
8743 bp

(6451) PspXI —

(5936) Bell +
(5933) SacIl -
~ " BSIWI  (2892)
(5805) Psil . NheI (3008)
BmtI (3012)
(5660) Bpu10I

(5521) EcoO109T - PpuMI /
(5479) BspHI \
. EeoNI (3321)

(5329) BlpI \ \ Bsal (3411)
/ \ Agel (3502)

(4983) Sspl \
(4945) Nsil Mrel - Sgral (3790)

BstZ171 (3992)

Figure 5 A detailed vector map of pCambia2300 with sequence length of 8&&téirs (bp) selection genes,
restriction sites, Origin of Replication (ORI), promoters and tHBNRA repeats labelled (source: Insightful
Sciencepavailable at Snapgene.com).
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Three V22 IR-swap mutants betweefoCSV-V30 (V30) and ToCSW-V22 (V22) were
constructedwhere nucleotide®of the3 6 r e g i dR1(downistreamhoé the origin of

replication loop)rom V22 were replaced with that V30 (Figure6). Thefirst mutant clone,

V 2 2 gH nRitantwasconstructedy the removal oht 617 137oft he 30 dfYWR2r egi on
and replaced with the correspondsgguencérom the V30 infectious clon®ue to he V30

IR having an extra nucleotide downstream of the TATA box compared to the V22 &2;

137 of V22 was swapped out for 61-138 of V30. This region was selecteds t he 306 en
the IR is least conserved bewvethe two variantsST wo s hor t eswap¥®e?e al8c0 | R
const r uc t-dwas consRuttedlbyRthe removal obhi 94, a regionupstream of the

TATA box wi tohvi2dand répkce®with theRorresponding region from the V30
sequence V 2 ArgybsRonstructed by the removal of nt 1087, a regiondownstreanof

the TATA box within the3 6 | R of \8 and replaced with the corresponding region

from theV30 sequenceThe numbering of the nucleotides is relative to the origin or replication

(ORI) (Figure6).

V22AIR-s
I 6| e —— 37 0V 22 AIR 1 61-137
e It ) N V22AIR sl
(:f I 1 AT 137l V22AIR 61 -04
( V30 " Va2 }’(‘pl
) V22AIR-sr
o I 51 I o — 7l V22AIR 105137

Figure 6 Diagramshowing the V30 and V22 genomeith the sixopen reading framg®©RFs) V1, V2, C1, C2,

C3 and Cdindicated In the enlarged region of the Intergenic region {I®yap infectious clone constructse
shownwhere selected V22 IR sequences were swapped out with that of the respective V30 sequence. A conserved
TATA box in the IRis shown in greyRed Ines refer to the V30 sequence, with the blue line representing V22

sequencelucleotide (nt) positions are relative to the Origin of Replication (ORI) which is nt 1.

ThesethreelR-swapconstructs were synthesislbeg GenScript BiotecliPiscataway, NJ, US)
certificate of analysis for the {Rwap clones are in supplementary page 11with avirtua
digestand a vector map of the V22 infectious clone construct on pag®©ht6é received, the
constructswere transformed into compete. coli DH5 U  ¢New Ergland Biolabs
protocol Massachusetts, USAo increase DNA availability of the infectious clone plasmids
To do this, &quots of 100 pL oft. coliwere thawed on icand100 ng of plasmid DNAvas
added Cell-plasmid mixtures were gently tapped axgbosed to 42 °C for 90 s using a water
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bath.Samplesvere placed on ice for min, followed by the addition 0800 pL of LB media

to each respective samp@adthesewere subjected to shaking at 200 rpmXdrour at 37 °C.

After this incubation step, the cells weentrifugedand the pellet was resuspended in 400 uL

of LB media. These resuspensions were spread on kanamycin containing LB selection plates.
The plateswere incubated at 37 °C for 12 hours. Glycestuckswere made using 50 %

sterilized glyceroivhich werestored ai 80 °C.

These IRswap infectious clone construatgere transformedusing the freezéhaw method
(Weigel and Glazebrook, 200@)to compédentAgrobacterium tumefacier358C1 cellsThis

was done by transforming competent Agrobacterium cells on ice followeggntly mixing

100 ng of plasmid DNA into the cells. These cells were placed on ice for 1fdlioined by
submerging the cells in liquid nitrogen for 5 min. Cells were thawed at 37 °C using a preheated
heating block and placed on ice for 2 min. A quandit500 pL of LB broth was added to the

cells and incubated at 28 °C for 2 hours at 200 rpm. After incubattisyere centrifugd at

14 000xg for 1 min and pellets were resuspended in 100 pL LB. These resuspended cells were
spread on LB plates conténg 0.1 mghL kanamycin and 0.1 mgyL rifampicin. Plates were
incubated at 28 °C for 2 days.

Plasmid extractionvas completedusing the GeneJet plasmidiniprep kit and protocol
(Thermo ScientifiE , Ma s s a ¢ aRestrietion dgestrgaBtionof the extracted plasmid

was carried ouwith FastDigestBgll, (Th er mo S ¢ followitgithfe imankfacturers
protocolto verify that the correct constructs were obtained. All infectious clone constructs were
digestedwith Bgll andthen subjected to Sanger sequengingaba Biotechnology Industries
(Pty) Ltd, Pretoria, South Africdpr further verification

A fourthi nf ecti ous ¢l one <construct, a -sVBa8 back
previously made (ZwolinskR022 by removngnt 617 1370f t he 36 30&dr egi or
replacing itwith the corresponding sequence from Y2 infectious clongFigure7). This
V 3 0 gd ifkectious clone construct was used in conjunction Wit V30 to inoculateN.

benthamiando establish a mixed infection of VBU30IR-sin this study
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V30AIR-s

TATATS——— 137 W V30AIR 61137

V30

e

W V30 sequence
W V12 sequence

IR .
N S~
22 V1 (
c3

(A
\'
(cP)

e 4%

Figure 7 Diagram of the V30 backbornetergenic regionIR)-swap infectious clone construct where the selected
V30 IR sequence was swapped out with that ofrélspective V22 sequence. A conserved TATA box shown in
grey. Nucleotide (nt) positions are relative to the Origin of Replication (ORI) which i22 $equence shown

in blue, with V30 represented in rebhe six open reading frames (ORFs) in V30 a2 W1, V2, C1, C2, C3
and C4 are indicated.

2.2 Investigative hioinformatic sfor predicting tomato and N. benthamianatargeting
siRNA from the IR

The si RNA predictor tool (www. pl antgrn. nobl e
IR in V30 and V22whereby thecDNA transcript libraries of botls. lycopersicunand

N. benthamianavere selected. The siRNAat were generatadere manuallyaligned with

the IR region for both V30 and V3&upplementary Figuré.1-1.4). The siRNAs wer¢hen

subjected to BLAST against tomato adl benthamianagenomes via both NCBI
(https://blast.ncbinlm.nih.gov/Blast.cqi and SOL Genomics databases
(https://solgenomics.nét/

2.3 Site directed mutagenesis
2.3.1 V22V2 singleamino acid mutants

A CLUSTAL multiple sequence alignmeat the V2 proteinraasequences of V30 and V22
was performed usingMUSCLE (3.8) (https://www.ebi.ac.uk/Tools/msa/musclg/ to

investigate the amino acid similarignd conservation between the two \#& sequences
Following thisnucleotide sequences encoding the-oonserved amino acids between V30

and V22 V2 proteins were selected for site directed mutageii&sisamino acids of interest
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in this study are valine (V), serine (8ucine (L), threonine (T), arginé (R), glutamine (Q),

lysing (K) and proline (P)Single anino acidsof theV22 V2 protein were mutated emcode

for the same amino acids found the V30 V2 protein at that same positighable 1). The

single aa V22 V2 mutants are in Fig@e i t

TYS+ mut ashotvn This inadvertent mutation was introduced as a result of the primer

h

an inadvertent

mut ati o

sequences udeto introduce the codon chandaring mutagenesiéTable ). Mutagenesis

methodology to follow. Addionally, one construct encoding for th€2 protein had three
amino acids (aa 11216) deletedThis Gterminal QKP deletion mutan¥/(2 2 qDél2) was
designedwith the use of Benchling (https://benchling.coeryd synthesisetly GenScript
Biotech Piscataway, NJ, USE. coliDH 5 U campeten®A. tumefacien€58C1werethen

transformed with this infectious clerusing the abovementionedAgrobacteriumandE. coli

transformation protocolwith identical parameters

B V30 nucleotide sequence

Vi
(cP)

Representation of the amino acid sequence of
the translated V22 V2 ORF:

V78
V2ZAVI-V—=S | D 146

V2AVIS—L | s —11§

V1IAV2-R—K _RD SK_ 116

TE45
V2IZAVIT—3 | e e 116

TE45
V2ZAVI-T—54 | i — 116
GHEF
V22AVIDel 1 —r= 115

m V22 V2 amino acid sequence
V30 V2 amino acid sequence

B V22 nucleotide sequence

Representation of the amino acid sequence of the
translated V22 V1 OREF:

PiD

V2IAVI-T—5+ | —

AoD

B V22 V1 amino acid sequence
[ Locations of the inadvertant mutations

Figure 8 Diagram ofinfectious clone/30 and V22genoms with the sixopen reading framg®©RFs) V1, V2,

C1, C2, C3 and Cihdicated Var i ant s wi th
clones indicated. VV30Qucleotide sequendg shownin red and V22 nucleotide sequence in blue. Valine (V), serine

(S), arginine (R), leucine (L), threonine (T), lysine (K), glutamine (Q), aspartic acid (D), proline (P) are aa

the V22 V2 amino

aci d

indicated by their respective symbols. The top boregion in the diagram is a representation of #Hze

substitutions in the V22 VequenceThe aa position at the site of substitus@indicated above each respective

representative V2 mutant proteifihe bottom boxed region is a representation of the inadvertent amino acid
mutations to the over |-RY®H nmu tVd n tO RADKE neEesahtetheddtlefiam/ 12 .

of these aalight blue represents the V22 aa sequence and light orapgeseats the V30 aa sequeritke aa

position at the site of substitutigmindicated above each respective representatBzV2 mutant protein
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The single V22 mutant clones were constructed througtidsgeted mutagenesis with the use
of partial overlapping primer@ablel). Primers fotv 2 2 V¥ SandV 2 2 eV ¥ S are

di fferent sets of primers as even though
mutant at aa 64s theV 2 2 eV ¥ S primers introduced an inadvertent change to the
overlapping V1 ORRltering theoverlapping Vl1aa whereas the M 2 2 eV ¥ Introduced

no inadvertent changes to any overlapping ORFg primers were manually designed
following the guidelines by aible and Boonrod, 200Primers weresynthesisecand RP
cartridge purifiedoy IngabaBiotech(Pretoria, South AfricaRP-cartridge purification yiels
productswhich arefree of organic molecules and undesired short oligonuclectideghis

purity is important for applicationsuch agnutagenesigSemenyuk et al., 2006ntegrity of

t

h ¢

theprimers, in terms of hairpin formation, hor@mnd het er odi meavalugi&€ v al u e

using th e Ol i go An a | hytps:#wwi.idtdinaoconb/oligdanaly2er Site directed

mutagenesis wakencarried out using a higfidelity DNA polymerase, PhusioM (Thermo

ScientificBlBsUSMassachuse
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Table 1 Summary of V22 mutantlones,amino acid changesubstituted in each clorad
primers used for mutagenesis.

Mutant clone name Tm for Thermocycling | Forward primer sequences (Fp) and reversegr sequenceRp)

conditions for for site dired8tdd mutagenesi
mutagenesis (°C)

V22 pVRs 65 Fp | CTTGCAatcgATTGAGTCCACTTATGAGCC

Rp GGACTCAATcgatTGCAAGTATTTTATAGCAAGC

V22 @Syl 72 Fp CGAGATCTTATactaGTTATTAGAGCCCGGGATTATG
TC

Rp CGGGCTCTAATAACtagtATAAGATCTCGAATTAAAT
CGTGG

V22 @pV2s+ 69 Fp GAAGCGAgtCGACGATATAATCATTTCCACGC

Rp GATTATATCGTCGacTCGCTTCGACATAATCCC

V22 @pV2s 69 Fp | GAAGCGItCCCGCCGATATAATCATTTCCC

Rp GATTATATCGGCGGGaCGCTTCGACATAATC

V2 2 pRY2K+ 72 Fp GTTATTAGAGCCaaGGATTATGTCGAAGCGACCCG
CCG

Rp CGCTTCGACATAATCCttGGCTCTAATAACAGAAAT
AAGATCTCG

V 2 vgDek+ NA NA

* The primer nucleotides that are not capitalized are nucleotides targeted for mutagenesspresents the
melting temperature of thprimer pair The + after the mutant names indicates the presendaead¥ertent
mutations inestablished or putative ORF3KRPR represents deletion of QKP nucleotides in that mutant infectious

clone.The IUPAGIUBMB one-abbreviations for the 20 standard amacids were used.

For construction oV 2 2 pSY2L, a two-step mutagenesjsolymerase chain reactioRCR
wascarried out and for the remaininfpur single aa V2 mutans V2 2 gV 3, V 2-2 pV 2
TYS, V2 ZYg®/+2 and Y ¥X®,2aqiiReestep mutagenesis PCR was performed
(Laible and Boonrod, 2009T he thermocycling conditiorfer the twastep mutagenesis PCR
consisted of an initial denaturation step of 98 °C for 30 s, followed by 20 cycles of a 10 s 98
°C denaturation stef@2°Cfor 8.67 min and finally the 5min 72 °C extensiostep (Thermo
ScientificE, Theth&@raobysliag conbitiods)or the threstep mutagenesis
PCR was carried out as the abementioned conditions with the addition af 8.69 min
melting temperature (Tm}specific annealing step before the extension gfEpermo
ScientificE, .DhOadnpeapuBesasodrlirgablel. The mutagenesis PCR
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reactionmix consisted oft ngof the DNA template, the infectious clone construct of VI2

pL of 5X Phusion buffe( Ther mo Sci ent i fUScOS,uLPrusiotd Bighh us et t s
Fidelity Polymerase( Ther mo Sci ent i f US), B uL ofeashsraspeutives et t s ,
primer, 1 puL of 25 mMdeoxyribose nucleotide triphosph&¥NTP9 and nuclease free water

to make up the final volume to 50 s per the Phusio¥ High-Fidelity DNA Polymerase

protocol( Ther mo Sci ent i f i.©rfe percenOlirBethyd BuFoxide IDIVSP)

was included in the PCR mix as DMSO relieves secondary structures allowingpforved

PCR.This is an important addition to the PCR reaction mbeagplates with a high GC content

have more stable secondary structHardjasaget al.,2010) The target products- 12000

bpin length were run on a 0.7 @garoseyel to verifytheirpresencandto confirm thesuccess

of the mutagenesis PCRhis was followed bypnl digesion of the PCR productssingl pL

Dpnl ( Ther mo Sci ent i fi)cfé,15 Mat 3% &Ccfbllansed byt as hedl S
deactivation stef 80 °C for 20 minDpnl is an enzymewhich requires methylateGATC

recognition sites in order to cleave DNAhe purpose of digestindpe mutagenesis PCR
productwith Dpnl wasto eliminate the template plasmid as this plasmid, extracted E.om

coli, was naturally methylatewhereas the newly mutated/synthesised plasmids were not
methylated due to the lack of methyl transferase in the PCR mifltarele and Boonrod,

2009) Therefore, digesting with Dpnl removed the undeswedinal templatddNA allowing

for only the mutatedunmethylated plasmids to be transformed intc&heoliin the following

steps

Before transformation of these mutagenesis product&intoli, UltracompetenE. coliXL10-
Gold cellswere preparedSambrook and Green 20R E. coli C2987 cells were streaked on
LB agar for 16 fand colonies were inoculated irt® mL LB brothandincubated at 37 °C for
16 hshakingat 120 rpm. FiftymL of LB broth was then inoculated with 500 L of theriD
cultures. This broth was incubated at 37 °C uthtd OD s00 Of the LB broth reached 0.5.
Cultures were placed on ice for 10 min, gently swirled and transferred imid. &flcon tubes
for centrifugationat 2000 rpm for 10 min at 4 °C. The pellet wiasedwith chilled, sterilised
water and resuspended im. of CaCb buffer (15 % glycerol and 0.08 KaCb) and kept on
ice for 30 min. The cells were centrifugedb800 rpm for 10 min at 4 °C, thegernatant was
discardedand the pellet was resuspended ml2of ice cold CaGlbuffer. Aliquots of100 pL
of cells were dispensed, frozen using liquid nitrogen and stoiie8@tC for further usel'he
purpose of the Cagbuffer serves to encourage the bacterial celtake upDNA from their

surroundings hence improving transformation efficief@yanget al, 2017)
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One hundrequL of Ultracompeten€k. coli XL10-Gold cells prepared as per Sambrook and

Green (2020yvere used for transformation. Thitracompetenk. coli XL10-Gold celk were

initially thawed on ice an@ pL of the Dpnidigested PCBr oduct s wi t h- t he a
mer c apt o-®E)hodimbcbncefitfation of 24 h were added to 50 pL aliquots of the

thawed competent cell-ME was added as it has been shown to increase transformation
efficiency (Janjua, Younis, Deeba and Nagv)12). The samples were gently swirled and

placed on ice for 30 min. These samples were then transferred to a 42 °C preheateattwater b

for 90 sandplaced orice for 2 min.Super optimum brotfl§OB) media was warmed to 37 °C

and 800 pL of this media was added to each tube and incubated at 37 °C at 120 rpm for 45 min.
One hundrediL of cells were sprehonto S platescontaining 100 pghL kanamycinand

incubated for goeriod of 24 h at 37 °CFive cdonies were selected from each plate,-sub

cultured and plasmid DNA was extractedysing the GeneJET Plasmid Miniprep Kahd

protocol( Ther mo Sci ent i fi)cENA prdtiactssvarejhantified ort the, U S
NanoDropTM O Spectrophotometdr Ther mo Sci ent i fUS)aftl nutakta s s a c h
clones were confirmed with Sanger Sequeng¢ingaba Biotechnology Industries (Pty) Ltd,

Pretoria, South Africa)

232Extension of the 50 end doectedinutageresist at i ve C¢&

The presence of putativ€5 ORF has previousiyot beerreported inToCSV WT variants
however, a putative C5 ORF was recently identified in both V30 and V22 using ORF Finder
(https://www.ncbi.nlm.nih.gov/orffindey(Zwolinksi, unpublisheld The identity of this ORF

was determined using sequence comparison with the published sequences of other
begomovirus C5 ORKZwolinksi, unpublished)The putative C5 ORF of both V30 and V22
was predicted to encode a proteina@in length(https://web.expasy.org/translaje/

Alignment of the C5 coding region of African cassava mosaic virus (ACMV, Accession
number J0205F with the corresponding genomic region of V22 waearried out
(https://web.expasy.org/transigtédupplemerary Figure 3.1). The alignment showelthat the
predicted V22 C5 protein sequence (aa 1 to 60) edignth the predicted ACMV C5 protein
sequence at aa positions 134 to 193. The C5 protein of V22 was termeéd*&8aath the
superscript indicating the relative ACMV C5 aa position. The start codon of ACMV C5 ORF

aligned with a start codon presentheVV22 genomic sequence. However, the V22 nt sequence
that aligned with the ACMV C5 sequence encoding aa 1 to 134 wedscted to be a C5
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untranslated region due to the presence of tsiomame st op codons. N o

length were predicted to be encoded by this region in(M22s://web.expasy.org/translaje/

The first stop codon present was shown to align with ACMV C5 codon for glutamine at aa
position 31. The second stop codon aligned with ACMV C5 codon for glutamine at aa position
98.

To expand the putative coding region of the V22 C5 ORF, two mutatiens sequentially
introduced into the untranslated22 C5 region. The first mutation (nt 918A&@) was
introduced to change the first stop codonecoding for glutamine (present at this position

in ACMV). This mutantwas predicted to encode two @Botein segments. Thmutant was

used as a template for the second mutagenesis step. Two nucleotides were mutated (nt 715
tA c, nt 717 & t) to change the second stop codon to that coding for lysine (present at this
position in other begomovirus C5 protéinslucleotides mentioned are relative to the first
nucleotide of the V2@ildtype sequencdhis mutantV 2 2 o G 5%awas predicted to encode

a single full lengthC5 protein which aligned with ACMV C5 aa 1 to 193. A V22 C5 deletion
mutant (V22XC5) was also made by mutating the guanine at nt position 603 to adenine. This
resulted in a change of the third codon of @5*'%from a glutamine to a stop coddhhis

deletion mutant was done to prevent complete expression afi@Smutagenic steps carried

out in the construction of these C5 mutants were designed to ensure that the mutations did not
introduce inadvertent mutations to any of the proteins encoded forwdrnapping ORFs.
Nucleotide and predicted C5 protein sequence alignments for V22 and the V22 C5 ORF
mutants are shown in Rige9. Mutagenesis primers asdownin Table2. All DNA constructs

were sent foSanger sequencindngabaBiotechnology Industries (Pty) Ltd, Pretoria, South

Africa) to confirm the presence of the target mutati@igpplementary Figure 3.1)

To compare the aa similarity between the G%&aprotein encoded by the¢ 2 2 pC 52 a
mutant and the C5 protein of ACMV, &LUSTAL multiple sequence alignment

(https://www.ebi.ac.uk/Tools/msa/clustglaf the two putative C5 protein sequences was

done.DISOPRED analysis wasarriedout to compare the predicted disorder of the proteins
C5ad3+1°3 (wildtype C5)andC5a&™®’.
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1 10 20 30 40

V22AC5aa 1-193 atgggtacatgccatatacaacaacaacgcattctcggtatggttotegtac ttggctgctl:cctgatggtbataggttacatggctattlaac ctgaagaaacgcttcacaagagectg
M ¢ T CHTIQQQQRTIILGMV VTLVYVILSGC CT FILMYVTIGTYMATLITZGQZPETETTLUHIEKS L

V22AC5aa'34-197 2tgggtacatgecatatacaacaacaacgeat totoggtatggtiotegtactiggotgot tetga tggttataggt taca tggeta ttfaacctgaagaaacgettoacaagagosty
o =
625 715 746
50 60 70 80
V22AC5a a1 -193 ctecttaagaccagaaggaccaccaacaacggtggetgtaaacttgegeaacacctggaategatecacgaagategttetteacegtggetgtactgggetegttatecaaacatgttaaa
L L K T R RTTNDNGGCZ K LAQHTLES ITZEKTIVILHRGT CTGILV I KHV K
V22AC5aa134-197 (cfect taagaccagaaggaceaceaacaacggtggotgtaaactigogoaacace tggaat oga teacgaaga tag ttotteacegtggetgtactgggotog ttateaaacatg ttaaa,
747 866
50 100 110 120
V22AC5a a1 -193 cacctgeccaaagtecattgggettgttecataggge cttctatctcggacla'gaaaaac ataacattgttagtgtggttetgettettgatgttetcatecatecataccttacegag
H L P K VvV H WAOCS I GD?P S I S D KEI K HNTIUVSV VL L LDV L I HUPYLTE
\V22AC5aa 34197 cacctgeccaaagtccattgggettgttecatagggecttcotatetoggacdBalgaaaaacataacattgttagtgtggttetgettcttgatgttotcatecatecataccttacegag
— i
867 9167 To1s 986
130 140 150 160
V22AC5aa’-192 tatatagacagacttoaccacgaacottttaccogtgogatgggteagaccaggaccotttgtaatgtoactgatacacctaactatacoggtgtgettoacateategegetgtteata
¥ I D RLHHEU©PVFTRAMSGO QT RTILUCNUWVTUDT®PNTYT GV LHTITIATLF I
V22AC5aal34-197 _tatatagacagact toaccacgaaccttttaccegtgogataggteagaceaggaccatitgtaaty toactgatacacotaactatacoggty tgcttoacateatogogotgt teata
987 M G ¢ T RTULUCNUWVTUDTU®PNTYTSGV L HTITIATLTFTI
)
1106
193
170 180
V22AC5aa 1-193 cgactggatcttacatgggecttecacaacctegagggacatecagggettetgtacattetgtacatectgggetttegatacatgggectgtacgtecatga
R LDLTWATPFTT S RDTIRASUVHSVHZPGILSTIHTGEGUZPUVTZ RTP -
V22AC5 134-197 cgactggatcttacatgggecttecacaacctegagggacatecagggettetgtacattetgtacatectgggetttegatacatgggectgtacgtecatga
aa R L DL TWAV FTT S RDTIRASV HSV HUZPGTILSTIHTGUPUVRTP -
[
1707 1218

Figure 9 Nucleotide (nt) and amino acid (aa) alignmehtips://web.expasy.org/transigtef the C5 protein of VZ
(V22C5ad3*%%") and thefull length1 93 aa | ong put at i via%S Thé amino acidsuthava be
numbered in the Nerminal to Gterminal direction using African cassava mosaic virus (ACMV, Accession nt

J02057) C5 as the mfence (Supplementary Figure 3.The translated proteins are color coded: V22&E545
(wildtype) yel Fis greea. PbteiVsequenCes Hssn 40 aa have been excluded from
diagram. The nt targeted for mutagenesis are color coded green (wildtype sequence) and purple (mutant
The IUPAGIUNMN one-letter abbreviations for the 20 standard amino acids were Nsebkotide numbenlative
to the first nucleotide of the V22 wildtype sequence are indicated below the sequithcggiare brackets to indic
nt numbered.
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Table 2 Summary of V22 C5 mutartones names and respectaraino acid changes and the
primer sequences used for mutagenesis.

Mutant Mutation Forward primer sequences (Fp) and reverse primer sequences (Rp) for site ¢
clone name | (amino acidl mut agen®&)i s (56
change)

V22 @G5 St op Y Fp | CTTCAGGTTGAATAGCCATGTAACCTATAACCATCAG
97134193

Rp | CATGGCTATTCAACCTGAAGAAACGCTTCACAAG

V22 @G5 St oK Y Fp | GTTATGTTTTTCCTTGTCCGAGATAGAAGGCCCTATG
193

Rp | CTATCTCGGACAAGGAAAAACATAACATTGTTAGTGTGG

V22XC5 QYSt op Fp | CTGGTCTAACCCATCGCACGGGTAAAAG

Rp | CGATGGGTTAGACCAGGACCCTTTGTAATG

* The IUPAGIUBMB one-letter abbreviations for the 20 standard amino acids were used.

2.4 Structural and disorder analysis on V22 mutant proteins

V22 e72S and WX¥3SgWant infectious clonesitroduced no inadvertent
changes to other ORFs, therefore only the V2 was investigated for structural or disorder
changes. On the contratiie mutationsiv 2 2 pV 8+, V-B2®\22 pRY2K+ and

V 2 2/g@bel+ clones introducethadvertent changes to other ORFs including the V1, putative
C5, putative C6 and putative Q722 mutant V2, Vlandputative ORFs, C5, C6 and C7, were
aligned against the respectiWwT V22 sequences, using CLUSTAL multiple sequence
alignment by MUSCLE (38 (https://www.ebi.ac.uk/Tools/msa/muscle/ This was to

identify any changeto the inadvertenORFs Furthermore PSIPREDsequence plots and
DISOPRED plots (http://bioinf.cs.ucl.ac.uk/psipred) were generated to evaluate any

significant structural or protein bindirdjfferencesbetween thaVT and mutant V22 ORFs.

cNLS mapper [{ttp://nlsmapper.iab.keio.ac.jp/cdiin/NLS _Mapper_form.cgiwas used to

identify a possiblechange ircellular nuclear localisation sign&NLS) sequences in the V1
of WTV22 and-TWRtpV 2
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2.5 Growing N. benthamianafor inoculations with infectious clones

Nicotiana benthamianplants were germinated and grown in a controlled growth facility. The
plants were exposed to 16 h ligtdily and were maintained at a temperature of 26 °C with a
relative humidity of 50 %.N. benthamianaseeds were germinated in Jiffy® 7C cocopeat
pellets under clingwrap and these seeds vaeaimatizedby slowly piercing holes in the
clingwrapover a5-day period prior to inoculation at which the pam®reat a 48 leaf stage.

At 12 days post inoculation (dpi), the plants in the Jiffy® pellets were transferred intax 7 cm
7 cm10 % bleactsterilizedpots and filled withmoist cocopeat mediuril. benthamianalants
were supplemented with 20L Kelpak seaweed at 4 dpi in addition to being fertilized with 20
mL of Seagro organic fertilizer at 8, 16, 26 and 36 dpi.

2.6 Agroinoculation of N. benthamianawith infectious clones

LB agar plateszontaining 50 mghL kanamycin and 50 migiL rifampicin, were streaked with

A. tumefacienswhich were transformedsing the Freeze Thaw methaak described by
Weigel and Glazebrook 2008jth the V30 and V22 infectious clone aincts or mutant
clones The plates were incubated for 24 hours at 28 °C and then used to inocufate.B5
broths containing 50 mglL kanamycin and 50 miglL rifampicin. These broths were
incubated at 28 °C for 12 houshaking at 120 rpmntil the ODyo reacted 1. Cultures were
centrifuged at 3300 g for 10 min at room temperafline. sipernatant wadiscardedand the
pellet was resuspended in infiltration buffer, 0.1 uM acetosyringone and 0.01 M MgClI2, until
ODesoowas 0.8The resuspended celiereused tanoculatetwo N. benthamianéeaves below

the meristem, through injection with lamL needleless syringgDne hundreduL of the
respectivenoculum was agroinodated intofive plants per trialand3 trials werecarried out

For the mixed infection plants, 50 puL of V30 and 50 pL of V22 were used to inoculate the
N. benthamian@lantsat the 68 leaf stageThree trialsusingfive plants per trial, were carried

outusingthe abovedescribed infectious clone constructs.

For the mixed infection trials where plants are infectéth more than one infectious clone,
inoculation buffers werg@repared as mentioned aboaed then the respective inoculation
buffers weremixed ina 1:1 ratio and used for inoculation Mf benthamianaThree trials,
using five plants per trial, were carried out usww@ O , V22 axtdinovutate thé R
plants with a mixed infection of V3%/22 or V30tV 3 0 gd R

44



2.7 Collection of gymptom progression data

Plant symptomswere photographally recorded height measurments weretaken, and
symptomsscored following a disease severity indgecific toToCSV-inducedsymptoms
observed inN. benthamianaScoring as perTable 3below, was doneevery 4 days post
inoculationon 5 plants per trial per treatmei®ymptom progression scoring was repeated for
all three trialsThe leaves that were selected for scoring were Zigpandedeaveshelow the
meristem of the plant.

Table 3 Symptom scores for the phenotypes, upward leaf roll (ULR) and swollen veins (SV),
induced inN. benthamiand&®y Tomato curly stunt virus (ToCSV).

Score for upward leaf roll | Description

0 Leaf edges normal

1 Leaf edges turned up7zones,
or mild ULR 1-4 zones

2 Leaf edgesturnedup2 zones and mi-4zdesnnar r ow
or narrow/mild ULR 57 zones,

or broad/severe ULR-4 zones

3 Severe ULR O 5 zones,

or entire leaf edge rolled upward and onto itself

Scorefor swollen veins Description
0 Leaf veins normal
1 Slight SV to mild SV over entire leaf,

or moderate SV over less than half of leaf

2 Moderate SV more than half of leaf only,
or moderate SV more than half of leaf with some severe SV,

or severe SV less than half of leaf

3 Severe SV more than half of leaf,

or entire leaf deep and dense SV

* For ULR scoring purposes, the perimeteeathled that wasscored vasvisually divided into ’qualsections

referred to as zones.
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2.8 Nucleic acid extraction

Total nucleic acid was extracted from two 12.7 mm diameter leaf didush were
immediatelyflash frozen in liquid nitrogempon collection The leaves collectederetaken

from two expanded leaves below the meristem of the plant at time @firgisd 28 dpi for the

V 2 2 o tlRatment, 20 and 36 dpi for the V22 mutants and the mixed infeCt@mty dpi

was chosen as this is the viral load peak for both V30 and V22 as previously estdiyligted

WT infectivity curves of V30 and V2&Zwolinski, 2022. The 28-dpi time pointwas chosen

as it is the next interval after the viral load peBketime point of 36dpi was selected to see

if recoveryof symptom and viral loaasobservedn N. benthamiana DNA was extracted

from the leaves oN. benthamiananoculated with theNT V30 and V22 variants, mixed
V30+V22 infectious clongsand control plants. These control plants weneck inoculated

with A. tumefacies alone DNA was extracted using a modified CTAB method originally
described by Doyl¢1991).The frozen leaf material samples were finely growiiti the use

of the Qiagen TissueLyser Il system (Qiagand Qiagen3 mm diameter tungstecarbide

ballsat 20 hertz for 2 min at 1 min intervd{@iagen 10649495. Five hundred puL of 2 % CTAB

buf fer, heated to 65 MNEwereadded toleach sammefanduhen i | ut
vortexedb M evas added as this strong reducing agent serviehtove phenolic compounds

in crude plant material and therefore yield a higher DNA quality (Horne et a&).20be
samples were incubated in a heated water bath set to 65 °C for 1 h. Five hundred pL of
chloroform: isoamylalcohohta ratio of 24: 1, was added to the samplesthesewvere mixed

by inverting the Eppendorf tubesorder to extract the nucleic acids from the sami3amples

were centrifuged at 1900 xg for 10 min at 4 °C. Five hundred pL of the supernatant was
carefully aspirated into a new tube where a second chloroform: isoamylalcohol extraction step
as prevously described was repeated on this supernatant. Nucleic acids were then precipitated
from this supernatant by the addition of 200 pLi@d-cold isopropanol.The tubs were
inverted 10 times and storedi &0 °C for 30 min. Samples were then centrifufpedat 15000

xg for 10 min at 4 °C. The pellet was washed twice with molecular grade ethanol. The first
wash consisted of 95 % ethanol followed by 75 % etharia. extra wash steps allowed for
purer DNA samples to be obtaindthe ethanol was aspiratedtandpellets wereair dried in

the laminar flow until visually dry. Samples were resuspended irn D uL of Tris-EDTA

(TE) buffer.
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Total RNA was extracted from six homogenized 12.7 mm diameter leaf discs using"'RIzol
reagent (ThermoSci ent i f i cE, USMas smpehuskét manuTheact ur e
frozen leaf materialvas finely groundwith the use of the Qiagen TissueLyser Il system
(Qiagen andDEPC treated mm di amet er tungsten balls as
(Qiagen, 1064945. To each homogenized sample, L of Trizol reagent(Thermo
Scienti fi cE, US9eas addethhdutiseetutbes svere inverted while thawing to
thoroughly mix the contents. The samples were incubated at room temperature for 5 min
followed by the addition of 300 pL of chloroformmixed by inversiorandincubated at room
temperature for 5 min. The tubes were centrifuged &00D2rpm for a total of 15 min at 4 °C.

The supernatant was transferred into new stdrib mL tubes and anqeial volume of
chloroform was added to the supernat&ainples were mixdaly inversion and then subjected

to another round of centrifugation at 320 rpm for 15 min at 4 °C. The supernatant was
transferred to a new sterilebe and the nucleic acids wenecipitated by the addition of ice

cold isopropanol. Samples were incubated for 30 min at room temperature and then centrifuged
at 12 500 rpm for 15 minThe pellets were washed with 75 % molecular grade ethanol and
then centrifuged for 5 min at 4 °C. iShethanol was step was then repeated. The ethanol was
aspirated outhe pellets were atried in the laminar flow. The dried pellets were resuspended

in 50 uL DEPC water prgvarmed to 65 °C. Twenty pL aliquots of extracted RNA were stored

ati 80 °C unti further use to maintain the integrity of the RN®I nucleic acidextractions

were quantified using thepectrophotometer (NanoDropT@ne Ther mo S9.i ent i f
ExtractedDNA was stored at20 °C andRNA was stored at80 °C in preparation for

downstream analysis.

2.9 Viral load

Viral load was determined via retiine quantitative PCR, using the CFX96 Touch Re&aie

PCR Detection system (BRad California, US, with the Maxima SYBR Green/ROX qPCR

Master mix( Ther mo Sci ent i fUSE &s, perhasmasnaud hawcs autrtes ,6 s p
(Ther mo S g#K@2RJ. A rhaister Bix of Maxima SYBR GreénTher mo Sci ent i
Massachusettd)S), forward primer, reverse primer and nuclease free water was set up
according to the protocol amdimberof samples to beun. This master mix was then aliquoted

into white shelled 96vell plates. To every 9 uL aliquoff anaster mix, 1 uL of 10 ng DNA

was added. The negative controls consisted of theteraplate control (NTCand DNA
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extracted from thégrobacterium(mock) inoculated plantsPlastic films were placed over
the wells to seal the wellndplates were centrifuged @000 rpm for 5 min. The plates were
then loaded into th8ioRad CFX Connect Realime PCR Systenthermocycler(BioRad,
California, US)and the twestep cycling protocol programnmes in the Thermo Scientific
Maxima SYBR Greemmanualwas initiated(T h e r mo S ¢ #K8223. iTrfi was Eef at
60 °C. Viral load was determined in relation to the Glyceraldehydph@phate
dehydrogenaseé5APDH) internal control for which thesgptimizedN. benthamian@pecific
primer sequences wessurcedfrom Farooq et al., (2019)he target primers, previously
designedand optimizedto targetV2 of V30 and V22were usedZwolinski, 2022) Primer
sequenceareshownin Table4. Viral load was calculated using the delta Ct method formula
, 13¢ O ¢

Table 4 Primer names and sequences for qPCR primers used.

Primer Name Forward primer (Fp) or Reverse primer (Rpf Pr i mer s eguyence (56
GAPDH Fp CTGTTATTGGAGGAGGGAACAA

Rp AGTCTTTCCTACCATGCCAAC
V2 Fp CGACAGCCCGTTCACCAG

Rp GCCTGTACGTCCATGATCGTC

* GAPDH represents the primers used to targegtiieeraldehyde phosphate dehydrogena@APDH) gene

in N. benthamainand the V2 represents the primers targeting the V2 ORF of the target viruses.

2.10 Detection of RNA transcripts

Since IRderived siRNAs were reported in another begomovifdang et al., 2019)
investigation of a possibl&NA transcriptsencompassinghe IR and ORIin V22 was
undertakerthrough cDNA synthesis and PCBene specific primers for cDNA synthesis were
designedusingPrimer3(https://bioinfo.ut.ee/primerB.40/). Quality of oligonucleotidegsGC

content, meting temperature and secondary structure poteméed, evaluatedising the

Oligoanalyzef™ Tool (https://www.idtdna.com/oligoanalyderPrimer sequencessed for

cDNA synthesis, as wetb screerfor detection of the transcripts, distedin Table5. The
primers were designed to bind RNranscribed r om t he 3 ®fV@xThisediont h e
of the IR was chosen as this is where the majority of the IR nucleotide differences between
V30 and V22 lieThe primers wereesignedo target an RNA transcript of 145 bp in length

in the 36 I R of V22.
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Table 5 Primer names and sequences of primers used for cDNA synthesis for the detection of
a V22 IR transcript.

Primer sequence name Target nt-3@p| Sequencé¢ 536 )
V22IR_FP 269979 GTAATTTGTGGCAAAGTAATTGGAATTTC
V22IR_RP 79-2699 GCTTTAACGCCTCAATTTCATTGG

cDNA from 1 ng of extracted RNA was synthesised usindktleev e r t Ai dE Fi rst St
SynthesisKi{f Ther mo S#KleR)ft o ifli c¥i,ng t he maGendmEct ur er
DNA was first removed from the RNA samples through DNase | digestion whereby(1l pL

U) of enzyme, in addition to 1 pL 10X Reaction Buffer with Mg@hd 1 pg olRNA, made

up to a total volume of 10 pL with nuclease free water was incubated at 37 °C for 30 min.
Genomic DNA was removed to ensure that there was no DNA in the sample to act as a template

for RT-PCR.Enzyme deactivation was carried out with the additbd uL 50 mM EDTA

followed by a 10 min 65 °C incubation step. To one DNA digested RNA sample, 1 pL of the
genespecific primers (Tablb), 4 uL 5X Reaction Buffer, 1 yuL Riboblock, 2 pL 10 mM dNTP

mix, 1 uL Revertaid MMuLV RT (200 U/uL)were addedThe sanples were gently vortexed

briefly centrifuged and incubated at 42 °C for 60 min. The reaction was then terminated by
heating at 70 °C for 5 mimMegativeRevertaid controls as well @grobacteriuminoculated

(mock) samples were included. cDNA was stored &80 °C for subsequent POfeactions
ScreeningPCR was carriedout si ng DreamTagE (FGRr Ma@s tSeri eMit X
Massachusettd)S) as per the manufacturers protocol wafim of 58 °C for the V22IR
primers(Table5). RT-PCR products were run on a 2 % agarose gel KTAER buffer at 80 V

for 45 min in a MiniSub Cell GT Cell (BioRad) electrophoresis tank. The gels were
visualised on the Mol ecul ar d Hemues CEAUSe| DoceE

2.11 Data analysis and statistics

Standard deviations and averages vabrained from the data @& trials performedfor each
treatment. This data includelant height, disease severity scores and viral load. Statistical
analysis was done using IBM SPSS Statistics Version 28.0 to determine significant differences
between treatments with value set to 0.05Graphs were constructed dhicrosoft Excel

Version 2110Significance between treatmemtasdetermined using Studenttésts.

Plant heightvascalculated to give a value representative of the control plant height that the

inoculated plant achievedhe mockinoculated plants were treated with the pCambia2300
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empty vector imA. tumefaciensThis formula was obtained from Lapidei al.,2006.Heights
were calculated as percentages to givepthst height relative to the control as a percentage
(%) using the formula:
EAECEDI AOBDIADAGO
- —————— NN\\,,AﬁQ.]Bn
EAECEDAEET T AOPDIADIAG

CHAPTER 3 - RESULTS
3.1 The Intergenic Region (IR)

3.1.1Verification of IR swap infectious clone constructs

In order to verifythe IS wap cl one cowss$tr Wve2sph RY 22 Rol R

mutant clones were digested with Bgdind the expected banding patternsl®808 bp and
10172 bpwere obsered (FigurelO).

1 2 3 4 5 6 7

Figure 10V 2 2 gd IR, V-2 2 aph ® -Sr@repigBsted with Bgll at 2 sites yielding 2 linear prodoftts

1308 base pairs (bp) and 10172ibpengthas shown on a 1 % agarose gel stained with ethidium bromide. Lane

1) 1 Kb gene Ruler ( T h e rsrho Sucni dei ngt ei sftiecdys| digést@mthelmne3)) \W2222qupb!
V22gdrR undi gest eds,r ldangee s5t)e dv;2 uhdmesed abdjjae V Z 2 ¥ ®g2stpd. R

DNA samples were originally extracted from the respec
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3.1.2Height, symptom severity scores and viral load data of inoculated. benthamiana

A nucl eoti de al inmateotidendl tod39f V30 end ¥Z2 reveBled (the
multiple rucleotide differences between these sequences (FMgar€hapter L

Y30 IR CRAGAATETCECCTT CTTH TATCTGCTATTTTGTCTTT
"\."22_|R GARJ 'GTTTGTCT

Figure 4Al i gnment of V30 and V22 of the 386 end of the

Sequence Alignment editontfps://bioedit.software.informer.com/7)2/

Heights of theN. benthamiandor the IRswap infectious clone construct trials were measured

in mm at 4day intervals post inoculation. The heights wibien processed usitiige formula:

@p T (rapidot et al., 2006) to get the height relative to the mock

inoculated plantsData was derived from mean values from three trials with five plants per
trial. No significant trends between wildtype (WT) VE&fanheight relative to mock height
(%) and that of the IRwap mutant clone mean mock plant heights (%) were observed. The

only significant (p<0.05) height difference was seen at 32 dpi between WTaxu@2
V 2 2 g (Fgurell).
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Figure 11 Plant height relative to control (pCambia2300 empty vectéwgirobacterium tumefacienpgX) over

ti me

measured in days

post

inocul-ati Bp -§§&@@®) R

V 2 2 ¢dr. B) Height (mm) ofNicotianabenthamiandetween nofinoculated and moehoculated

of wi

(pCambia2300 vector iA. tumefacienstreatment®ver time. *$<0.05 (student fest).Bars indicate mean +

SD.

Two expanded leaves below the meristem of the plants were scored yielding symptom severity

scoresSymptom severity score data revealed thatmost significant differencég<0.05)for

ULR and SV severity scores when comparetMb V22 clones wagresentirt h e

Va2 @l R

(Figure12 A). The severity scores induced by this mutant were significantly lower than the
severity scores for V22, a trend also observed with the shorewdiR,V 2 2 g (Rigurel2

B and 13). ULR and SV are shown at 20 dpi in Figukr® and 14. The progression of the
symptoms from 12 dpi to 36 dpi induced by the respective infectious clone constructs was

visually observedSupplementary Figure8to Figure 1.10Progression of symptoms induced

by WT V30, V22 and the mock controlgere alsoobserved Supplementaryigure 1.5 to
Figure 1.9.
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Figure 12 Upward leaf roll severity score (ULR), left graphs, and Swollen vein severity score (SV), right graphs,

induced inNicotianabenthamiand o r

Bars indicate mean = SD.
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V22 V22AIR-s  V22AIR-s| V22AIR-sr

EX 3"

A Mild/moderate swollen veins Mild/moderate upward leaf roll
A Severe swollen veins A Severe upward leaf roll

Figure 13 Nicotianabenthamiana nocul ated with V22 -s({ py28tpl Re desty22 pd IR)
infectious clone construct at 20 days post inoculation (dpi). Symptoms present are upward leaf roA{tJLR)

swollenveins (SV) Severity of symptomare indicated ¥ the colour coded triangles as indicated by the key.

Mock V22AIR-s  V22AIR-sl  V22AIR-sr
A\ Mild to moderate swollen veins Mild to moderate upward leaf roll
A Severe swollen veins A Severe upward leaf roll

Figure 14 Nicotiana benthamianaleaves dissected from plants inoculated with pCambia2300 vector in
Agrobacteriumtumefacieng Mo ¢ k ) , V30 (positive contrsgl )V,2Ppd 2R ( posi
V 2 2 ¢gAr iRfectious clone construct. Leaves were viewed against the light. Symptoms present are upward leaf

roll (ULR), and svollenveins (SV)Severity of symptomare indicgéed by the colour coded triangles esplained

by the key.

DNA was extracted and gPCR performedhat V22 viral load peak time point (20 dpi), and
the time point where viral load recovery is observedd@®in N. benthamianaThese time
points were determined from V22 viral load infectivity curve (Zwolin8ki22. The controls

in these three trialwere V22 and mocknoculated (pCambia 2300 vectorAn tumefaciens
plants Vi r al | oad i nduc e-slinN. pentNahianavasnndt sighicamy R
different at both 20 and 28 dpi (Figuts).

54



500 4 v

V22AIR-s

4,50 -

4,00 4 ]

3,50 -

Log viral fold change

3,00

20 28
Time (dpi)

Figure 15 Log viral DNA fold change of wildtypdWT) To CSV _V22 ( V22-}inMicotthnaV 2 2 ipl R

benthamianaat 20 and 28days post inoculation (dpi). Significance shown with an asteBiaks indicate mean
+ SD.

It was proposed that the symptoms induced by thewRp mutant clones could be due to

transcription of a INRNA and possibterived siRNAsderived thereofis shown in another
monopartite begomovirus in a previous study (Yanhgl.,2019).In order to screen for an IR

transcript in V22, RNA was extracted from V22 inoculated plant material at 20 dpi, cDNA

synthesis and screenif®CR was carried out to reveal a V22 IR transcApt.IR transcript,
146 base pairs (bp) in I ength, coverivsg
of V22 which spans th@Rl in the IR (Figurel6).

A RNA 1 - IR transcript (cs) B RNA 1 - IR transcript (vs)
V22 (FP) Mock (FP) V22 (RP) Mock (RP)
M IDNA cDNA RT- ¢DNA RT- NTC M IDNA cDNA RT- cDNA RT- NTC

200 bp 200 bp
100 bp 100 bp

Figure 16 PCR products, 145 bp in length, from primers targeting the IR in V22 total DNA (tDNA), V22

complementary DNA (cDNA), revertaid control (RTmock inoculated cDNA, Mock RTand nortemplate

control (NTC).A) cDNA from the forwad primer (Fp), therefore the complementary sense (cs) transcript of IR.

B) cDNA from the reverse primer (Rp), hence the viral sense transcripMys)heDNA ladder.

3.1.3 siRNA from the IR that may targetN. benthamianaand tomato genomes

Il n order to determine i f t heendoftha@RuofThCIYe
V30 and V22, the siRNA predictor tool (www.plantgrn.noble.org) was .uBEke predicted
siRNAs and their alignments of these predicted siRNAs to the ToCSV V30zZhdanomes

(Supplementary Figure 1.1 to Figure 1.4) were subjected to BLAST via SOL Genomics and
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NCBI. No siRNA matches to the tomato addbenthamiangenomes were identified. When
the generated siRNAs were subjected to NCBI BLAST, no matches betwdengtieof 21

24 nt were identified.

3.2The V2 ORF

3.2.1 Bioinformatics comparisonof the V30 and V22 V2 proteins

The CLUSTAL multiple sequence alignmeott the V2 protein sequence of V30 and V22
showed severaadifferences as well abe C- terminal QKP residuegpresent in V22/2 but
absenin V30 (Figurel7). Based on the amino acid differences between the two variants, V22
V2 was mutated to reflect the nucleotide sequence of V30. iVa@a# regiongargeted dor

mutagenesis in this study are indicated by the arrows in Figure

* Fully conserved . weakly similar properties
: Strongly similar properties No symbol- No similarity

Figure 17 CLUSTAL multiple sequence alignment by MUSCLE (3.8)WT V30 and V22 V2 amino acid
sequences with the degree of similarity of the residues by means of structure and polarity indicated by symbols
below the sequences, describedby the key. The arrows indicate the amino acids that were targeted for

mutagenesig this study.

Amino acid conservation and disorder between V30 and V22 V2 proteins were investigated
through PSIPRED and DISOPRED plofse PSIPRED sequence map of predicted secondary
structure of V30 and V22 V2 proteins indicatest the QKP residues present i22/are
predicted to be disordered as wedlinvolved in protein bindingFigure18A). This indicates

that this region in the V2 ptein isdisordered anthay have theapacityto bind other proteins

or macromolecule$Simon, 2020) This V22 V2 protein is therefore considered partially
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disorderedLieutaud et al., 2016PISOPRED plots give a probability estimate of esedidue
within the submitted protein sequence of being disordevitld these disordered regions
predicted to bdynamically flexiblgWardet al.,2004) The threshold cubff for the prediction

of disorder was set at 0.5 and any amino acids exceedinthtéshold were predicted to be
disorderedDISOPRED plotof theV30 V2 and V22 V2 protein show that there is a predicted
disorder for theC- terminal QKP residuespresent in theV22 V2 protein sequence
(Figure 18 B). Thelast two amino acids at30 C-terminus NV, werealso predicted to be
disorderedas well as being able to bind proteins

A V30 V2

10 2 » 0 0
tuworLLNEFrDs VHEFARENOEVMKEOEEVERF v c » v TOEHEENREONEMNERE <«
st aAkoMMERSRREN  vrriarRLEcAeEMAELROPVHOQPCCCPHCPRHKGATI MDV 100

10 20 3 20 0

] ] » 0 0
mworpLLNEFPD sNHGERENERNNFMUEVTESR v e r v TODEHEENREENEFENE ©
51 ARDWIMERFE RR Yy NHFHARLEGAERAELRQP VHQPCCCPHCPRHKQATI MDV 12
w1 a A nvEKREREE v e~ v[a[k]r] 116

10 20 » 40 %0

Strang [ Hetix Coit
[[Joisorderea [[] pisordered, protein binding
B) . V30 V2 (- NV
V22 V2 QKP

Figure 18 (A) PSIPRED sequence map of predicted secondary structuwdddype (WT) V30 and V22 V2
proteins. Key indicates the predicted structures or function. (B) DISOPRED plot of predicted disorder of V30 and
V22 infectious clone construct V2 proteins. QKP+idades the 3 addition&-terminal residues of the V22 V2
protein that is absent in V30 VZhe circled residues indicate thet@minal residues with predicted disorder.

The IUPAGIUBMB one-letter abbreviations for the 20 standard amino acids were used.
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3.2.2 Bioinformatic analysis of V22 V2 single aa mutants

Some of the/22 V2 singleaamutantinfectious clone constructs this studywere found to
haveinadvertent changes tme ortwo of theoverlapping ORFs. These ORFs were V1 as well
as the putativeDRFs The putative ORFs mentioned in this stughhich have not been
confirmed in ToCSV, are C5, C6 and @QVsummary of these V22 V&ngle aa mutants and

their inadvertent mutations are sumimad in Tableb.

Table 6 V22 single mutant amino acidonesand amino acid positions with inadvertent

mutations indicated

Mutant clone name Amino acid mutation| Inadvertentamino acidmutationsto protein encoded b
in V22 V2 overlappingORF

V22 pVve V27S None

V22 @p2 T58S None

V22 prs*> T58S V1 (P5D and A6D)and putative CGA90S and G91T)

V22 pSLa AL Putative CE102RNKISN108)

V2 2 pRKk R58K Putative C&P102L)

V 2 A/@Del+ 114116 (deleted) Putative CXV45T) and putative CTC13Y)

+ indicates the presence of off targets. The mutant names in bold are the mutant clones whicinadventent
mutations.The cells highlighted in grey are the infectious clone constructs for waficial trials were carried
out. The norhighlighted cells are the clones which only preliminary trials were carriedlbettUPAGIUBMB
one letter abbreviations for the 20 standard amino acids were B3¢ISN represents the deletion of the

respectie aa.

Thechangesn structure and disordén theV2 protein in these V22 V2 single aa mutamnis
changes to the secondary structure or disorder to the V2 prot¢i@ & VRS, V 2-2 V2
TYS and WVI¥ S4pdafve to V22 were predicted (Figut). The only mutant which
showed a change in the secondary structure and disordé&f @/&¥/@bel+ with a shortened

helix in the Gterminus accompanied by a change of disordered protein binding residues in the
C-terminus of the V2 proteinvhen compared to the22 V2 protein structure and disorder

(Supplementary Figurd.4).
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V2 proteins predicted secondary structure

N-terminus C-terminus

vaz_v2 MWDPLLNE FPDS ViGERCHEAT R OIS S Ty £ PN T LD BN BT SWIR ~ R DYJIEEERR YN HFHAR LEG AR KEBLROPVEQPCCCPHC PRHRKQATIMDVOAHV SRAQDVONVORP
V22AV2-V~S  MWDPLLNEFPDS ViGNNGS ST v = P T LoD RO MHSyie - R D YJBBBRR ¢ NH FHARLEGA EREBLRQPVHQP CCC PHCPRHKQAT IMDVQAHVSKAQDVONV QK P
V224V2-T—-$§ MWDPLLNEFPDS VEGERCMENTRYEOVEES Ty £PN TLCHD BN RN SV DY ER[SIRR Y NE FHARLEGAEKBEL.RQPVHQP CCCPHCPREK QAT IMDVQRHVSEAQDVONVQKP

. Predicted helical secondary structure with confidence levels = 6 Predicted helical secondary structure with confidence levels £ 3
B) V2 proteins predicted disorder

N-terminus C-terminus
v2z v2 MWDPLLNEFPDSVHGFRCMLAIRYLOVIESTYEPNTLGHDLIRDLISVIRARDYVEATRRYNHFHARLEGAERAFLRQPVHQPCCCPHCPREEQATIMDVORA HVSKA.VQNV-

V22AV2-V—S MWDPLLNEFFDSVHGFRCMLATKYLQIESTYEPNT LGH DL IRDLI SVIRARDYVE ATRRY NH FHARLEGAEKAELROPVEQP CCC PHCFRER QAT IMDVOAHVS KA veNv ERE
V2IAVIT=S \yppLINEFPDSVEGFRCMLAIKYLOVIES TYEPNTLGHDLIRDL IS VIRARDYVENSIRRY NE FHARLEGRERAE LROPVHOE CCC PHCPREE QAT IMDVQRHYS KaBBvor BRE

. Disordered . Disordered protein binding

Figure19V2 protein sequences o4YF§2 2V 2PHA Bdcahdayy ptrectures V2 2 gV 2
indicatedby colour coding as indicated by the k&ye amino acid changes as a result of nucleotide mutagenesis
indicated by the boxes around the residues. B) Disdrakcated by a colour coded keyhe threshold for

prediction of residues to be disordered was 0.5. Disorder and secondary structural predictions obtained from
http://bioinf.cs.ucl.ac.uk/psipred/

Of the V2 singl-T Smhad aninadsertentvcBalgghée Dverlapping V1

ORF due to the nucleotide sequence chahgis occurred at aa 5 and 6 where aa proline and
alanine were mutated to valine and aspartic acid respectively (R2Qurdhe length and
confidence of the first five betstrands predicted ithe Nterminus of the V1 protein of

V 2 2 pWW2S+ changed compared to then-mutatedvl of V22 (Figure20). This change in

the structure of the strands in thetNer mi nus of the VI¥S+pwast ei n
accompanied by a change in disordered protein binding residues irt¢hmiNus (Figur0).

The confidence of the prediction related to how likely the secondary structure is to occur within
that protein is based on the submitted amino acid sequentt its similarity to other amino

acid sequences and their secondary structure in protein databases (MetGalff#000). Two
cellular nucleatocalisation signals (cNLs) in the-términus of the V1 protein in V22 are

found to bealtered resulting ionly one cNLS present in the-fdrminus of the V1 protein of

V 2 2 pWW2S+ (Figure2l).
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A) V1 protemns predicted secondary structures

N-terminus

vz MSEKRPADIIISTPASKVRRRLNFDSPEFTSRAVVPIVPGTNERRSWIYRPMYREFPRMYRMY RS PDVPRGCEGPCRIQS YEQRDDVEHT GIVRCISDITEGPGLTHRTGRREFVVESVYILGK
V22AW2-T—=5+ MSKR@'DII ISTPASEVRRRLNFDSPFTSRAVVEIVPGTNERRSWT YRPMYREPRMYRMYRSPDVPRGCEGPCRIQSYEQRDDVEHTGIVRCI SDITRGPGLTHRTGRRFVVESVYILGR

V22 VWMDENIRRONHTHNVME FLVRDRR PY GTS PMOSEM FiM FONEP STATV EHDLR DR FOV LRRFTAT VVGGP 5G LREQALVERF FRLNS HVT YNHOEAAKYENH TENALLLYMACTHASH
V22AVZ-T—5+ VAMDENIKKONHTNNVMEFLVRDRR PYGTS PMOSEN FiM FONEP STATV KNDLR DR FOV LRRFTAT VVGGP 5G LEEQALVERF FRLNS HVT YNHQEAAKYENH TENALLLYMACTHAS N

vaz PVYATLEIRVYFYDSVSN
V22AV2-T—5+ PVYATLEIRVYFYDSVSN

C - terminus
B Predicted helical secondary structure with confidence levels = 6 Predicted strand secondary structure with confidence levels = 6
Predicted helical secondary structure with confidence levels £ 3 Predicted strand secondary structure with confidence levels =3
B) V1 proteins predicted disorder
M-terminus
v22 S8R p o1 1ESE pAs kv RRR LN i pr T ERA v VB DR REES BMEE M YR KPRMY RMY RS POV PRGCEGP CKI QS YEQRDDV ST GIVRCISDITRG PGLTERTGRREVVESVYILGK

V22Av2-T-5+  MBREVDIDTT 1Efpn SKVRRRLNFHEE F TR~ v BRGNS 5 Wil YR PMY RK PRMYRMYR SPDVPRGCEGPCKIQSY EQRDDVKH TG IVRCI SDI TKGPGLTERTGRREVVKSVYILGK

V22 VWMDENIRKCNHTNNVMFFLVRORRPYGTS PMDFGQV FNMFDNEP STATVENDLRDRFOVILRRFTAT VVGGP SGLEEQR LVERF FRLNSHVT YNHQE AARYENHTENALLLYMACTERSN
V22AV2-T—S+ VHMDENIKKCNHTNNVMFFLVRDRRPYGTSPMDFGQVFNMFDNEP STATVENDLRDRFQVLRKFTAT VVGGP SGLEECQR LVERF FRLNSHVT ¥NEQEAAKYENH TENALLLYMACTERASN
v2z PVYATLEIRVYFYDSVSN
V22AV2-T—5+  PVYRTLRIRVYFYDSVSN
C - terminus
[ Disordered [ Disordered protein binding

Figure20V1 protein sequences o-TY S+2A2 Sefondary structuresindicatedday V 2 2 V-
colour coded keyThe amino acid changes as a result of nucleotide mutagenesis indicated by the boxes around

the residues. B) Disordered residurgdicated as described in the kéyhe threshold for prediction of residues to

be disordered was 0.5. Dislar and secondary structural predictions obtained from
http://bioinf.cs.ucl.ac.uk/psipred/

V1

A) /22 [ Predicted NLSs in query sequence

MSKRPADIIISTPASKVRRRLNFDSPFTSRAVVPIVPGTNRRRSWTYRPM 50

YRRPRMYRMYRS PDVPRGCEGPCRIQSYEQRDDVRKHTGIVRCISDITRGE 100
Sequence GLTHRTGRRFVVESVY I LORVWMDEN I RRONHTNNVMEF LVRDRRPYGTS 150
PMDFGQVFRMFDNEPS TATVRND LRDRFQVLRRPTATVVGGPSGLREQAL 200

MSKRPADIXIISTPASKVRRR VRRPFRLNSHVTYNEQEAAKYENHTENALLLYMACTEASNEVYATLRIRV 250
KVRRRLNFDSPFTSRAVVPIVPGTNKRRSWT | | yeypsven 258

Predicted NLSs in query sequence

V22AV2-T S+ MSRRVDDIIISTPASRVRRRLNFDSPFTSRAVVPIVPCTNRRRSWTYRPM 50

YRRPRMYRMYRS PDVPRGCEGPCRIQSYEQRDDVRHTGIVRCISDITRGP 100

GLTHRTORRFVVESVY I LORVWMDENIRRONHTHNNVMFFLVRDRRPYCGTS 150
’ S.qw. PMDFGQVFNMFDNEPSTATVRND LRDRFQVLRRFTATVVGGPSGLREQAL 200
VERFFRINSHVTYNHOEAARYENHTENALLLYMACTHASNPVYATLRIRV 250
KVRRRLNFDSPFTSRAVVPIVPGTNKRRSWT | || YEYDSVSN 258

Figure 21 Cellular nuclear localisation (cNLS) mapper resulttp://nlsmapper.iab.keio.ac.jp/cgi
bin/NLS_Mapper_form.cqif o r ( A) V22 aYhsk+ VL @Botein P2dctpdy NLSsequences are
highlighted in red.

The C6 protein has not been confirmed in ToCSV and therefore it is considered an unconfirmed
putative C6 proteinThe changes in the putative C6 protein/o? 2 qpV¥2S+ predicted due
to the aa substitutiomas the extension of the fourth strandoojy aresidue in the @erminus
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of the protein. Although thismallsecondary structurahange was observed, deange to the

disorder was predicted when compared tokReV22 putative C6 ORFFigure2?2).

A) Putative C6 proteins predicted secondary structure

N - terminus C - terminus
V22 MSLIHLTIPVCFISSRCSYDWILHGESOPR FVEGT LVNGLSKE SLLRTFEAGVEMIISAGRFDIIPGSNNRNEISH
V22AV2-T->5+ MSLIHELTIPVCFTSSRCSYDWILHGPSQPR EVEGTM LVNGLSEFSLLETFEAGVEMII SEF\FDIIPGSNNRNRISN

M Predicted helical seondary structure with confidence evels = 6 Predicted strand secondary structure with confidence levels > 6
Predicted helical secondary structure with confidence levels £5 = Predicted strand secondary structure with confidence levels £ 5

B
) Putative C6 proteins predicted disorder

N- terminus C- terminus

V22 BB BH LTI PVCFTSSRCSYDWT LHGESQPRGT SGLLY ILY TLGFR YMGLY VHDRR LEVEG TMGTT AR LVNGL SR FSLLR TFEAG VEM T T SAGRFOTT PG Sun F
V22AV2-T->S5+ EBLES LTI PVCFT SSRCSYDWI LHGPSQPRGT SGLLY ILY ILGFRYMGLY VHDRRLEVPGTMGTT AR LVNGLSKF SLLRTFEAGVEMI I SSTR FDI IPGS NNR Nmen

[ Disordered M Disordered protein binding

Figure 22 Put ati ve C6 protein sequencel¥ S+ A)fSecohdady sttusiirds dt y p e)
indicatedby a colour code as describedhekey. The amino acid changes as a result of nucleotide mutagenesis
indicated by the boxes around the residues. B) Deyed residuesre indicated by a colour code as described in

the key.The threshold for prediction of residues to be disordered was 0.5. Disorder and secondary structural
predictions obtained fromittp:/bioinf.cs.ucl.ac.uk/psipred/

The other mutanfs V 2 2S%V 2, V 2RY &Y andV 2 2/8Del+, for which only
preliminary trials were carried out, revealg@dictedchanges to the overlapping putative C5,

C6 and C7 ORFS/ 2 2 pSY2L+ revealed changes to the lengths of tvetastrands in the
C-terminus of the putative C6 prote(fsupplementary Figure 2.and 2.§. In addition,

V 2 2/8bel+ had an extended helix in the &rminus of the putative C7 protein where two
helices were joined into one by a single residue but the disorder of the residues in C7 remained
unchangedSupplementary Figure 2. V 2 2/8Del+ had a predicted change whdwo

helices were extended in thet€@minus of the putative C5 protein. Disorder remained

unchanged when compared to Y& V22 C5 putative proteifSupplementary Figur26).

3.2.3 Single V22V2 mutant amino acid cloneverification

To confirm the presence of mutations in the single aa V22 V2 mutant cloie®, oW 5T
V22 pWXR and W22 gere2dijested with their respective enzymes alhd
mutant clonesevealed the correct band patterrs (Figure 23 and Figure24). The bands
obtained for the Spel digested V22 infectious clone construct wet85Lhp and 8420 bp in
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l engt h. The bands obtained for the Spel di g
8830 bp in length.These mutant clones were sequen@ahgeret al., 1977)with the other
V2 mutant clones V2 282 V 2-ZYgB+2and were verified.

20 000 bp

5000 bp
3000 bp

2000 bp

500 bp

300 bp
200 bp

Figure 23 1 % agarose gel showing 1 kb Gene Ruler, Thermo SciéMtifiane 1), V22 plasmid digested with

Spel (Lane 2Yyevealing 2 bands df1 185 base pairs (bp) and420 bpin length 3 clonesYLef V22V
digested with Spel for 4 hours (lane$3 and 3 c | oYletsdigested fov 222hquysI&nessd

revealing bands of 248 bp, 2517 bp and 8830 bp in lefid expected bands are indicated with boxes.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

500 bp
400 bp
300 bp

200 bp

75 bp

Figure 241 % agarose gel of 1 Kb Gene Ruler Thermo Sciefifitane 1), Smal digested product of V22 (lane
2), Smal di gest ed Kpof@®aboes (lases@B], Sall digesied @ Wildtype (WT) V22 clone
(lane 9) Sall digested YpSr(langsu@l)s of 5 clones of V22@V?2
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3.2.4 Heights, symptom saing and viral load of N. benthamianainoculated with
V22pV2 mutants

V22 @VRS V22ZTHp82and VY Sepasdted in no significant changes in the
plant height relative to the contr@ock-inoculated plantsj%) in N. benthamianavhen
compared toN. benthamiananoculated withWT V22 (Figure 25). The mock inoculum

consisted of the empty pCambia2300 vectdk.itumefaciens

Z
=

180 - V22 180 - V22
V22AV2-V-S V22AV2-T— S+
160 + 160 A

140 ~ 140 ~

120 4 120 4
100 - 100 -
80 80 -
60 - 60 |

40 | 40

Plant height relative to control (%)
Plant height relative to control (%)

r T T v . - : : \ 20 v T T T T r T r y
0 4 8 12 16 20 24 28 32 36 0 4 8 12 16 20 24 28 32 36
Days post inoculation (dpi) Days post inoculation (dpi)

20

O

180 4 V22

V22AV2-T-8
160 -
140 A
120 A
100 -
80 -
60 A

40 |

Plant height relative to control (%)

20

0 4 8 12 16 20 24 28 32 36
Days post inoculation (dpi)

Figure 25 Plant height relative to contr@imock) (%) over time measured in days post inoculation (dpi), of
wildtype WT) V22, A) -W22@p\B2) N2QwpVvand C)ITVY S Zénhomas Nicotiana

benthamiananoculated with mock inoculum (empty pCambia2300 vectégabacteriumtumefaciens

With regards to theymptom severity scosebtained,V 2 2 eVY2S inducedsignificantly
greater (p<0.05) ULR and SV at 28 dpi onwards compared to V22 (FigArariFigure Z).
Symptom recovery in ULR asgreatly reduced (p<0.05) compared to V¥22 2 pV ¥S
initially inducedlower severity score®r SV and ULR inN. benthamianat 16 to 24 dpi
followed by the significantincrease ofSV and ULR severity scores at 2Bi &nd onwards

when compared to V22. This revetiiata delay in the onset of the symptowasinduced by
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V 2 2 eW2S(Figure26 B and Figure?8). V 2 2 qpV¥2S+ inoculated plants resulted in the
complete lack oftJLR, and significantly decreased SV compared to the {Fagure26 C and
Figure29). Figure 29 shows this decrease in ULR compared to WT V22 at 20~dpire 30

shows these symptom differences in the single leaf dissections of each respective
abovementioned treatmerrogression of symptoms induced ¥y2 2 pVY2S,V 2 2 pV 2

T YSandV 2 2 pV¥2S+ at 12 dpi to 32 dpi can be seen in Supplementary Figure 2.1, 2.2
and 2.3.
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Figure 26 Upward leaf roll severity score (ULR) (left) and swollen vein severity score ((8)1t) induced in
Nicotianabenthamiand or A) -W¥2S2 p\B2) -TW2XS2 cqa\hd CITY S42B2rguildicate mean +
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SD. Significance level: * § < 0.05.The IUPAGIUMBMB one-letter abbreviations for the 20 standard amino

acids were used.

V22AV2-V—S
Key:

A Mild to moderate swollen
veins

A Severe swollen veins
Mild to moderate upward
leaf roll

A Severe upward leaf roll

28 dpi

Figure 27 Nicotianabenthamianga nocul at ed wi th V22 ( pwsSiinfectiousclooeont r ol )
constructs at 28 days post inoculation (dgymptoms present are upward leaf roll (ULR) and swollen veins

(SV). Severity of symptoms indicated by colour coded triangles as desdarildeel key.Time point28 dpi is

depicted to show the delay in ULR recovery compared to V22,

V22 V22AV2-T-S
Key:

A Mild to moderate swollen
veins

A Severe swollen veins
Mild to moderate upward
leaf roll

A Severe upward leaf roll

20 dpi

Figure 28 Nicotianabenthamiana nocul at ed wi th V22 ( pT¥Siinfectiouscloneont r ol )

constructs at 20 days post inoculation (dgymptoms present are upward leaf roll (ULR) and swollen veins
(SV). Severity of symptomareindicated by colour coded triangles as ddxamtiin the keyTime point 20 dpi

shows clear reduction in symptom severity compared to V22,
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V22AV2-T—S5+ Key:

A Mild to moderate swollen
veins
‘ Severe swollen veins
Mild to moderate upward
leaf roll
A Severe upward leaf roll
20 dpi

Figure 29 Nicotianabenthamiand nocul at ed wi th V22 ( pTy¥ S+ infdctioesclenent r ol )

constructs at 20 days post inoculation (dpi). The expanded leaves below the meristem have been shown through

the lightin the circleSymptoms present are upward leaf roll (ULR) andlen veins (SV). Severity of symptoms

indicated by colour coded triangles as described intheTkbye mi | d sunken veins -observe
TY S+ inoculatedN. benthamianaan be seen in the close of the expanded leaf with the arrow indidatingld

sunken vein.

V22AV2-V-S V22AV2-T-S V22AV2-T-S+

AL

A\ Mild to moderate swollen veins Mild to moderate upward leaf roll

A Severe swollen veins A Severe upward leaf roll

Figure 30 Nicotiana benthamianaleaves dissected from plants inoculated with pCambia2300 vector in
Agrobacteriumtumefacienf Mo ¢ k ) , V30 (positive cont rrwils),, V2apV@2posi
TYS and VI¥Y 34piettious clone constructs. Leaves were viewed against theSighptoms present

are upward leaf roll (ULR) and swollen veins (SV). Severity of symptomsateti by colour coded triangles as

described in the key.

Log viral fold change o¥/ 2 2 gpVY2Swas found to be significantly higher than that of V22
at 36 dpi(Figure31). Log viral fold change at 20 dpfV 2 2 qpVY2Sand thatoV 2 2 pV 2
TY Sat 20 and 36 dpi revealed no significant changesncompared to V22.
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Figure 31 Log viral fold change of wildtypgWT) V 2 2

and

ANVY S/22mp¥ 2 B)-TY\B2r2 oV 2

Nicotianabenthamianat 26 and 36days post inoculation (dpiBars indicate mean * SD. Significance level: *

=p < 0.05(student Ttest).

ForV 2 2v@bel+, V2 2 ¢V L+ and V 2 2 pRY2K+, incidence score§Supplementary

Figure 2.8)were reported for the preliminary trial as full trials for these mutant clones were not

carried outdue to a lack osignificant phenotypic changes in the preliminary trialfhese

cloneshad too manynadvertentmutations to warrant full trials. Amondpése V2 mutant

clones,V 2 2/8Del+ resulted in a clear decrease in ULRNinbenthamianat 20, 28 and 36

dpi (Supplementary Figure 9.

3.3 Mixed infectionswithwi | dt ype

constructs

vV30/

V22

andclome | dt ype

Inoculationof N. benthamianavith the V30rV22 mixed infectionand the V38V 3 0 gd R
yielded no significant changes to tHamt height relative to the control (%hen compared to
V30 or V22 individually infected plantgFigure 32 B) The controheightwasthe height oiN.

benthamiananoculated withA. tumefaciensontaining the empty pCambia2300 vecibne

log viral fold change o¥/30+V22 inoculatedplants was found to be significantly lower than
V30 but higher tharthat of V22 resulting in an intermedig viral load (Figure 32 A). This

intermediaryvirus titreobserved with this mixed infection is alsgflected bythe ULR and SV

severity scores.

The SV andULR severity scores of the V3%22 inoculated plants resulted imtermediate

scores between the scores\M80 and V22 inoculated plants whereby SV and UlBs
decreased in V30/22 compared tehe WT V30 ard V22 infections(Figure32 C and Figure
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32 D). V30+V22 induced downwardupping and bulging in the expanding leaves of the plant
at 20 dpi which was not apparent in plants inoculated with either V30 o(Ri@2re34). The
V30+V 3 0 gd nfitxed infection resulted in ULR milder than that of V22. Furthermore, SV
induced were moreesere tharthe SV induced by30 or V22 (Figure33). ULR differences

are clearlyseenin N. benthamiandeaf imagesat 20 dpi (Figure35). Viral load was not
deter mi ned f orsinfentien. V30+ V30 pl R

A) B) e
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Figure 32 A) Log viral load fold change of V30, V22 and the W32 (1:1 inoculum)mixed infection at 20 and
36 dpi inNicotianabenthamianaBars indicate mean + SD. Significance level: fy = 0.05(student Ftest). B)
Plant heigh relative to contr@hock:empty pCambia2300 vector Agrobacteriumtumefacienys(%) C) Swollen
vein severity score (SV) observed in the leave.dfenthamiananoculated with V30, V22 and V3(/22. D)
Upward leaf roll severity score (ULR) induced in the leavebl.obenthamiananoculated with V30, V22 and
V30+V22. Bars indicate mean £ SD. Significance level: =< 0.05 *=P<0.005 (student ¥est).* Shows
significant difference 0¥/30+V22 toV30 or V22 as indicated above V30 or V22.
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Figure 33 A) Swollen vein severity score (SV) observed in the leavédiaaitianabenthamiananoculated with
V30, V22 and V38V 3 0 gd (IRl inoculum) B) Upward leaf roll severity score (ULR) induced in the leaves of
N. benthamianainoculated with V30, V22 and V3% 3 0 ¢d. R) Height relative to mock(%) for N.
benthamiananoculated with V30, V22 and V3(/ 3 0 gd. Bars indicate mean + SD. Significaniesel: * =p

< 0.05 *p<0.005 * Showssignificant difference o¥/30+V 3 0 gdtdRv30 or V22 as indicated above V30 or
V22.

V30 i V22 V30+V22 V30+V30AIR-s
Key:
A Mild to moderate swollen veins A Severe swollen veins Mild to moderate upward |eaf roll A Severe upward leaf roll

Figure 34 Nicotiana benthamiananoculated with V30, V22 (positive controls) and \3@2 (1:1 inoculum)
and V30 +3(Bldngdul®nnixed infectious clone constructs at 20 days post inoculation (dpi). Symptoms
present are upward leaf roll (ULRNd swollen veins (SV). Severity ofraptoms indicated by colour coded

triangles as described by the key.
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Mock V30+V22  V30+V30AIR-s

Y1)

A\ Mild to moderate swollen veins Mild to moderate upward leaf roll

A Severe swollen veins A Severe upward leaf roll

Figure 35 Nicotiana benthamianaleaves dissected from plants inoculated with pCambia2300 vectar in
tumefaciengMock), V30 (positive control), V22 (positive control), and a mixed infection of V30 + V22
(V30+V2 2) and V3sqQv3e+V 3/ @ dgdipRfeRtious clone constructs. Leavegeveiewed against the

light. Symptoms present are upward leaf roll (ULR) and swollen veins (SV). Severity of symptoms indicated by

colour coded triangles as described by the key.

3.4 Investigation of the putative C5 ORF
3.4.1 Bioinformatics analysis of the putative C5 protein

A comparisorof the predicted secondary structure (sshhef C5 protein of Africartassava
mosaicvirus (ACMV) and theN-terminally extendegutative C5protein ofV22qp C5'%was

done to see if there were similarities between the structure of begomovirus C5 ap@ %22

198 v2opCH*®and ACMV Dbot h hadheslevceens psinaetkl Wed erd
differences in disorder were predicted forgh€5 proteins in the Nerminus and Gterminus

of the protein (Figur&6).
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A) Predicted secondary structure of the C5 protein of ACMV and C5AC5-122

N -terminus

ol o2 pl B2
ACMV_C5 MSTC Q [—IVMIQPVKPFHQRLLLHA.WTTN'NSGMKFPQHLKPIPQIVLNCC
C5AC51-183 C5 MGT! Q YMAIQPEETLHKSLLLETRRTTNNGGCKLAQHLE SITKIVLHRG
B3 o3 od B4 ab
ACMV_C5 STGLII KHVKYEL GRIAIRPSIPKQVENHIISVILLLNSFIQPDLTENVNGLDTKPLSDPVCQPRPT
C5AC517193 C5 CTGLVIKHVEH HWACSIGPSISDKERENIVSVVLLLDVLIHPYLTEYIDRLHHEPFTRAMGOTRTL
oe 'y

ACMV_C5 RHITNHLTDTE KELDLTWAFTAP SIHPVHRGLSVHGPVHPGPFSICDVDSGGSSTVP
C5AC51‘193_C5 CNVTDTPNYTG FIRLDLTWAFTTS SVHSVHPGLSIHGPVRP-————————-—————————
ACMV C5 VWAVEVQSSTNLGSWSGNDDI SWSLRHNYEP
CBACHIT1¥3 C5 e e

C-terminus

o = helix p= strand

B Predicted helical seondary structure with confidence evels =6~ Predicted strand secondary structure with confidence levels = 6
Predicted helical secondary structure with confidence levels €5 = Predicted strand secondary structure with confidence levels < 5

B) Predicted disorder of the C5 protein of ACMV and CSACS!1%

N -terminus

ACMV_C5 HV ILPCLLMIVCHVMIQPVKPFHQRLLLHAIWTTNNSGMKE PQHLKPIPQIVLNCC
C5AC51-183 C5 LVLGCFLMVIGYMAIQPEETLHKSLLLKTRRTTNNGGCKLAQHLE SITKIVLHRG
ACMV_C5 STGLIIKHVKYLPEVLGRIAIRPSIPKQVKNHIISVILLLNSFIQPDLTKNVNGLDTKPLSDEVCQPRPT
C5AC51-183_C5 CTGLVIKHVKHLPKVHWACSIGPSISDKEKHANIVSVVLLLDVLIHPYLTEYIDRLHHEPF TRAMGQTRTL
ACMV_C5 RHITNHLTDTKVLHIIPLLKRLDLTWAFTAPRYVWASIHPVHRGLSVHGPVHPGPFSICDVDSGGSSTVP
C5AC51-183_C5 CNVIDTPNYTGVLHIIALFIRLDLTWAFTTSRDIRASVHSVHPGLS IHGPVRP—————————————————
ACMV C5 VWAVEVQSSTNLGSWS GNDDI SWSLR [l
C5AC51-183 C5 ———mm——mm e

C-terminus

M Disordered B Disordered protein binding

Figure 36 C5 protein sequences of African cassava mosaic {lR@MV, Accession number JO20pAnd

V 2 2 g3®3A) Secondary structurgrediction with confidence levels indicated using a colour R®nsensus

Uh el i ¢ estrandgsmumbdred) Predicted C5 protein regions of disorder with disordered residues having
protein binding potential highlighted in green. The threshold valu@igordered residues was 0.5. Disorder and

secondary structural predictions obtained using PSIPRED web setiyef/lfioinf.cs.ucl.ac.uk/psipred/

3.4.2Infectivity trials of V22 C5 ORF mutants inN. benthamiana

A preliminary trial ofthe V22 C5 deletion mutanf22XC5, resulted in no phenotypic or height

changes compared to V22, therefore no further trials were carried out using this infectious
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clone constructV 2 2 gpCH%showed a significant decrea§e<0.05) in N. benthamiana
height betwee#d dpi to 8 dpi when compared to V22 plant heidhtgure37).

A CLUSTAL multiple sequence alignmeritt{ps://www.ebi.ac.uk/Tools/msa/clustglof the
e nc oded®nmutantant e

two putative C5 protein sequenc€§aa***p r ot ei n

the C5 protein of ACMV(Supplementary Figure 3.1 A and Bjvealeda high sequence

conservation between the two nucleotide sequences.

Figure 37 Plant height relative to the control (mock) (%) over time (fipi)Nicotiana benthamiananoculated
with V22 andV 2 2 opCG53aPtant height relative to control calculated using the formuléigd100) where H

is the height of inoculated plantsplis the height omock plants. Formula obtained from Lapidot et al., 2006.
Bars indicate mean £ SD. Significance level: pp = 0.05(Student Ftest)

TheULR and SV scores reportdéor V 2 2 o CH3andially induced milder SV and ULR in
N. benthamian@ompared to V22 (Figurg8 and Figure39). The milder symptoms initially

Plant height relative to control (%)
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V22

inducedwere seemt 20 dpiwhereas more severe symptoms were induced at 32 dpi compared

to V22 (Figure39 and40). The peak severity for both V22 ami2 2 gp G H3ware similar

but the time point of the peak varied. The ULR and SV symptom severity peak for V22 was 20

dpi to 24 dpi whereas these severity peaks are at time points 28 dpi to 32\d@ rpC'5 a a
193 This shows a delay in the symptomandcompared td/22 (Supplementary Figurk.6 and

3.4).

72


https://www.ebi.ac.uk/Tools/msa/clustalo/

3007 —e-v22 —e—V22AC5221 1 ] —e—V22 —e—V22AC5aa"™1% *
*

* %

2,50 * % *

._.
n
S
L

swollen vein severity score (SV)

upward leaf roll severity score (ULR)

T T T )
12 16 20 24 28 32 36 12 16 20 3z 3%
Days post inoculation (dpi) Days post |n0cu|atlcn (dpl)

Figure 38 Upward leaf roll severity (ULR) and swollen vein severity (SV) scores over time (dpi) for
Nicotianabenthamiana nocul at ed W% Bamsindicat? opan8aSH. Significance level:pj< 0.05
**=P<0.005 (Student Fest).

V22AC5aal-1%3

Mild to moderate upward leaf roll
A Severe upward leaf roll
20 dpi
A Severe swollen veins
A Mild to moderate swollen veins
h ’ *

Figure 39 Nicotiana benthamiananoculated with V22 (positive control) and2 2 o CG5%nfectious clone

constructs at 20and 32days post inoculation (dpipymptoms present are upward leaf roll (ULR) and swollen
veins (SV). Severity of symptoms indicated by colour coded triangles as described by thbekége points

were choseto showthe delayed onset of ULR and SV at 20 dpi induced by the V22 C5 infectious clones and the
increased severity of ULR and @\ 32 dpiinduced by the V22 C5 mutants when compared to V22.

73



Mock V22 V22AC5aal-193

A\ Mild to moderate swollen veins Mild to moderate upward leaf roll

A Severe swollen veins A Severe upward leaf roll

Figure 40 Nicotiana benthamianaleaves dissected from plants inoculated with pCambia2300 vector in
AgrobacteriumtumefaciengMock), V30 (positive control), V22 (positive contra)n d  V 2 28le&vasaat

20 days post inoculation (dpi) were viewed against the ligjrptoms present are upward leaf roll (ULR) and
swollen veins (SV). Severity of symptoms indicated by colour coded triangles as described by the key

CHAPTER 4 - DISCUSSION

4.1 The intergenic region (IR)

In this studyaregioni n t h e 3 dvaslidétifiedf tqpldy 2\4tal role in the symptom
phenotype induced by V22 M. benthamianaThis is evidenced by the significaméclinein
upward leaf roll ULR), andswollenveins EV) induced byv 2 2 gdafh d V ZS2wpdn R
comparedto wildtype (WT) V22. The resultsobtainedfort h e V-3 higdtidRis clone
construct thereforedto the conclusion that nt 61137 inthe IR of\VV22 iscritical in symptom
phenotype developmentspecifically ULR and SV developmerin N. benthamiana
Fur t her mo rsragvealed2itiatp10B to 137in the V22 IRalsoinduced significant
symptom changesuch as a decreaseULR and SV scoresSupporting thdindingsobtained
in this study are the resultdbtained from trials carried out usitige reverse infectious clone
constructs(Zwolinski, 2022. These reverse infectious clone construsts3 0 g dRd
V 3 0 gHr, Rere constructed usiny/30 as thebackbonecontaining therespective V22 IR
segmers V3 0 gd Rand -srihduged BLR inN. benthamianavhich is not observed
in V30 (Zwolinkski, unpublished)These resultsn addition to the results of ithstudy, reveal
thatthat thelR, specifically nt 108 to 137 within the IR, play a crucial role in the symptom
phenotypes induced by both V30 and \i22he experimeatl host plantN. benthamiana
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The IRhas not onlypeen knowro be of significancelue toit containing theRep binding site
and the ORI, butmore recent studies (Yang et al., 2019) have shownnitadulate disease
symptoms Essential geneticegions such as repeated sequence elementsoasdrved late
elements CLE) are present in the IRhich have previouglbeen found to be associatedh
disease symptomevelopmenin geminviruses(Yanget al.,2019) A study by Velteret al,
(2005)found repeated sequence elements within the IR of geminiviruses to have transcriptional
enhancing activity which would mée these sequenceeegulatory sequence elements.
Furthermore CLEs were identified within these repeats. The CLE, originally identified by
comparative genome analysis of geminiviruses in 1994 (Argiédeitorgaet al.,1994), is a
consensus sequence found to enhance transcriplimthermore, these sequenbese been
found to be located close tioe TATA box in geminviruses hence denoting the importance of
the CLE in transcription initiatioiCazzonelliet al.,2005). This study supports previous IR
study results, showing that the IR plays a crucial role in gemininiedtion. Thisemphasizes
the importanceof further investigatinghe IR of ToCSV and itseffect onviral load and

symptom phenotype

To explain theohenotypic changes induced by th#geswapinfectious clonethe mechanisms

at play need to bexplored. Mechanismsuch asRNA silencingand the inhibition of RNA
silencing by viral encoded RNA silencing suppressor protemsd influence activity and
symptom developmen{Wang et al., 2012)Regulation or interference of host gene
transcription by IR-derived RNAs could influence symptom severity and phenotype.
Geminiviralviral smaltinterfering RNAs (vsRNAS), derived from a-26segment within the

IR of Tomato yellow leaf curl viruTYLCV) were identifiedn infected tomatgYang et al.,
2019) These vsRNAs were shown to targeid silence a long noncoding RNACRNA)
found in the susceptible cultivar of tomatdich was demonstrated to be linked to fiant

heightstuning and leaf curl phenotyp@’ang et al., 2019).

Taking previous studies which link the IR to pathogenicity of begomoviruses into adbeunt,
V22 was then probed ftbesigndicar® @henotiRic thangesinguted r e
by theswappingof the IR between V30 and V245 seenn this studycould be linked to the
presence of an RNA transcriptnARNA transcriptwas foundto be presentin both the
complementary and viral sense which extends over the origin of replication (ORI) in.the IR
This shows that a continuous RNA transcript is madesadtos regionAs the IR in this study

was proven to be bidirectionally transcribed, this suggests that the transcribed IR may form

double stranded RNA dsRNA) and hence act as a templathich is processed by pest
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transcriptional gene silencin@TGS) to generate vsRNABouble strandedRNA (dsRNA)
serves as a strongducer forPTGS which involves guided degradation of viral aetular
RNA. Since ToCSV is a DNA virus, it triggers RNA silencing lgrious mechanisms
including overlapping RNAseatived from transcription of overlapping ORFs which are then
filled by RNA-dependent RNA polymeras€DR6). The 24 nt vsRNAs can also trigger TGS
in the nucleus where geminivirus DNFeplication takes place, and target host mRNA
(Vaucheret, 2006)To counter the antivirdRNA mechanism induced by the plamsRNA
generatedrom the IR of TOCSV may targetexpression ofN. benthamianaenes, thereby
altering regulation of these genes, leading to physiological disturbances andrsgmphis
was indeed observed with TYLCVY&ng et al, 2019) where the study showed that
bidirectional transcription of the IR of TYLCV contributed to the symptoms induced in tomato
An IR transcriptwas also detected in the sev@@®CSV-V30 variant(Zwolinski, 2022).

The siRNAs from the IR of V30 and V22 welenpredictedusing the siRNA predictor tool
(www.plantgrn.noble.org( Supplementary Figure 1il 1.4) but as these siRNAs kano

matches to the experimentdl benthamianaand hostS. lycopersicunplant genomes, no
conclusions for the siRNAgenerated for thisegion could be made terms of SIRNA
interference linked tdisease symptomsiRNA predictors are not suitable for this purpose of
identifying siRNAs targeting host genomes for phenotype regulation because the predictors
filter out sSIRNAs that match host targets with high percentafgbout RNA deep sequencing
data, we cannot confidently identify potential host gene targetsRIXA-mediated silencing
using the IR sequences alobele tothese shortcoming&®NA regulation by the IR in ToCSV

can be speculated bo&annot be concludedithiout further studiesThis study compliments
other studies which have identified RNA transcripts in geminiviruses and further investigation
for the production of siRNA or vsRNA to elucidate the possible function of this transcript in
virus-induced silenimg or in host gene regulation is highly encouraged (Poogin et al., 2013
and Yang et al., 2019Dne way of further investigating the role of the IR in RNA regulation
may be through RNA sequencing as this cadéohtify vSRNAS targeting host RNA silencing

associated with basal immunity.

The pathogenicitp f  V 2-2mg tHen further explored amatal DNA load at 20 and 28 dpi
was determinetb haveno significant difference compared to VZ&jain, this points more to
a pathogenicity role for IR in RNAssociated processes or mechanidrhe.results obtained
in this study revealda relationship betweehe IR in ToCSV and the ULR and Symptom
phenotyps inducedin N. benthamiaa, but the IR region cannot be linketb TOCSV DNA
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replication or height changes related to metabolic disturbdroaghe results obtained in this
study. Further researchhould be carried out ithe natural tomato host and compared to the

results obtained fahe experimental host plant used in this study.

4.2 The V2 ORF

The V2 proteinof begomoviruses has been of intenesimultiple studiesasthis proteinhas
been linked to viral movement, gene silencing suppression, symptom phenotype mandtio
the hypersensitive respon@4R) (Sharma and Ikeganf010;Zhanget al.,2012and Padidam

et al.,1996) The V2proteinhas also been labelled a pathogenicity deteantias it has been
found to induce symptoms plants wherexpresseth a PVX vector (Amiret al.,2011).With

so many studies emphasizing the importance of the V2 with regards to the symptoms induced
in thar respectivehost plants, investigatingthe aa sequencelifferences, between thé2
proteinof V30 and V22 to identify regionesponsibldor the different phenotypes induced by
these variantproved to benteresting In this study, he V22 variant washoserfor the V2 aa
substitution mutantas V22 induces prominent ULR kb benthamianavith aclear recovery
evident at 32 dpi onwards. Thesbvioussymptom phenotypes allowed for any changes to
ULR or recoveryin later stageso be clearly observed whereas V30 induces only mild ULR,
and recoverys not as noticeabl®y substituting single aa M22 with that of V30 in th&/22

V2 substitution mutants, the effect of single matations tothe V2 protein of V22was
investigated in terms of its influence on symptom severity and recalesgrved inN.

benthamiana

Amongst the single V2aa substitution mutant clones constructed V2 28 2and

V 2 2 e ¥2S had ndnadvertentmutations affectingverlappingORFswhereasv 2 2 gV 2

TY S+ had an inadvertent mutation to the overlapping V1 OR#o aa changeo the V1

proteinof V 2 2 gpVY2S+ were incurrega prolineto aspartic acichangeat aa 5 (P5Dand

analanineto aspartic acidhangeat aa 6 A6D). V 2 2 pVY2S showedntriguingresults with

an increase in ULRand SV severitynoticedat 28 dpionwards The exacerbategymptom
severitywasaccompanied by a significant increase in viral laa@6 dpiwhencompared to

V22. In addition,the recovery of ULR at 32 and 36 dpi was greatly imp&nethese mutant

infected plants when compared to V2®eiction It is proposed thatis increased symptom

severity and viral load with reduced capabilities of recoiemy d uced bVYYSV22pV?2

demonstrates that substituting valimeV22 to serineas foundin V30 at aa 2#evealsan
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associatiorof valine in the V2 of V22 with ULRseverity andecovery inN. benthamiana
However the effect of this mutatioremains to be shown the natural hostomato.V 2 2 gV 2
VY S further suggestsnaassociatiorbetween thev22 V2 protein and symptomemission
observed iN. benthamianaA link between thénteractionof the V2 proteinwith host RNA
dependent RNA polymerasedsymptomremissionin tomatohas beemreviouslyshownin
Tomato leaf curl Gujarat virl§oLCGV) (Basu et al., 2018)

The results obtained frorhis studyfurther revealedhatby substituting threonine in V22 with

that of serine as found in V3@ aa 58n V 2 2 VY2S, induced alteredymptom severity.

V 2 2 gpV¥2S induced milder symptoms initiallyfollowed by more severe symptoms at 28

dpi onwardsvhencomparedtoV22Un | i ke t he vi rWIS,| va2&Wys/f2 V2 2c
infection displayecho changes to viral loackvealing thatiral load is not associatedvith

symptom development or severity in this case.

The substituted serine, a polar tree mutation introduced iboth mutant cloneis located in

the predicted helicein the V22 V2 proteinAlpha-helices are the most commeacondary
structuregss)to occur in proteins anithey play a role in determinirthe function and global
structure of the proteirfHaimov and Srebnik, 2016)n V 2 2 eV2S, valing a norpolar

aa with a hydrophobic chaimassubstitutedvith serine,a nonbulky polar aaTherefore, the
change from valine to serine at aa 27 may have influenced the ss of their domains which would
influence protein folding and its function ultimatebsulting in the phenotypic and viral load
changesseen This aachangemay havechange the protein binding properties or binding
partners othe V2 proteintherebyalteringthe symptoms induced by V22. previous stug
identified aserine atposition 71 inthe V2 protein of geminiviruse® beinvolved in the
pathogenicity of the viru§Zhaoet al.,2018) thereby placing importance on single residues in

the interaction of viralproteirs in host plantsThe phenotypic changes observedNn
benthmaianan this study cannot be attributed to any disorder chamy#ise mutatedV?2

protein compared to V22 as no changes were predicted by PSIPRED protein prediction server
Differences in symptoms and viral replicatiobserved between the mutaatd WT \2
proteinsmaythereforebe due to the polar nature of the introduaad

The same T to S substitution as Wh2 2 pW¥2S is displayed inV 2 2 gpV¥2S+ but
V 2 2 eW2S+had an unintentiongihadvertent change to the overlapping V1 ORF resulting
intwo aachangesinthéel pr ot ei AT YoS+ ,V 2PR25qD/ 2808 dnd 81D were

also inadvertently introduced into the overlapppgative C6 in V22 These inadvertent
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mutations were a result tdie codon changatroduced during mutagenesis which resulted in
different aa encoded for by the overlapping ORFfsuring that the codon change introduced
results in the same aa to be encoded for by any overlapping ORFs is impstta@atvoid
inadverteit aa changes in future studies. Although these inadvertent changes were
unintentioMmM¥ B+ VYRemp¥ed versyandithistmetaneauldibeng r es
compared to the r esulltSV2ehhpTWeS+suwpdsingly resaitedV 2 2 pV -
in a drastic eduction in symptoms induced as only mild SV were obseavedULR was
abolishedn N. benthamianaThis differs to the increased severity induced\by. 2 pVY2S

which suggeststhat the attenuationof symptomsobserved inV 2 2 gpV¥2S+ infected

N. benthamianas a result of the aa changes to the V1 of \A®#fough the putative C6 was
changed, this ORF has not been confirmed tedsecondary analysief C6 of V22 and

V 2 2 pWW2S+revealed thathe disorder ofhe putative Céof V 2 2 qpV¥2S+did not vary

from that of V22.Therefore, these attenuated symptanas/ be explained bthe aachangs

to the V1 proteirand not to the aa changes in the putativeACéhange to the disorder of the
N-terminal residues of the V1 proteii V 2 2 qpV¥2S+ relative to V22was predictedThe
change irtheV1 proteinstructure and disord@nay havealteredthe protein bindingfunction

and hencé¢heinteractionof V1 with other proteinsAltering the protein binding abilities of V1
could have led to lower infection abilipossibly resulting in very mild symptonas the V1

has previously been found to play a vital role in viral DNA transport to the nucleus allowing
for redication and infection to take pla€kiu et al., 1997)The V1 is also involved in cetb-

cell virus movement in monopartite geminiviruses which contributesystemic infection
(Unseldet al.,2001)andhaspreviously been found to playcaucial parin viral DNA nuclear
transport allowing for infection toccur(Liu et al., 1997)Further investigation o¥ 2 2 gV 2

TY S+viral load would have to bearried outo determine changes in infectivity.

Previous stdies havdoundthat byalteringthe coat protein ofaizestreakvirus (MSV)and

TYLCV a loss of infectivityresuled in the absenceof or declined symptom phenotypeas
observedLiu et al., 1997 and Watrtig et al., 199Which issimilar to what wa®bservd in

this studywith ToCSV. Upon further investigation, t was f ound-T¥S+aul i n V2
was missing a nuclear localization signal (NLS) when compar&®@2oVv1. This reinforces

the hypothesis that theductionin symptoms observe correlated tdahe P5D and A6D

mutationsin V1 which could have led to the loss of tReS function NLS are short peptides

which allows for the transportation of proteins, through the nuclear pore complex and into the

nuclets. Inviruses, the NL$ the capsigrotein serves to guide the virus particle through the
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nuclear pore allowing for infection to take place (Macara, 200tg importance of the NLS

in otherplant viruses haalso been shown in previous studies where mutatiargeting the

NLS in potyviruses resulted ithe prevention of nucleolar localization which either prevented
or lowered viral replicatioffRajaméki and Valkonen, 2009jheV 2 2 pVY2S mutant with

the same V2 aa mutation without the overlapping V1 inadvertent change still induced
symptonsin N. benthamianathereforeadenine and aspartic acid at aa positions 5 and 6 in the

V1 proteinof V 2 2 pV¥2S +aresuggestedo play a critical role in the infectivity of V22.

This study not onlydentifiestwo key aa residues at positidt¥ and 58n the V2 protein in
V22 which plays a role in pathogenic@ynd symptom remissioit has also identifiedwo aa
residue at posiion 5 and Gn the V1 protein whichare essentidbr infectivity of V22. This
study alscemphasizes thienportanceof taking inadvertent changes to overlapping ORFs of
your target nucleotide sequence into acceurgn making nucleotide or amino acmitations

or substitutions.

4.3 Mixed infections

Although the majority of studies look at sihgviral infections in plants, mixed infectiord
different viral species, strains, or with other microhesmore likely to take place in the field
(Pitaet al.,2015. Due to this,viral evolution and thereforgenetic diversityoccursthrough
recombinatiorand horizontal gene transférhis promoesgenetic drift in a viral population
allowing for a change in host range, infectivity, or pathogeni¢Ryta et al., 2015)
Furthermoremixed infections have been founddwoectly influence virulence and symptom
phenotypes induce@\lizon et al.,2013)

InoculatingN. benthamianavith a 1:1 ratio oWT V30 andWT V22 in this studyproduced

an interesting outcomehereby both theymptom scores, ULR and SV, and tbelviral load
resulted in an intermediary resWiral loadinduced by the mixed infectiomas greater than
that of V22 but lower than that of V3@ both time pointsested Unfortunately, conclusions
pertaining specifically to the viral load of either V30 or V22 in this ¥A8B2 mixed infection
cannot be made as degeneRprimers targeting both these variants were uBegk to

the similarity of the variantsspecific primers to differentiate between such similar variants
could not be designetHowever as the total viral load was higheathV22 but lower than

V30, we carhypothesizeéhat there was either a complementary affect boosting V22 viral load
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or an antagonistic affect lowering V30 viral load. Further studies on individual V30 and V22
viral load within the V38V22 mixed infection waild have to be done to determine the
relationshipor interactionbetween these two variantsuture studies could differentiate
betweenthese viralaccumulations of the different variarttwough the additiorof reporter
genes to the different varian{®kupar et al., 2015)Another method which could be
implemented to differentiatedividual viral levels is circular DNA enrichment sequencing
(CIDER-Seq) which has recentheenimplemented in a genetic diversity study of cotton leaf
curl disease (CLCuD)Ahmed et al., 2021)This method allows for the profiling of diverse
circular DNA element§Mehta et al., 2018)

A previous study of mixed infections of two begomoviruses, African cassava mosaic virus
(ACMV) and East African cassavaosaicCameroon virus (EACMV), reported synergism
between the viruses whereby viral accumulation and symptom severity were considerably
increased in cassava aNd benthamianglants Thismixed infection was proposed to play a

role in the suppression of PTGS té#re allowing for an increase in symptom severity
(Vanitharaniet al., 2004) A synergistic interaction between a mixed infection of two
geminivirusesin pepper plants was also previously repofRdnteriaCanettet al., 2011)
Although multiple studiegeveal synergism between geminiviruses, mixed infections are
complex and negative interference as well as synergism have been reported to occur in the
same mixed infection but at different time perioigrevious study revealed that two tomato
infectinggeminiviruses, Tomato rugose mosaic virus (TORMV) and tomato yellow spot virus
(ToYSV), displayed negative interference in the beginning of infection but synergism occurred
once systemic infection was reached. It was established that ToYSV releasesotme phl
restricted TORMV allowing for more efficient infection and an increased viral load of TORMV
at 28 dpi.Interestingly, this study also found that interactions between geminiviruses are
dependent on the host as only negative interference occurred bdwrRElY and ToYSV in

the tomatohost However,both negative interference and synergism were observed with the
same viruses upon infection of the experimental hosbenthamiangAlves-Junior et al.,

2009) This therefore shows that further studies of the W82 mixed infection should be

done in thenatural tomato host and compared to the results obtaindd. feenthamianas

seenin this study.

Symptom recoverywas observed inN. benthamiananoculated with V22 only whereas
recoverywasless evident in those infected with V30 orfBmce recovery odymptoms in the

V30+V22 co-infectionwasnoted this confirmsthatrecoveryseenin single V22 infections is
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dominant over V30 in a V30/22 mixed infectionlIn this study,V 2 2 pVY2S linked the

V2 protein, specifically valine at aa position 27 to symptom recovery as the substitution of the
valine to serine resulted in increased symptom severity and viral load with reduced capabilities
of recovery. herefore since this protein was suggesteglkay a role in symptom remission,

the V22V2 may be outcompeting that of V30 to allow for recovery to persist nmxed
infection An additional novel symptom phenotype was observed enViB0+V22 mixed
infectionin this study This novel phenotype wasrominent downward cupping and bulging

of the expandingleaves Mixed infections have previouslgeenreported to change the
symptom phenotype induced in the plant as well agngaan effect on viral accumulation,
virulence,and host rang@Alizon, et al.,2013) A previous study revealed that a dual infection

of two begomoviruses, Tomato rugose mosaic virus (ToRMV) and Tomato yellow spot virus
(ToYSV), induced a unique leaf roll symptom in tomato that was not observed patiie
inoculated by each virus alo@lves-Janior et al., 2009)As the V30 and V22 variants are
highly similar and their sequence differences lie mostly within the V2 ORF and the IR, it can
be hypothesizedhat the V2 proteinsf the two variantsnay complement or competsith

each other in a mixed infectioor competefor host factors thereby modulating disease
symptoms Direct or indirect interaction between proteins of viruses in a mixed infection has
been previously linked to antagonistic interagt within a mixed infection resulting in a
phenotypical changéDaPalma,et al., 2010) It can furthermore basuggestedhat the IR
between the two variants may play a role in the novel phenotype indudée ¥g0+Vv22

mixed infectionasit has beenconcluded in this current study théte IR is linked to the
symptom phenotypénducedby eitherVV30 or V22 in N. benthamianalt has also been
concluded in this current study that the IR may be involved in siRjgAerationas a
bidirectional transcript of the IR was confirmed. Therefore, the IR from both the V30 and the
V22 may play a rolen terms of RNA regulation to contribute these unique symptoms

observed in this mixed infection.

Based on these observations, the role of the fRary30+V22 mixed infectionwasfurther
explored by observing the effects of a W303 0 g nixed infection. This mixed infection
comprised ofV30 as well as the V30 mutaftV 3 0 -s)gwhi¢h encompassethe V22 IR.
This mixed infection allowed for the V22 IR and stativeeffector interaction withiv30 to

be studiedAs observed in the V3/22 mixed infection, ULR waslsomilder than that of
V22in the mixed infection 0¥/30+V 3 0 gd VB0+V 3 0 ¢ induced greater symptoms than
both V30andV22 at 24 dpi whereas in the VBJ22 mixed infection, SV induced were only
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greater than that induced by V.Zlhereforeas only a similamild ULR trend between these

two mixed infectionsvassharedthe phenotypic differens@bserved in the V360/22 mixed
infection camotbe fully attributed tmnly the different IRs in the tweariants.Therefore, itis
speculatedhat both the V2 protein and the IRf the ToCSV variants may hayeintly
contributed to the unique symptoms observed in thetV2@ mixed infection.This would

have to be further verified by a mixed infection of V30 and a V30 mutant containing the V2 of
V22. The high severity SV and mild ULR V30 phenotype is exacerbated in theW300 ol R

s mixed infection whiclinks the IRto symptom severity as the addition of the V22 IR to V30

resulted in significantly greater SV.

As the V33-V22 mixed infectionresulted in a change in viral load and symptom phenotype
when compared to either V30 or V22 alonelirect or indirectinteraction between the two
variantscan be proposeexplainingpathogenicity of these variants. Thesult supports the
extensive chacterisation of viral variants or differing viruses in mixed infectitre are
likely to occurin the agricultural fieldasthesemay play acritical role in the severity of
symptoms inducedStudying mixed infections to determine the interactidmestwesn viral
elementds beneficial for the agricultural industry as crpsstection could be implemented
with this knowledgeCrossprotection coulde utilized for biological control by using a milder

virus to ward off a more detrimental vir(8yller and Gupa, 2015)

4.4 Investigation of the putative C5 ORF

Four proteins encodefdr by AC1/C1 to AC4C4 from the complementary senseandof
geminiviruses is widely acceptdaut an additional ORFACS/C5, located downstream of
AC3/C3 with a partial overlap with the V1 ORras been described in the DMAoOf some
monopartite andbipartite geminivirusegLi et al., 2015, Li et al., 2021 and Vaghi Medina et
al., 2018) This fifth ORF, has previouslypeendiscovered, througmutational studigdo play
arole in geminiviral DNA replication iMungbean yellow mosaic India virus (MYMIV)lyas

et al.,2010andRaghavaret al.,2004) Alignments of begomovirus AC5 proteins have shown
AC5tobe83 aa to 255 aa length with all putative C5 ORHsaving similar domain structures
suggesting a conserved functidrhese conserved domainsply that AC5 may be involved
in infection evenfor thosebegomoviruses for which C5 has not yet been idexifii et al.,
2015)
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Li et al,, (2015) found that by blocking translation of the AC5 in MYMIV, a more moderate
symptom phenotype was inducedNn benthamian@ompared to the wildtypeirus. On the
contrary, this study revealed that a deletion of the putative C5 in V22 resuttedlifierence

in phenotypenduced.This could imply that the putative C5 may not be important in symptom
development in V22Although this deletion mutant resultédno phenotypic changethe N
terminally expanded C5 iV 2 2 qpC53aesultedin height and phenotypic chargy@hen
compared to V22ZThis showsthatby exendingthe putative coding region of the V22 C5 ORF
in this study, a change in the pathogenicity of V22 was eliclted.height oN. benthamiana
inoculated withv 2 2 g C5%awvasreducedat early time points4 and 8 dpiin the infection
compared to that of 22. This decreased growth observed in the plants indicates that the plants
may have been placathder more stress when inoculated witl2 2 gp C $%5canipared to
V22,

Plant heighreduction §tunting at an early stagean beassociatedvith viral infection.When

plants are threatened by a pathogen, phytohormone signalling patmedigsuptedandplant

growth and developmersignals areedirectedto plant defence responselhe interactions
between these hormones ardical in plantpathogen interactionddormoneshathave been

found to be involved in eliciting a response to plant pathogens are salicylic acid, ethylene and
jasmonategRobertSeilaniantzet al 2011) Growth regulating hormones such as auxin or
cytokinins play a role inhie growth to defence transition in the pleggulting instunted height
(PajerowskaVlukhtar et al., 2012)Taking this into accountit can be proposed that the
extendedputative coding C5 region of V2thay have elicitech change or interference in
phytohormone signalling pathways k benthanana compared to V22 at early stages of

infection.

V 2 2 pCB%aesulted ina delayed onset of ULR and SV developmeniinbenthamiana
compared to V22vhere the peak severity of UL&d SV a0 to 24 dpi in V22 was shifted

to 28 to 28 dpi iV 2 2 qpCH%aTa see whether recovery like that of V22 was induced, the
trial time of theseV 2 2 g CH%rials would have to be extended. The delay in the arfset
symptoms observed in this study proposes that the introdutedrhally extended putative
coding region of the C5 in V22 may act as a symptom determinant, but further demonstration
of transcription and PVX vector mediated C5 expression studies mbedoerformed, in both

N. benthamianand tomatoThe latent period, also referred to as the onset of symptamis,

give an indication fthe viral efficiency in establishing a systemic infection (Petty et al., 1995).

A shorter latent perigtbefore the onset of symptonteerefore, suggests that the virus may
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have a better interaction between viral proteins, host factors, improved replication, or
suppression of host defence responses. A longer latent period may point to a decreased
efficiency of the virus to infect a plariPetty et al., 1995). Therefore, as a longer latent period
wasobser ved wilt% thisvigukamp Cl@na may not be as efficient in systemic
infection as V22, but further studies would have to be done to conclude likisbEence of

this introduced Nerminally extended putative C5 in V22, where V22 displays more severe
symptoms inN. benthamaiand h a n V 2P%p@ag beaexplained by the evolutionary
selection of V22 againshe expression d&5 occurredAlthough, itmay alsosuggest thathe

C5 in V22 is still undergoing evolution to gain this C5. This study is exploratory, and no
definite conclusions can be drawn from it, but future phylogeny studies may or may not confirm
the suggestion of evolutionargelection against or for C5 in ToCSWurther studies
investigating viral load and other infection properties may prove to be beneficial in determining
whether the extended putative C5 in V22 may elicit a change in viral accumulation. Most
importantly, sesitive and accurate differentiating symptom phenotypes need to be established

in tomato, if the experiments in this study are to be performed in the natural host.

In this study, e introductionn V22 of an exendedputative C5 ORF has been identified to
exist in othergeminivirusesandwa s s hown t o-helicala a dshdetndonams U
within the proteincomparedo that of thebipartite ACMV virus.This suggests that ¢iC5

ORF may have been previously expressed in ToCSV and is no longer exmlasséul
evolutionand selection pressurBegomoviruses are known to have high levels of variation
due topoint mutations antecombination compared to other DNA viruses and their substitution
rates have been found to &ghigh in some casesf RNA viruses (Duffy and Holmes, 2008

and Lima et al., 2013)he V22 exendedputativeC5 mutant resulted in a delayed onset of
symptoms, the infection efficiency of the virus may have been hindered by the expression of
C5 and therefore a selection against €¥22 occurredlt must be considered thtite role of

the C5 in monopartite viruses may be differemthat of the characterisg®lC5 proteins in
bipartitebegomoviruseand therefore the C5 may not prove to be as beneficial to monopartite

begomaeiruses
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CHAPTER 5 - Concluding remarks

The data obtained from this study demonstr at

the different symptom phenotypes induced by V30 and V22 ipenthamianalhe presence

of an IRRNA also suggests possible RNA regulation by the V22 IR to modulate symptoms
induced inN. benthamiandut further research to confirm this would have to be dohes

study then further demonstrated thvadividual V22 aaplay a role in symptom severity and
recovery observeth V22. While investigatng the aa of V22V2, two consecutiveaa in V1

were found to be essential to théectivity and symptom severity of V22. This was discovered
through the unintention®RF change itheV 2 2 g3 VS* mutant infectiouglone construct
which resulted inhe abolishment of ULRTherdore, one norcoding regionthe IR,and two
ORFs V2 and V1,n V22 have been further characterizétlis expands what is known about

their contributions to the infectivity amghthogenicity of TOCSV.

The dynamics of th&oCSV variants were studied through a mixed infection whiarealed
that the ToCSV variantslisplay a change in pathogenicayd vral loadwhen in a mixed
infection This studyhighlightstheimportance ofnvestigating viruses mixed infectionghat
would likely occur in the fieldFurthermore, trials of theixed infection ofV30+V 3 0 gd R
allowed for the role of the IR to be furthenderstoodThese results revealed that thenty
be linked to the symptom phenotype and symptom sevémiyced inN. benthamiana

supporting the IR findingBom the IRswap mutant trialg this study.

By extendingthe putative coding region of the V22 C5 ORF in this study, a change in the

pathogenicitymanifested in thelelayed onset ahducedsymptomscompared to that of V22.
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Although conclusions cannot be drawn from this exploratory study wifadilmer research,
this clearalterationin pathogenicityobserved irthe C5 mutant infectiortrials suggest that
investigatingthis putativeC5 further may contribute towards tlhderstanding ahfectivity
mechanisms antthe evolutionary historyof ToCS/.

One of the challenges faced in this study was the introduofiemadvertent mutations to
overlapping ORFs in somef the V22 V2 single aa mutants. This could be overcome by
ensuring that the nucleotide change introdugedlId not result in inadvertent mutations to the
overlapping ORFA furtherlimitation in this study was not being able to differentiate between
the viral load of V30 and V22 in a mixed infectidBecause the nucleotide sequences between
the variants are so similatesigningefficient primers targeting the individual variamsnot
promising This can be overcome througittachinggreen fluorescent lale(GFP) to each
variant to allow for separate viral accumulations to be determined within a mixed infection
(Rupar et al., 2015)

Future work would include subjecting the sequences of both variants of ToCSV to deep
sequencing to allow for the IR trangatrior potential vsRNA to be identified which could
expand our knowledgef dhe role the IRplaysin pathogenicity.This study could also be
repeated in the naturd. lycopersicunhostand compared to theesultsobserved inthe
experimentalN. benthamianahostto determineif the results observed with themutant
infectious clones are host specifithe putative uncharacterised C5 in V22 could be further
investigated by inserting tlextendedC5 into a PV Xvectorto validat its role in pathogenicity

as a symptom determinafthe presence of a G@erived transcript coulte verifiedthrough
RT-PCR using gene specific primeFRurthermoregenome comparisornd ToCSV with other
begomoviruses to look for signatures of recorabion or mutationscould be done téurther

investigate this protai
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Supplementary Data
Section 11 The Intergenic Region (IR)

V22 3 N.bentRamiana cDNAbrary

N. benthamiana V22 3' IR:
ACCGGATGGCCGTGCCCCCAAAAAAA ACTAGTCCCCACGCACTATTTTATGTCGACCAATGAAATTGAGGCCTTAAAGCTTATTTATT TG TT TGTITGTCTITATATACTTC TTTAGCA AGTAGTGCGOATGTCATAATG

EHe = SECEECE S =~ o me wl—

Figure 1.1Al i gnment ®dmatBalrly stundvirusToCSV) V22 intergenic region and 29 siRNAs generated usimgv.plantgrn.noble.orggainstNicotiana

benthamianacDNA library. Magenta indicates sequences common to TeE3¥ and ToCSW22, cyan indicates sequence aifie to ToCSV_V22. Green indicates

efficiency between 9 and 10. Underlined indicates off targets below or equal to 15.
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V30 3 08. bénfRamianacDNA library

H. benthamiana
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Figure 1.2A1 i gnment ddmatd durly suntdvirugTbCSV)-V22 intergenic region and 29 siRNAs generated usimgv.plantgrn.noble.orggainstSolanum

lycopersicumcDNA library. Magenta indicates sequences common to Te€2&¥ and ToCSW30, navy indicates sequence specific to ToG8¥2. Green indicates
efficiency between 9 and 1@Green indicates efficiency between 9 and Efliciency denotes the effectiveness @siyjned siRNA to silencthe transcripts Underlined

indicates off targets below or equal to 15.
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V22 38. lycopersicumcDNA library

8. lycopersicum V22 3' IR
ACCGGATGGCCGTGCCCCCAAAAAA AACTAGTCCCCACGCACTATTTTATGTCGACCAATCGAMATTGAGGOGTTAAAGCTTATITAT TTG I TTGTTTGTCTITATATACTTCTITAGCAAGTAGTGCGGATGTCAT AATG
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Figure 1.3A1l i gnment 0 dmat@ durly stant virusTloCSV)-V22 intergenic region and 29 siRNAs generated usimgv.plantgrn.noble.orggainstSolanum
lycopersicumcDNA library. Magenta indicates sequences common to Te€2&¥ and ToCSW30, cyan indicates sequence sfiedo ToCSV_V22. Green indicates

efficiency between 9 and 1Bfficiency denotes the effectiveness of designed siRNA to silreteanscripts Underlinednumbersndicateoff targets below or equal to 15.
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Figure 1.4A1 i g nme nt Torhatoguly saunt dirusioflCSV)-V30 intergenic region and 29 siRNAs generated ugingv.plantgrn.noble.orggainstSolanum

lycopersicuntDNA library. Magenta indicates sequences common to Te€8¥and ToCSW22, navy indicates sequence specific to To@&0. Green indicates
efficiency betwee® and 10Green indicates efficiency between 9 andBfficiency denotes the effectiveness of designed siRNA to sildgedeanscriptsUnderlined

numbersndicateoff targets below or equal ta 1
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Section 1i IR section

12 dpi

-

16 dpi i 20 dpi i

28 dpi E 32 dpi ; i S

Figure 1.5Symptom progression imagesNitotianabenthamiananoculated with V30 (Positive control) at-12

Key

A 0 s s st v

A Severe swollen veins

Mild to moderate upward leat
roll

A Severe upward leaf roll

V30

, 16, 20, 24, 28, 32, and 36 days post inoculation (d@ymptoms present are upward leaf roll (ULR) with
pink and purple triangles indicating eitherldnio moderate or severe ULR. Symptoms present are upward leaf
roll (ULR) and swollen veins (SV). Severity of symptoms shown by colour coded triangles as indicated in key.
Twenty days post inoculation (dp§ boxed as this is where symptom differencescherar, and36 dpi is boxed

as this is the time point post recovery of ULR and SV and mild SV seen at 20 dpi and severe SV at 36 dpi

with no symptom recovery.

12 dpi 16 dpi 20 dpi

36 dpi Key
A Mild to modetare swollen veins
A Severe swollen veins
Mild to moderate upward leaf
roll
A Severe upward leaf roll
V22

Figure 1.6 Symptom progression imagesNitotianabenthamiananoculated with V22 (Positive control) at-12

, 16-, 20, 24, 28, 32, and 36 days post inoculation (d@gymptoms present are upward leaf roll (ULdd
swollen veins (SV). Severity of symptoms shown by colour coded triangles as indicatedliw&ry. days post
inoculation (dpi)is boxed as this is where symptom differences are cleaB@uipi is boxed as this is the time
point post recovery of ULR and S\&evere ULR and SV evident at 20 dpi. Mild and SV no ULR at 36 dpi

showing a recovery in ULR arfaV.
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12 dpi 16 dpi 20 dpi 24 dpi

®

L X 2

28 dpi 32 dpi 36 dpi

NN

Figure 1.7 Symptom progression images Nicotiana benthamiananoculated with the empty pCambia2300
vector inA. tumefaciengMock) at 12, 16, 20, 24, 28, 32-, and 36 days post inoculation (dpi)o symptoms

Key

A Mild to modetare swollen veins

A Severe swollen veins

Mild to moderate upward leaf
roll

A Severe upward leaf roll

induced.

12 dpi 16 dpi 20 dpi 24 dpi

28 dpi 32 dpi 36 dpi Key
A Mild to modetare swollen veins
A Severe swollen veins
Mild to moderate upward leaf
A Severe upward leaf roll
V22AIR-s

Figure 1.8 Symptom prgression images dflicotiana benthamiana nocul at ed ws$ ibféctiotshe V2 2q

clone construct at 1216, 20, 24, 28, 32, and 36 days post inoculation (d@ymptoms present are upward
leaf roll (ULR) and swollen veins (SV). Severity of symptonh®wn by colour coded triangles as indicated in
key. Twenty days post inoculation (d@g boxed as this is where symptom differences are cleaB@upi is

boxed as this is the time point post recovery of ULR andCB\Wy SV are observed at 20 and 36 dpi.
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12 dpi 16 dpi 20 dpi 24 dpi

W

36 dpi

%@
&

Figure 1.9 Symptom progression images Micotianabenthamianda nocul at ed wsdlinfactioushe V22 @

A\ Vi to modetare swollen veins

A Severe swollen veins

Mild to moderate upward leaf
roll

A Severe upward leaf roll

V22AIR-sl

clone construct at 1216-, 20, 24, 28, 32, and 36 days post inoculation (d@ymptoms present are upwd

leaf roll (ULR) and swollen veins (SV). Severity of symptoms shown by colour coded triangles as indicated in
key. Twenty days post inoculation (dpi) is boxed as it is a point of interest as this is the time point where viral
load is at its peak and alshe time point at which we see majority of differences in ULR and SV induced by the
mutant infectious clone constructs in this study. 36 dpi is boxed as this is the time point post recovery of ULR and
SV.Mild ULR and SV at 20 dpi and only mild SV at 86i.

12 dpi 16 dpi

.

20 dpi 24 dpi

a

32 dpi 36 dpi

L &

Figure 1.10Symptom progression images Micotianabenthamiand noc ul at ed wdrinfactioushe V22 @

A Mild to modetare swollen veins
Mild to moderate upward leaf
roll

A Severe upward leaf roll
V22AIR-sr

clone construct at 1216, 20, 24, 28, 32, and 36 days post inoculation (d@ymptoms present are upward

leaf roll (ULR) and swollen veins (SV). Severity of symptoms shown by colour coded triangledicted in

key. Twenty days post inoculation (dpi) is boxed as it is a point of interest as this is the time point where viral

load is at its peak and also the time point at which we see majority of differences in ULR and SV induced by the
mutant infectbus clone constructs in this study. 36 dpi is boxed as this is the time point post recovery of ULR and
SV. Only mild SV at 20 and 36 dpi were induced.
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Section 2i The V2 open reading frame (ORF)

12 dpi 16 dpi ; 20 dpi
36 dpi

32 dpi

A Mild to moderate swollen veins

A Severe swollen veins

Mild to moderate upward
leaf roll

A Severe upward leaf roll

— V22AV-V—S
Figure 2.1 Symptom progression imagesNf benthamiana nocul at ed wiY 1S mmfectiduseclone2 2 gV

construct at 12 16-, 20, 24, 28, 32, and 36 days post inoculation (d@ymptoms present are upward leaf roll
(ULR) and swollen veins (SV). Severity of symptoms shown by colour coded triangles atdaddic key.
Twenty-eight dpi and 36 dpi are boxed showtime points at which the differences in ULR and SV when
compared to V22 are the most appar8etvere ULR and SV at 28 dpi and mild SV and ULR at 36 dpi are present.

12 dpi 16 dpi 20 dpi Pa| a4 dpi
/ \

\
\

A
/
/

Key:

A Mild to moderate swollen veins

A Severe swollen veins

Mild to moderate upward leaf
roll

A Severe upward |eaf roll

V22Av2 TS

Figure 2.2 Symptom progressivimages oN. benthamiana noc ul at ed wT% Sinfettibus clon@ 2 oV 2
construct at 12 16-, 20, 24, 28, 32, and 36 days post inoculation (dpi). Symptoms present are upward leaf roll
(ULR) and swollen veins (SV). Severity of symptoms shown bywatoded triangles as indicated in k€ywenty

days post inoculation (dpi) is boxed as it is a point of interest as this is the time point where viral load is at its peak
and also the time point at which we see majority of differences in ULR and SV inbytiee mutant infectious

clone constructs in this study. 36 dpi is boxed as this is the time point post recovery of ULR dildl S¥. and

ULR seen at 20 dpi and only mild SV observed at 36 dpi.
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12 dpi

v

28 dpi 32 dpi

TP

;l 16 dpi

20 dpi 24 dpi

Key:

A Mild to moderate swollen veins

A Severe swollen veins

Mild to moderate upward leaf
roll

A Severe upward leaf roll

V30+V22

Figure 2.3 Symptom progression images Nf benthamiananoculated with the V36v22 mixed infection

construct at 12 16-, 20, 24, 28, 32, and 36 d

ays post inoculation (d@ymptoms present are upward leaf roll

(ULR) and swollen veins (SV). Severity of symptoms shown by colour coded trianghelcased in keyTwenty

days post inoculation (dpi) is boxed as itis a

point of interest as this is the time point where viral load is at its peak

and also the time point at which we see majority of differences in ULR and SV induced by the mutantsfecti

clone constructs in this study. 36 dpi is boxed as this is the time point post recovery of ULR &ahBwWard

cupping and bulging evident at 20 dpi with mild ULR and severe SV. Only mild SV evident at 36 dpi.

V2 proteins predicted secondary structure

N-terminus

V22AV2Del+

. Predicted helical secondary structure with confidence levels = §

V22 v2 MWDPLLNEFEPDS STYEPNTL D YNHFHARLEGRE LRQPVHQPCCCPHCPRHRQATIMDVQREVSRRAQDVONVOEP
V22AV2-5—|+ MWDPLLNEFPDS STYEPNTL RD) YNHFHARLEGAE LRQPVHQPCCCPHCPRERQAT IMDVQAHVSEAQDVONVOEE
V22AV2-R—K+ MWD PLLNEFPDS STYEPNTL D YNHFHARLEGAE LRQPVHQPCCCPHCPRERQAT IMDVQAHVSEAQDVONVOEER

MWDPLLNEFP DS VG ERCMEAT R BOVEES T £F) TLGHD BT RDBTSVER .~ DY JEBERR IV HFE AR LEGAE KEBLR 0P VEQ PC CCPHC PRHKQATIMDVOAHV SRR QD VN -

C-terminus

Predicted helical secondary structure with confidence levels <3

B) W2 proteins predicted disorder
N-terminus

V22 V2
V22AVIDel+

[ Disordered [ Disordered protein binding

MWDPLLNEFPDSVHGFRCMLAIRYLCOVIESTYEPNTLGHDLIRDLISVIRARDYVEATRRYNHFHARLEGAERAELRQPVHQPCCCPHC PRERQATIMDVOAHVS KI‘-..VQNV-
V22AV2-5—|+ MWDPLLNEFPDSVHGFRCMLAIRYLOVIESTYEPNTLGHDLI RDLI@VIRARDY\-‘E ATRRYNHFHARLEGARERAFLRQPVHQPCCCPHCPRHREQAT IMDVQRAHVS l;i.::'QNV
V22AV2-R—K+ MWDPLLNE FPDSVHGFRCMLAIEYLOVIESTYEPNTLGHDLI RDLISVIRAHDYVE ATRRYNHFHARLEGAERRELRQPVHOPCCCPHCPRHRQRTIMDVQRHVS
MWDPLLNE FPDSVHGFRCMLAIRYLOVIESTYEPNTLGHDLIRDLISVIRARDYVEATRRYNHFHARLEGAERAELRQPVHQPCCCPHCPREKQATI M_DVQI‘,.SIEQDVQE

C-terminus

FQUV|

Figure 24 V2 protein sequences of ¥2

Secondary structures

confidence | evel pre

(wil dtypS)L+, VY2B4¥ and V2Del+. A)
i ndi by dar k (high
diction O 5) . efebigindizated byohe a c i d

cated pink

of

boxes around the residues. B) Disordered residues are highlighted in blue and disordered protein binding residues

are highlighted in green. The threshold for prediction of residues to be disordered was 0.5. Disorder and secondary

structural predictions obtained frohitp://bioinf.

cs.ucl.ac.uk/psipred/
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A) Inadvertant mutations to the putative C6 protein of V22AV2-TS+
Putative C6 proteins predicted secondary structure
N- terminus C - terminus
vaz MSLIHLTIPVCFTSSRCSYDWILHGPSQPR EVPGT, LVNGLSKESLLRTFEAGVEMII SAGRFDIIPGSNNRNKISN
V22AV2-5—l+ MSLIHLTIPVCFTSSRCSYDWILHGPSQPR FVEGTM LVNGLSEFSLLRTFEAGVEMIISAGRFDIIPGSNNE=——=]
V22AV2-R— K+ MSLIHLTIPVCFTSSRCSYDWILHGPSQPRGESCHEN N E R ey - DRE oG T MEREER 1.V G L SKF SLLRTFE AGVEM LI SAGRE DIIEGSNN‘RNKI SN
[ Predicted helical secondary structure with confidence levels = 6 Predicted strand secondary structure with confidence levels = 6
Predicted helical secondary structure with confidence levels < 3 Predicted strand secondary structure with confidence levels < 3
B) Putative C6 proteins predicted disorder
N- terminus C - terminus
viz BSLEH LTI PVCFTSSRCSYDWI LHG PSQPRGT SGLLY ILY ILGFRYMGLY VHDRRLEVPGTMGTTAR LVNGLSKFSLLRTFEAGVEM I T SAGRFDII PG SNN RSN
V22AV2-5—L* W81 IELTIPVCFTSSRCSYDWILEG PSQPRGT SGLLY ILY ILGFR YMGLY VEDRRLEVPGTMGTTAR LVNGL SKFSLIR TFE AGVEM I T SAGRFDIT EG SN~ —— ——-
V224V2-R— K+ MELEH LTI PYCFTSSRCSYDWI LEG PSQPRGTSELLY ILY ILGFRYMGLY VEDRR LEVEGTMGT TAR LVNGL SEFSLLR TFEAGVEM IT SAGRF DII[Lss Nz FRESH
. Disordered . Disordered protein binding

Figure 25 Put ati ve C6 protein sequenc¥ls+ odnd/2R2KtopAJd dt ype)
Secondary structures indicated by dark pink (high <co
confidence | evel predi ct iasamesut bf nudleoside mutafdnesis mdicateddy tkec i d ¢
boxes around the residues. B) Disordered residues are highlighted in blue and disordered protein binding residues

are highlighted in green. The threshold for prediction of residues to be disordet@®wisorder and secondary

structural predictions obtained framitp://bioinf.cs.ucl.ac.uk/psipred/

Putative C3 protein secondary structure predictions

M- terminus C - terminus

iz MGQTRTLCNVTIDT PN YT G EMEE R LD LT WAF T T SRBERE SV HS VHP GLSIHGFVRP
V22AV2Del+ MGQTRTLCNVTDT PN YT GMBEMMERRLD LT WAF TT SROBRAS|LH 5VH PGLS IHGPVRP

B Predicted helical secondary structure with confidence levels = 6

Predicted helical secondary structure with confidence levels <3

Putative C3 protein disorder

M- terminus C - terminus

v22 BB T L.CcHVTDT PNYTGVLHI IRLFIRLDLTWAFTT SRDIRASVHSVHPGLSIHGEVRE
V22AV2Del+ SR LCNVTDT PNYTGVLHI IALFIRLDLTWAFTT SRDIRAS[IHSVEPGLS IHGEVRE

I Disordered B Discrdered protein binding

Figure 2.6 Putative C5 protein sequences of V22 (wildtype) ¥rizl 2/8Del+ A) Secondary structur@sdicated

by dark pink (high confidence | evel prediction of O
5). The amino acid changes as a result of nucleotide mutagenesis indicated by the boxes around the residues. B)
Disordered residuegre highlighted in blue and disordered protein binding residues are highlighted in green. The

threshold for prediction of residues to be disordered was 0.5. Disorder and secondary structural predictions

obtained fromhttp://bioinf.cs.ucl.ac.uk/psipred/
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A) Putative C7 protein predicted secondary structure

N-terminus C- terminus

V2 ueLENLEGEQGFCIECTEWAED NACHSHINACHCHEONERS: c
(2220e+ MGLENLEG QG T ECTEWAT SRS ACHOREONE00- -

B Predicted helical secondary structure with confidence levels = 6

Predicted helical secondary structure with confidence levels < 3

B) Putative C7 protein predicted disorder
N-terminus C- terminus
Va2 -HNLEGHQGFC TFCTSWAFDTWACT SMIVACLCLGOWGQOQHGW

v220v2Del+ [EEBHN LEGHQGFYT FC TSWAF DTWAC TSMIVACLCLGOWGQQHGH

- Dizordered - Digordered protem binding

Figure 2.7 Putative C7 protein sequences of V22 (wildtype) ¥rizl 2v&Del+ A) Secondary structures indicated

by dark pink (high

5). The amino acid changes as a result of nucleotide mutagenesis indicated by the boxes aroishgetheBles
Disordered residues are highlighted in blue and disordered protein binding residues are highlighted in green. The

threshold for prediction of residues to be disordered was 0.5. Disorder and secondary structural predictions

obtained fromhttp://bioinf.cs.ucl.ac.uk/psipred/

confidence | evel

A) mSV mULR B)

msV = ULR
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Incidence score
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v22 V228V2Dels V224VE-S—L+ V22AV2-R—K+ v22 V228V 2Delt V228VZ-S-Lt V220V2-R—K+

Treatment 20 dPi Treatment 28 dpl

o

1Y

Incidence score

o 5 o o
o B R B o® o~
|
—

|

vz V228V2Del+ V2208V2-5-1+ V224V2-R— K+

&

Treatment 36 dpi

prediction

Figure 2.8 Incidence scores of V2%, 2 V@ De | +, -SWI22,pVV 2RY ddY, at A) 20 dpi, B) 28 dpi

and C) 36 dpi from Prelim trials. Standard deviation was calculated between the individudirptarie

preliminary trial. score of 1 was given to a plant if a symptom was present and a score of 0 was given if the

symptom was natbserved
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A) 20 dpi 28 dpi 36 dpi O 20 dpi 28 dpi 36 dpi

V22AV2-R—K+

¥ 20dpi 28 dpi 36 dpi D) 20 dpi 28 dpi 36 dpi

V22AV2Del+ V22AV2-S—L+

Figure 2.9 Images ofNicotiana benthamianainoculated with A) V22 wildtypgWT), B) V22@pVv2Del +,
V22 @RY2K+ and D)SYW2aR2(\22 and 36days post inoculation (dpi).

Section 3i Investigation of the putative C5 open readingrame (ORF)

1 10 20 30 40
ACMV C5 BEffagtacatgccatgtacagaagcaaageattetetgtgtgattoteatacttocctgoctoctgatgattgtatgteacgtgatgattoaacetgtaaaaccttttcaccaacgeety
V22 C5 atgggtacatgcea tatacaacaacaacgcat totegg ta tgg ttoteg tactbggotget toc tga tag tta taggt taca tggeta t e ctgaagaaacge theacaagagaoty
M 6 T C H I Q Q QR I L. G MV L V L GGCV FILMVYVISGYMMAT - P EETTILHZK S L
41 50 60 70 80

ACMV C5  cotatccctcaaatcgttottaattgttgoagtactgggotea ttatcaaacatgttaaatatotgocogaagtot bggggogea thgoea tacggoctteta toootaageagg taaaa
V22 C5

ctecttaagaccagaaggaccaccaacaacggtggetgtaaacttgegecaacacctggaategatcacgaagategttottcacegtggetgtactgggetegttatecaaacatgttaaa
L L K T R R T TNNGGOCZEKTILAQHTLE S I T K I VL HRGT CTGTL V I K H V K

a1 90 100 110 120

ACMV C5 tatctgeccgaagtottggggegeattgecatacggecttetatecctaageaggtaaaaaatcacattattagtgtgatitigettettaatagttteatecagecagatettaccaag

V22 C5 cacctgeccaaagtcecattgggettgttecataggge cttctatctcggac-gaaaaaﬂ ataacattgttagtgtggttetgettettgatgttcoteatecatecatacettacegag
H L P K V HWAC S I G P S I s D - E KHNTITIWVS V VL LLDV LTIHZPYTILTE
121 130 140 150 160

ACMV C5 aatgtaaatggacttgatacaaaacctetttecgaccotgtgtgteageccaggeccacgeglidid Leaslad Ledoe LLacay dbacedagy Ly LLeacd Lea Lecoe e Ly Ledaa

V22 C5 tatatagacagacttcaccacgaacettttaccegtgog@Bggteagaccaggs cnctttgtaatgteactgatacacataactatacoqatatgetteaca tea teqogetgttoata
Y I D RLHHETPTFTRAMSGEG TR RTTLGNTYVTDTTINTYTGTVILHTITIHASBTILF I

-

el 170 180 190 193 200

ACMV C5 cgactggaccttacatgggecttecacageccctaggtatgtetgggettctatacatectgtacategtgggetttetgtacatgggectgttecacccaggecegt tttegatttgtgac

V22 C5 cgactggatcttacatgggectteacaacctegagggacatcagggettetgtacattetgtacatectgggetttegatacatggge ctgta.cgtcca-tcgtcgc ttgtttgtgec
R L D L T WAV F T TS RD I RASV H SV HUPGI LS I HSGUPVZRUZP - 88 5 L V C A
201 210 220 230 240

ACMV C5 gtggacagtgggggcagtageacggt tectgtatgggetgtegaagtteagt et tegacgaacettggatectggagtggaaatgatgatatetectggtegettegacataattacgag

V22 C5 tgggacaatggggacaacagcacggetggtgaacgggetgtegaagtteagecttetecgeacettegaggegggegtggaaatgattatateggegggtegettegacataateceggyg
W D NG DN S TAGEURA AV EV QP S P HLRGG G RGNDY I GG S L RHNUPG
ACMV C5  cc
V2205 Lo.pm
g -

Figure 3.1 A) Nucleotide (nt) and amino acid (aa) alignmentsos://web.expasy.org/translgtef the C5 protein

of African cassava mosaic virus (ACMV, Accession number J02057) and V22. The start codons are highlighted

in green, and the stop codons are highlighted in red. The ACMV C5 predicted translation of 50 amino acids (aa)
orgreaterishighlght ed in violet. The V22 C5 protein sequence
in orange. The V22 untranslated C5 protein sequence is highlighted in grey.
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ACMV_acs
V22AC5aa1-193

ACMV_acs
V22AC5aa1-193

ACMV_ACS
V22AC5aal-193

ACMV_ACS
V22AC5aa1-193

ACMV_acs
V22AC5aa1-193

MSTCHVQQQSILCMILVLACILMITCHVMIQPVKPFHORL LLHARWTANNGSHMKE PONLY
MGTCHIQQQRILG GCFLMVIGYMAIQPEETLHKSLLLKTRRTTNNGGCKLAQHLE

¢ RER . * e BEX.

PIPQIVLDCCSTGLITKHVKYLPKVLGRIAIRPSIPQOVKHHIIRVILLLNIFIHPDLSK
SITKIVLHRGCTGLVIKHVKHLPKVHUACSIGPSISDKEKHNIVSW

E¥x R EEERET EREE P XER e EX ek

Tx®

/LLLDVLIHPYLTE 1

&0
oY

b

NVNGLDTKPLSDSVCQPRPTCHITNHLTDTKVLHIIPLLKRLDLTWAFTAPRYVIKASIHP 186

YIDRLHHEPFTRAMGOTRTLCNVTDTPNYTGVLHIIALFIRLDLTWAFTTSRDIRASVHS

. T ¥ XXX . EREEES x

VHHGL SYHGPVHPGPFSICDVDSGGSSTVPVIWAVEVQPSTNLRAWCGNDDISIWSLRHNYE 248
VHPGLSTHGPYRP === === === === == == e oo 193
b * Fully conserved . weakly similar properties

: Strongly similar properties

No symbol- No similarity

Figure 3.1B) CLUSTAL multiple sequence alignment by MUSCLE (3.80ld type AC5 of African Cassava
Mozaic virus (ACMV)andt he full | ength 193 aa | o#yithghe tegreeéioff e C5

similarity of the residues by means of structure and polarity indicated by symbols below the sequences

RACMV_C5
V32 (5134-153

ACMY_C5
V22 [hH134-193

RIMV_C5

Y22 5134-193

ACMY Ch
Y22 C5134-193

C5 predicted secondary structure of ACMV and wildtype V22 putative C5

N-terminus

al a2 61 nz
M5 TCENOR P RS 11 0 P vRPFEORL LLEAEWT THN 5 GMEF POHLER TFQI VLNCC
3 a3 ad 4 a5
STGLII KHVKY-LGRIAI RPSIPEQVENEIISYVILLLNSFIQPDLTENVNGLDTEPLSDPVCQPRPT
MGQTRTL
ab a7
RHITNHLTLDTE KRLDLTWAFTAPR STHPVHRGLEVHGPVHPGPFSICDVDSGESSTVE
CNVTDTPNY T RLDLTWAFTT VHSVHPGLSTHGPVRE
VIWAVEVQSSTN LGSWSGNDDI SWSLRHNYER
C-terminus
a = helix p= strand
B Predicted helical secondary structure with confidence levels > 6 Predicted strand secondary structure with confidence levels = 6
Predicted helical secondary structure with confidence levels <3 Predicted strand secondary structure with confidence levels <3

ACMV C5
V22 (C5134-193

ACMV_C5
V22 (CHl34-1s3

ACMV C5
V22 (CHl34-1s3

ACMV_C5
V22 (C5l34-183

C5 predicted disorder of ACMV and wildtype V22 putative C5

N- terminus

SIS v PROEEENE 1 L.PCLLMIVCHVMIQ PVKPFHORLLLHATWTTNN SGMKF PQHLKPTPQTVLNCC

STGLIIKHVKYLPEVLGRIAIRPSIPKQVKNHIISVILLLNSFIQPDLTKNVNGLDTKPLSDPVCQPRET
i

RHITNHLTDTEVLHIIPLLKRLDLTWAFTAPRYVWASIHPVHRGLSVHGPVHPGPFSICDVDSGGSSTVE
CNVTDTPNYTGVLHIIALFIRLDLTWAFTTSRDIRASVHSVHPGLSIHGPVRP

VWAVEVQSSTNLGSWSGNDDI SWSLR [lis

C -terminus

I Disorder=a [l Disordered protein binding

Figure 3.2 C5 protein sequences of African cassava mosaic (@&EMV), (Accession number J020band

C 5 p&4%°%-A) Predicted scondary structad features of alpha helicésdicated by dark pink (high confidence

l evel prediction of Of6deace byevel @Baasegndspredcehadayér Oc 6

hi gh confidence | evel 06 are shown in yellow,
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The amino acid changes as a result of nucleotide mutagenesis indicated by the baxeound t he r esi
represents a helix and b represents a strand. B) Diso
binding residues are highlighted in green. The threshold for prediction of residues to be disordered was 0.5.

Disorder and secondary structural predictions obtained friom/bioinf.cs.ucl.ac.uk/psipred/

12 dpi 16 dpi 20 dpi 24 dpi

& .4

32 dpi 36 dpi g

28 d i AMi!d to moderate swollen veins

Figure 3.3 Symptom progression imagesNitotianabenthamiana nocul at ed wittmfedidne V2 2 pC

A Severe swollen veins

Mild to moderate upward leaf
roll

Severe upward leaf roll

V22AC5aa’%?

construct at 12 16-, 20, 24, 28, 32, and 36 days post inoculation (d@ymptoms present are upward leaf roll
(ULR) and swollen veins (SV). Severity of symptoms shown by colour coded triangles as dhdlicy.
Twenty- and 32daysdpi are boxed as they are the time points at which we see majority of differences in ULR

and SV induced by the mutant infectious clone constructs when compared to wildtype V22 in this study.
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Eel13611,SacI,Beul [BamHI] BstXI,BglII CfroI, Smal

BstXI BshTI, Aarl
Eco321 Pagl
NcoI,Bglll Kpn2I, Xagl, Ncol
Gsul,SspDI, Ehel BseJI,Mph11031

Paul Bsp120I,Apal

Cpol Eco81I,BclI
Alol Aanl
Scal Eam11951,Aat1II,Ec113611,S5a¢cI,Eco721
Alol
Bell Eco47I1I,Munl
Cfr42l Beul
Bpul1dI,Aanl e [EamHT] xXbal, Sdal
Pagl ToCSV__V22 - MssI
Gsul 11564 bp > Scal
Bpu1102I
Eco321
Mph11031
Alwddl Esp3I
Alw44I Ndel BseJI Pasl
Bst11071 Ndel
Mrel, SspDI, Ehel, Esp3l Van91l
Xagl, BshTI Psp14061
Pf1231II,Nhel,Bsp0l Vangi1l

Figure 3.3 A vector map of the V22 infectious clone construct with a sequence lengttb6#ldase pairs (bp) Nonanucleotide in the IR and restriction sites labelled.
BamHI is boxed as these are the sites used for verification of the infectmnedy GenscriptVector map generated on Benchling (https://benchling.com/).

116



[ %]
[¥X)

Ladder 1

20kb
1.6 kb

1.0 kb
850 bp

o
=1
=
o

650 bp

Figure 3.4 Virtual digest of ToCSV_V22 targeting BamHI shown in lane 2 and undigested ToCSV_V22 in lane 1. Product lengths degietétarel 2665 and 8899 base
pairs (bp) inlengthDi g e st odwitivBarBHpih Bne 3 has the same product sizes as seereifl.Mirtual digest generated using Benchlirtps://benchling.con)/
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Table 3. 1Primer sequences for sequencing of clone constructs

Primer Sequen&) (56 Templatesand target sequences.

ToCSVseq FP | GTCGTGCTCCACCATGTTG V22IR-swap mut andg,s:VasA®@RIlEnR -sMPrithepd taRkgetither side ofhelR for
ToCSVseq RP | CACCACGAACCTTTTACCCG sequencingvith a product size of 634

V22IR_FP2 AAACTCCTAAAGCGGCCATC V30IR-s wap mut a rs{Primexs3afyanthd® side othe IR for sequencing product size of
ToCSVseq_RP | CACCACGAACCTTTTACCCG 630

V22V2_FP GTGCGGATGTCATAATGTGG Single V2 muV¥8t sV2XYPVR2RYK,2 V22PWY2 V22 V2
V22V2_RP GACCAGGACCCTTTGTAATGTC (Primers targetither side o2 for sequencingvith a product size of 478 bp

C5seq_FP ACGATCATGGACGTACAGGC V22 C5 mut a &3 (Primes targe@ither side ofC5 for sequencingith a product size of
Cb5seq_RP ACAACGCATTCTCGGTATGGT 563 bp.

*bp= base pairs
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