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includes the helicase domain (Rep aa 122-330) and the C-terminal domain (Rep aa
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331-359). Predicted Expasy ProtParam molecular mass (MM), theoretical pl, and
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culture transformed with pCold TF-RepC after overexpression at 15 °C for 24 h. Target
product band (79.8 kDa) indicated. C, Absorbance profile of one-step Ni2* IMAC AKTA
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overexpression at 15 °C for 24 h. M, protein molecular mass marker. Details of nt and
predicted aa sequences of recombinantly expressed His-RF-RepC in S3 Fig. 3.1.121
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expressed using pCold I-RepC. Translation enhancing element (TEE) in yellow,
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mass (MM), theoretical pl, and instability index (Il) parameters for uncleaved His-RepC
indicated below map. Il in red indicates unstable. B, SDS-PAGE analysis of uninduced
(Ul) and IPTG-induced soluble (SOL) fractions extracted from E. coli T7 Express liquid
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comparison. M, protein molecular mass marker. Details of nt and predicted aa
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subjected to cleavage with 2 % w/w factor Xa at 23 °C for up to 24 h. Cleavage reaction
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Abstract

Geminiviruses infect a wide variety of important crop plants causing severe disease
resulting in significant yield losses worldwide. Tomato production in the subtropical
growing regions of South Africa (SA) is threatened by the emergence of Tomato curly
stunt virus (ToCSV), a monopartite ssSDNA geminivirus belonging to the genus
Begomovirus. The broad aim of this study was to examine the coding capacity,
sequence features, and the role of identified sequence differences on the infectivity in
vivo of two variant group isolates (V30 and V22) identified in a previous nationwide
survey of tomato (Esterhuizen, 2012). An additional study aim was to explore the
structure and investigate the function of ToCSV replication-associated protein (Rep)
using in silico and lab-based techniques. Both V30 and V22 DNA-A genomes were
predicted to contain three putative complementary-sense (cs) ORFs (C5, C6, C7) and
two virion-sense (vs) ORFs (V3 and V4). Sequence alignment of putative ORFs
identified in related African mono- and bipartite begomoviruses revealed that the
C5/AC5 and C6/AC6 ORFs were the most frequently identified putative ORFs
encoding divergent proteins. Two novel putative protein domains were described: a
C5/AC5 N-terminal long helix region (NLHr) containing a predicted transmembrane
domain, and a C6/AC6 conserved core domain (C6cd). This project was the first to
conduct a comprehensive assessment of putative ORFs in African begomoviruses.
Additional experiments are necessary to confirm their expression and determine their

role in infection.

Previously, an agroinfectious clone of V30 was shown to induce severe disease
symptoms, whilst an agroinfectious clone of V22 induced significantly milder disease
symptoms in tomato cv Rooi Khaki (Esterhuizen, 2012). Infectivity assays of V30 and
V22 were conducted for the first time in Nicotiana benthamiana in the current study.
The symptom phenotype induced by V30 was characterised by severe swollen veins
(SV) and leaf rugosity with no recovery in disease symptoms. V22 induced moderate
to severe upward leaf roll (ULR) with a significant recovery in both ULR and SV
disease symptoms being observed between 24 and 36 days post inoculation (dpi).
Viral load was quantified using gPCR and determined to be significantly higher in V30-
infected plants at peak (20 dpi) and late (36 dpi) infection timepoints. Using RT-PCR

with strand-specific primers, RNA transcripts derived from both vs and cs strands were
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identified in V30-infected plants. The identified transcripts spanned multiple canonical
and putative ORFs, putative V2 and C1 5" ORF extension regions, as well as the
intergenic region (IR) crossing the origin of replication (Ori). The presence of these
transcripts suggests that putative ORFs are transcribed, and the presence of long
transcripts (~1.2 kb) may be evidence of bi-directional readthrough transcription to
generate dsRNA for downstream RNA silencing pathways, although additional

experiments are required to confirm this.

The role of sequence differences in the 3’ IR and V2 ORF regions on infectivity of V30
and V22 in Nicotiana benthamiana was investigated using V30 partial 3’ IR swap
mutant chimeras, as well as V30 and V22 canonical V2 ORF swap mutant chimeras.
Plants infected with the V30AIR-s mutant containing a 78 nt segment of the V22 3’ IR
developed ULR, a symptom characteristic of V22 infection. A significant increase in
viral load at 28 dpi was also observed. Altered symptom phenotypes induced by
shorter IR swap mutants suggested that the unique arrangement of a novel cis-acting
TATA-associated composite element (TACE) situated to the right of the conserved
TATA box promoter contributes to the observed phenotype differences. N.
benthamiana infected with V30AV2-s displayed a significant reduction in SV symptom
severity at late infection and significantly reduced viral titre was measured at this
timepoint compared to that measured in V30-infected plants. The V22AV2-s mutant
induced significantly increased disease symptom severity which was associated with
a significant increase in viral load at peak and late infection. A loss of symptom
recovery phenotype was reported with symptom severity remaining high at 36 dpi.
Taken together, these findings indicate that the ToCSV 3’ IR region is a symptom
phenotype determinant in N. benthamiana whilst sequence differences present in the
canonical V2 ORF are responsible for the modulating viral titre, disease symptom
severity, and V22-specific disease recovery phenotype. The precise mechanisms for
these observed changes warrant further investigation and additional infectivity assays

should be conducted in tomato.

Sequence analysis of the Rep proteins of ToCSV and related African begomoviruses
was conducted and the presence of key HUH endonuclease motifs (motif I, II, I1), and
ATPase/superfamily 3 (SF3) helicase motifs (Walker A, Walker B, B’ motif, C motif)
were confirmed. Homology modelling of ToCSV Rep showed that the N-terminal

endonuclease domain (monomer) was predicted to contain an antiparallel (3-sheet
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(five B-strands), whilst the C-terminal ATPase/helicase domain (homohexamer)
contained a parallel B-sheet (four B-strands). The arrangement of important functional
motifs was similar to that present in the solved structures of other DNA virus Rep
proteins. Agroinoculation of N. benthamiana with V30 C1 deletion mutants indicated
that deletion of the 14 C-terminal residues of Rep (aa 346 — 359) resulted in
significantly reduced viral load and greatly delayed symptom development. Removal
of the 22 C-terminal residues of Rep (aa 338 — 359) abolished infectivity entirely. From
these results it was concluded that the 14 C-terminal residues (predicted to be
disordered) are not essential for Rep enzymatic activity which is a prerequisite for
successful viral replication in vivo. The ToCSV RepC protein (aa 122 — 359) was
successfully expressed in Escherichia coli as a recombinant fusion. Additional
optimisation of expression and purification is required to obtain sufficient purified
protein for future structural studies. Miniaturised expression trials of RepC truncated
by 14 C-terminal residues appeared to yield higher quantities of protein compared to
full length RepC as evidenced by SDS-PAGE. Targeted removal of disordered C-
terminal residues is therefore suggested as a practical approach to improve yield of
recombinantly expressed RepC whilst retaining the enzymatic activity of the domain
of interest.

The present study contributed to increasing the knowledge of putative begomovirus
ORFs as well as providing insight into the possible functions of selected sequence
elements of interest present in the ToCSV genome. It is anticipated that the broad
scope of this study will generate several intriguing avenues for future research of
ToCSV and related African begomoviruses which remain largely understudied. It is
hoped that this research will contribute to improving the understanding of these
pathogens with the aim of developing measures aimed at protecting the expanding

agriculture industry in Southern Africa.
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Chapter 1: Literature Review

1.1 Tomato

1.1.1 The crop

Tomato (Solanum lycopersicum L.) is a versatile horticultural and agricultural food crop
belonging to the dicotyledonous plant family Solanaceae. The tomato plant is grown
exclusively for its fruit which is considered a culinary vegetable, ranking second in
economic importance as a solanaceous crop after potato (Simonne et al., 2011). The
centre of origin is believed to be South America (Bolivia and Peru). The Spanish
Conquest of the Americas led to the introduction of the tomato into Europe from where
it has since spread worldwide and is now grown in nearly every single country on Earth
(Caicedo and Peralta, 2013; Nonnecke, 1989). The tomato can be grown in a wide
range of solil types, in the field as well as in the greenhouse on a commercial scale as
well as for small-scale home growing (Jones, 2007). There are over 7,500 varieties of
tomato and the fruit is rich in vitamins, minerals and carotenoids (Raiola et al., 2014).
The tomato may be consumed raw or cooked and may be processed into sauces,

preserves, juice and concentrate (Blancard et al., 2012).

1.1.2 Production

The global tomato production quantity was recorded as 186.82 MMT for 2020. Asia
was responsible for the production of 62.6 % (116.99 MMT), with China being the top
producer accounting for just under 35 % of the worldwide total production (64.86
MMT). The Americas produced 13.1 % (24.44 MMT), Europe produced 12.2 % (22.81
MMT) and 0.2% (0.34 MMT) was produced in Oceania (FAOSTAT, 2022). Africa was
responsible for 11.9% (22.22 MMT) of the 2020 production quantity, with Nigeria being
the top producer in sub-Saharan Africa (3.69 MMT). South Africa (SA) produced 0.58
MMT of tomatoes in 2020 (FAOSTAT, 2022). In SA, the commercial industry is
composed of almost 700 producers and as of 2011, supplied 95% of the total annual
fruit output and employed over 22,000 people (DAFF, 2019). In SA, tomato is grown
in both summer and winter with 75% of commercially cultivated tomato area being in
the Limpopo Province (DAFF, 2019). With the exclusion of potato, the contribution of

tomato production in SA constituted ~17 % of vegetable production gross value
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reported in 2018 (DAFF, 2019). As tomato is largely harvested by hand, the industry
provides employment opportunities for low-skilled agricultural labourers (Heuvelink
and Dorais, 2005). Tomato is also an important subsistence crop in sub-Saharan
Africa. Many cultivars are high yielding and farmers are able to consume a portion of
the fruit they produce as well as sell a portion of their yield at local markets (Odame et
al., 2009).

1.2 Geminiviruses infecting crop plants

1.2.1 Geminiviridae: a brief description

Comprising of over 500 recognised species, Geminiviridae is a family of ssDNA
viruses which infect a wide range of plant hosts worldwide (Fiallo-Olivé et al., 2021;
Zerbini et al., 2017). This family is so named because of the characteristic viral capsid
shape which comprises of two incomplete icosahedra fused to form a twinned
(geminate) particle with a size of ~20 x 35 nm which encloses a single circular sSDNA
(Hesketh et al., 2018; Zerbini et al., 2017). The complex capsid subunit conformations
as well as the interactions between these subunits and the viral genome have been
described using structures of geminivirus particles solved using cryo-electron
microscopy (cryo-EM) (Hesketh et al., 2018; Hipp et al., 2017). Several hemipteran
insects which are known pests of a wide range of important crop plants act as vectors
which facilitate the spread of geminiviruses (Perilla-Henao and Casteel, 2016). Until
recently, nine distinct genera were recognised: Becurtovirus, Begomovirus,
Capulavirus, Curtovirus, Eragrovirus, Grablovirus, Mastrevirus, Topocuvirus and
Turncurtovirus (Zerbini et al., 2017). These genera are differentiated by their nt
sequence identity, genome organisation, plant host, and insect vector (Fiallo-Olivé et
al., 2021). Recent advances in DNA sequencing and development of high-throughput
methods in conjunction with environmental sampling have led to the discovery of a
number of unique geminiviruses (Bernardo et al., 2013; Claverie et al., 2018;
Roumagnac et al., 2021). Sequence analysis of these divergent geminiviruses
identified in different monocotyledonous and dicotyledonous plants resulted in the
creation of five novel genera: Citlodavirus, Maldovirus, Mulcrilevirus, Opunvirus, and

Topilevirus (Roumagnac et al., 2021).



It is worth mentioning that the classification of geminiviruses will undoubtedly undergo
revision as additional sequence information is made available and currently four highly
divergent species remain unassigned to the 14 recognised genera (Roumagnac et al.,
2021). The characteristics of the 14 established genera as defined by Fiallo-Olivé et
al. (2021), Roumagnac et al. (2021), and Zerbini et al. (2017) are summarised in Table
1.1.

Table 1.1 Summary of recognised genera belonging to the ssDNA virus family
Geminiviridae

Genus Species Genome size Plant host Insect vector
Becurtovirus 3 DNA-A: ~2.8 kb dicot leafhopper
Begomovirus 445 DNA-A:; dicot whitefly

~2.6 kb (monopatrtite)

~2.7 kb (bipartite)

DNA-B: ~2.6 kb
Capulavirus 4 DNA-A: ~2.6 — 2.8 kb dicot aphid
Citlodavirus 4 DNA-A: ~3.6 — 3.7 kb dicot unknown, possibly whitefly
Curtovirus 3 DNA-A: ~3.0 kb dicot leafhopper
Eragrovirus 1 DNA-A: 2.7 kb monocot unknown
Grablovirus 3 DNA-A: ~3.2 kb dicot treehopper
Maldovirus 3 DNA-A: ~2.7 - 2.9 kb dicot and unknown

monocot
Mastrevirus 45 DNA-A: ~2.6 — 2.8 kb dicot and leafhopper
monocot
Mulcrilevirus 2 DNA-A: ~3.0 kb dicot leafhopper
Opunvirus 1 DNA-A: 2.9 kb dicot unknown, possibly cochineal
insect

Topilevirus 2 DNA-A: ~2.6 — 2.8 kb dicot unknown, possibly treehopper
Topocuvirus 1 DNA-A: 2.8 kb dicot treehopper
Turncurtovirus 3 DNA-A: ~2.9 kb dicot leafhopper

Remarkably, SA has proven to be somewhat of a hotspot for geminivirus diversity.
Environmental sampling of non-crop plants native to Southern Africa has led to the
identification of highly divergent geminiviruses: Exomis microphylla latent virus (genus
Becurtovirus), Euphorbia caput-medusae latent virus (genus Capulavirus), Eragrostis
curvula streak virus (genus Eragrovirus), Limeum africanum associated virus (genus

unassigned), and Polygala garcinii associated virus (genus unassigned) (Bernardo et



al., 2013; Claverie et al., 2018; Varsani et al., 2009). Five distinct species belonging
to the genus Mastrevirus have also been identified in SA infecting French bean
(Phaseolus vulgaris L.), sugar cane (genus Saccharum), maize (Zea mays L.) and
related grasses (Fiallo-Olivé et al., 2021; Lawry et al., 2009; Lazarowitz, 1988; Liu et
al., 1997; Varsani et al., 2008). The presence of highly divergent geminiviruses has

significant implications for their continued evolution in both wild and crop plant hosts.

The majority of recognised geminivirus species belong to the genus Begomovirus
which infects dicotyledonous plants and is well represented in both the New World
(NW: the Americas) and the Old World (OW: Afro-Eurasia). Begomoviruses may have
a monopartite genome (DNA-A only), or a bipartite genome composed of DNA-A and
DNA-B (Fiallo-Olivé et al., 2021). The DNA-A component contains five recognised
ORFs that are found in all begomoviruses. The virion-sense (vs) ORF V1 (AV1 in
bipartite begomoviruses) encodes the coat protein (CP). The four complementary-
sense (cs) ORFs and their encoded proteins include: C1 (replication-associated
protein — Rep), C2 (transcriptional activator protein — TrAP), C3 (replication enhancer
protein — REN), and C4 (C4 protein). These ORFs are designated AC1, AC2, AC3 and
AC4 in bipartite begomoviruses (Fiallo-Olivé et al., 2021). An additional vs ORF,
V2/AV2 is found in OW and Australian begomoviruses only (Chowda-Reddy et al.,
2008; Nawaz-ul-Rehman and Fauquet, 2009). The DNA-B component of bipartite
begomoviruses contains two recognised ORFs: BV1 encoding the nuclear shuttle
protein (NSP), and BC1 encoding the movement protein (MP) (Fondong, 2013).

Geminivirus proteins have been shown to be highly multifunctional and are known to
interact with nucleic acids, host and other viral proteins to facilitate viral DNA
replication, movement in the host and vector transmission (Devendran et al., 2022).
The CP is sole structural protein which forms the geminivirus capsid. In monopartite
geminiviruses the CP also facilitates the movement of viral DNA from the nucleus to
the cytoplasm and contains DNA binding and nuclear localisation motifs in the N-
terminal region (Fondong, 2013; Sharma and Ikegami, 2009; Unseld et al., 2001). The
CP of monopartite begomoviruses is thus a functional homologue of the BV1 protein
of bipartite begomoviruses (Fondong, 2013; Rojas et al., 2001). The CP also facilitates
inter-cellular movement of monopartite begomoviruses (Hehnle et al., 2004). Vector
transmission is mediated by the CP and vector specificity has been shown to be

determined by specific sequences in the CP (Devendran et al., 2022). The V2 protein
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has several functions related to pathogenicity and RNA silencing suppression and is
described in greater detail in Section 1.3.2. The geminivirus Rep protein is a
multifunctional protein which is essential for successful viral replication (Fondong,
2013; Hanley-Bowdoin et al., 2013). The structure and function of TOCSV Rep is
discussed further in Section 1.4. The TrAP of tomato yellow leaf curl virus (TYLCV)
can bind both ss and dsDNA in a sequence non-specific manner (Noris et al., 1996).
In the monopartite and bipartite begomoviruses, TrAP has been shown to function as
a transcriptional activator necessary for the expression of vs ORFs (Devendran et al.,
2022; Fondong, 2013; Hanley-Bowdoin et al., 2013). Geminivirus TrAP has also been
implicated in the suppression of RNA silencing (Castillo-Gonzéles et al., 2015; Trinks
et al., 2005; Gover et al., 2014; Kon et al., 2007; Peretz et al., 2011; Sundaresan et
al., 2020). The REn protein is known to interact with Rep and enhance viral replication
(Fondong, 2013). It has been revealed that the REn of the monopartite tomato yellow
leaf curl Sardinia virus (TYLCSV), in addition to interacting with Rep, is able to undergo
interaction with the proliferating cell nuclear antigen (PCNA). The PCNA is a critical
host protein component of the plant cell replication machinery which begomoviruses
use to replicate in the host (Castillo et al., 2003). The C4 protein of monopartite
begomoviruses acts as a symptom determinant (Teng et al., 2010) and it has also
been linked to suppression of RNA silencing and viral DNA movement (Melgarejo et
al., 2013; Fondong, 2019). In African cassava mosaic virus (ACMV) infection, AC4 is
able to bind microRNAs (miRNAs) thus suppressing the RNA silencing pathway
mediated by the RNA-induced silencing complex (RISC) (Chellappan et al., 2005; Liu
et al.,, 2017). The two proteins encoded by DNA-B of bipartite begomoviruses are
necessary for inter- and intracellular viral movement. NSP binds viral DNA and shuttles
it from the nucleus into the cytoplasm. By modifying the plasmodesmatal size
exculsion limit, the BC1 protein facilitates movement of viral DNA between adjacent
cells (Rojas et al., 1998). NSP is believed to be critical in allowing the movement of
viral DNA from the cell nucleus through the nuclear envelope and into the cytoplasm
(Fondong, 2013; Hehnle et al., 2004). NSP binds both ss and dsDNA in a sequence
non-specific fashion (Hehnle et al., 2004). The MP enables intercellular as well as long
distance movement of viral DNA by binding to the NSP-DNA complex (Fondong,
2013). MP is hypothesized to alter the plasmodesmata to allow the DNA-protein

complex to move between cells (Gafni and Epel, 2002).



The non-coding region between the cs and vs ORFs of DNA-A which contains the
origin of replication (Ori) is termed the intergenic region (IR). The nt sequence between
BV1 and BC1 in DNA-B is referred to as the long intergenic region (LIR) whilst a
conserved sequence present in both the DNA-A IR and DNA-B LIR of bipartite
begomoviruses is known as the common region (CR) (Zerbini et al., 2017).
Begomoviruses have been shown to associate with subviral circular ssDNA molecules
which serve to modify disease symptom severity and alter viral titre in the host (Briddon
et al.,, 2012; Devendran et al., 2022). Three classes of these subviral agents have
been identified: alphasatellites, betasatellites and deltasatellites. The alphasatellites
(~1.2 — 1.4 kb) are not considered to be strict satellite DNAs since they encode a Rep
protein and are thus able to replicate in the absence of the helper virus (Briddon et al.,
2018; Lozano et al., 2016). The helper virus is instead required for movement within
the infected host and insect vector transmission (Mansoor et al., 1999; Nawaz-ul-
Rehman and Fauquet, 2009). The Rep of alphasatllites has been shown to suppress
RNA silencing (Abbas et al., 2019). Betasatellites (~1.3 kb) and deltasatellites (~700
nt) require their helper virus for replication (Nawaz-ul-Rehman et al., 2021).
Betasatellites contain a cs ORF (BC1) encoding a protein that acts as a pathogenicity
determinant and suppressor of host immunity pathways (Gnanasekaran et al., 2019).
The recently-identified vs ORF (BV1) encodes a protein which acts as a pathogenicity
determinant (Hu et al., 2020). Deltasatellites (~700 nt) are apparently non-coding but
have been shown to modulate the viral DNA accumulation of their helper viruses
(Ferro et al., 2021; Lozano et al., 2016).

1.2.2 Begomoviruses: a pertinent threat

Begomoviruses are important pathogens of cultivated tomato. The TYLCV-related
complex contains over 35 closely related tomato begomoviruses (Zerbini et al., 2017).
Two strains of TYLCV (mild and Israel strains) infect tomato in tropical and sub-tropical
regions worldwide and this virus is one of the most devastating pathogens of tomato
(Mabvakure et al., 2016). TYLCV can induce up to 100% yield losses in some tomato
cultivars depending on the growth stage of the plant (Lapidot et al., 2001; Pan et al.,
2012). It is important to note that the begomoviruses in the TYLCV-related complex
are prone to recombination events in mixed infections which gives rise to new variants

and strains (Moriones et al., 2007; Padidam et al., 1999). Mixed infection of distinct
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begomoviruses contributes significantly to increasing their variability as well as being
a major driver of their evolution. Morilla et al. (2004) presented evidence of the DNA-
A components of two distinct tomato-infecting begomoviruses being colocalised within
the nuclei of infected phloem parenchyma and companion cells when in mixed
infection. Begomoviruses replicate in the cell nucleus and such colocalization will
inevitably result in recombination events as well as pseudo-recombination in bipartite
viruses where the reassortment of genomic components occurs (Esmaeili et al., 2015).
Pseudo-recombination resulting in increased symptom severity has been observed in
bipartite tomato-infecting begomoviruses (Chakraborty et al., 2008; Kanakala et al.,
2013). Heteroencapsidation, where the DNA component of one virus is packaged into
the CP of another, is another demonstrated outcome of mixed begomovirus infection

and has consequences for vector transmission (Kanakala et al., 2013).

Viral synergism, recombination, and pseudo-recombination events among several
species of almost exclusively bipartite cassava-infecting begomoviruses have been
widely reported (Jacobson et al., 2018; Pita et al., 2001; Rey and Vanderschuren,
2017; Vanitharani et al., 2004; Zinga et al., 2013). These events are the major driving
force behind the development of the cassava mosaic disease (CMD) epidemic in sub-
Saharan Africa which has caused catastrophic losses in tuber yield (Jacobson et al.,
2018; Rey and Vanderschuren, 2017). Spread of begomoviruses that cause CMD is
facilitated not only by the spread of the whitefly vector, but also by the uncontrolled
movement of infected material through vegetative propagation (Legg et al., 2014).
Cassava infected with CMD begomoviruses can incur up to 40% yield losses and the
total annual yield losses in Africa due to CMD is estimated to be over 45 MMT (Thresh
etal., 1997). A distinct bipartite cassava infecting Begomovirus species, South African
cassava mosaic virus (SACMV), was identified in cassava displaying symptoms of
CMD in Swaziland and the subtropical eastern regions of SA (Berrie et al., 1998).
Although SACMV was shown to be closely related to viruses in the TYLCV-related
complex based on CP aa sequence and CR nt sequence comparisons, it was
serologically more closely related to East African cassava mosaic virus (EACMV)
(Berrie et al., 1998). Due to the unique sequences contained within DNA-A, it has been
suggested that SACMV emerged as a result of recombination events between at least
two different begomoviruses including an unknown begomovirus species (Berrie et al.,
2001).



The evolutionary relationships of begomovirus populations present in important
cultivated crops such as tomato, tobacco and cassava in sub-Saharan Africa and
Indian Ocean islands in the geographical proximity to the continent have been
previously investigated (Lefeuvre et al., 2007a; Leke et al., 2015; Mivedor et al., 2017,
Rey et al., 2012). Several distinct African begomovirus species are recognised but
additional surveys are necessary to characterise the rapid evolution of these viruses,

especially in non-cultivated weed and indigenous plant hosts (Rey et al., 2012).

1.2.3 Tomato curly stunt virus (ToCSV)

Tomato curly stunt virus (ToCSV) is a distinct tomato infecting Begomovirus species
and was first identified in 1997 in commercial tomato growing in the Onderberg region
of Mpumalanga. By 2003, ToCSV had spread to cultivated tomato in Mozambique as
well as the subtropical growing regions of SA (KwaZulu-Natal and Limpopo Provinces)
(Pietersen et al., 2008). ToCSV induces similar symptoms to TYLCV in tomato,
including yellowing of the young upper leaves, curling and cupping of leaflet margins,
severe stunting and dwarfing of overall plant growth as well as decreased fruit set
(Pietersen et al., 2000, 2008). Like TYLCV, this begomovirus can induce up to 100%
yield losses in susceptible cultivars (Pietersen and Smith, 2002). A study of several
tomato cultivars which are known to show resistance to TYLCV were found to also
show resistance to ToCSV but none of the cultivars were immune to ToCSV infection
(Pietersen and Smith, 2002).

ToCSV was determined to be closely related to the TYLCV-related complex based on
the comparison of CP gene sequences, with the TYLCV-Israel strain sharing 76.2%
sequence identity (Pietersen et al., 2000). Phylogenetic analysis revealed that the
ToCSV genome shares ~84% sequence identity with the DNA-A of tobacco leaf curl
Zimbabwe virus (TbLCZV). Interestingly, in silico recombination analysis revealed the
presence of two recombinant fragments in the ToCSV genome which were likely
sourced from closely related relatives of SACMV and EACMV. This suggests that
southern African cassava-infecting begomoviruses and ToCSV may infect a common
host, thus allowing recombination to occur (Pietersen et al., 2008). Since ToCSV is

closely related to southern African begomoviruses infecting solanaceous plant hosts,



it has been suggested that ToCSV emerged locally as a distinct virus indigenous to

southern Africa (Pietersen et al., 2008).

The ssDNA genome component (Fig. 1.1) of ToOCSV (AF261885) is 2,766 nt in length
and contains an IR (259 nt) between ORFs C1 and V2. The IR contains the Ori situated
on the conserved stem-loop nonanucleotide sequence 5-TAATATTAC-3’ as well as
Rep-binding iteron sequence sites (Pietersen et al., 2008). ToCSV is a monopartite
begomovirus, as no DNA-B component was located using universal DNA-B PCR
primers. In addition, no satellite DNA molecules were previously found to be
associated with ToCSV (Pietersen et al., 2008). The DNA-A of ToCSV contains six
accepted ORFs (Esterhuizen, 2012). Two are located on the vs strand: V1 encoding
the CP (258 aa) and V2 encoding the V2 protein (113 aa). Four ORFs are located on
the cs strand: C1 encoding the Rep protein (359 aa), C2 encoding the TrAP protein
(135 aa), C3 encoding the REnN protein (134 aa) and C4 encoding the C4 protein (85

aa).

O Ori

c1
(Rep)

V1
ToCSV: AF261885 (cP)

(2766 nt)

C2 (TrAP)

C3 (REn)

Fig. 1.1 Genome organisation of TOCSV exemplar isolate (AF261885) DNA-A (2766 nt) containing six
open reading frames: C1 (Replication-associated protein — Rep), C2 (Transcriptional activator protein
— TrAP), C3 (Replication enhancer protein — REn), C4, V1 (Coat protein — CP), V2. Intergenic region

(IR) with stem-loop containing the origin of replication (Ori) shown.

A study of ToCSV in the tomato-producing Chékwe District of Mozambique identified
two distinct strain groups ToCSV-Chok | and ToCSV Chok-1l (Sande et al., 2021).

Evidence of recombination in the C1 gene was presented and it was concluded that
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speciation was taking place in Mozambique which has implications for tomato
producers in this region (Sande et al., 2021). The first serious survey of ToCSV in SA
by Esterhuizen (2012) resulted in the discovery of two distinct TOCSV variant groups
(ToCSV-I and ToCSV-Il). The variant groups were differentiated by disease severity
with ToCSV-I isolates causing significantly more severe disease in tomato than
ToCSV-Il isolates. A recombinant fragment was present in isolates belonging to
ToCSV-Il spanning nt 109 — 322 which corresponds to the 3’ IR and the 5’ V2 ORF
(Esterhuizen, 2012). The minor parent in this event was determined to be an isolate
of tomato leaf curl Uganda virus (ToLCUV) which was surprising since ToLCUV has
not been identified in SA (Esterhuizen, 2012).

1.3 Intergenic region (IR) and V2 coding region.

1.3.1 The intergenic region (IR)

The IR of geminiviruses, which is believed to be non-coding in nature, lies between
the vs and cs strand coding regions of begomoviruses. It contains a stem-loop element
with a nonanucleotide sequence (5-TAATATTAC-3’) which is conserved amongst
most geminivirus genera. The nonanucleotide sequence contains the Ori where
cleavage by the Rep protein initiates the replication cycle (Akbar et al., 2012; Piedra-
Aguilera et al., 2019). Several IR promoter regions that drive the expression of
downstream viral genes, as well as IR cis-acting elements involved in regulating their
transcription have been studied in a wide range of geminiviruses. These elements are
essential for efficient bidirectional transcription of the vs and cs ORFs. The
mechanisms involved are still being elucidated as the transcriptional activities of
geminiviruses are facilitated by complex interactions of several viral and host proteins.
(Borah et al.,, 2016; Kumar and Shivaprasad, 2020). High genomic variability
necessitates additional mapping of transcripts, promoters, and regulatory elements in
geminiviruses (Borah et al., 2016). It is worth mentioning that geminiviral promoters
are not only located in the IR. Several sequences with promoter activity have been
identified within coding regions suggesting that other promoter/regulatory elements
present outside of the IR may have important function and should be further
investigated (Borah et al., 2016; Gong et al., 2021). A study of ACMV by Zhan et al.
(1991) revealed that a sequence upstream of the AC2 ORF was able to function as a

promoter of moderate strength. A strong unidirectional promoter termed AV3, was
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identified in the coding region of the monopartite Ageratum yellow vein virus (AYVV).
The promoter was experimentally shown to have activity in both prokaryotic and
eukaryotic systems. The core sequence was mapped to a region between nt 762 and
869, which overlaps with part of the C-terminal half of the V1 ORF (Wang et al., 2013;
Wang et al. 2014a).

The IR left side promoters driving the expression of early cs ORFs are known to be
stronger than the promoters present in the right side of the IR which are responsible
for driving late vs ORF expression (Borah et al., 2016; Zhan et al., 1991). Despite the
nt sequence of the IR being highly variable amongst geminiviruses, several conserved
sequence motifs have been identified. Several short repeat sequences are known to
enhance transcription. Direct repeat sequences which may have small internal
sequence palindromes have been suggested to exert greater influence than inverted
repeat sequence elements (Velten et al., 2005). Both the IR sequences to the left and
right of the nonanucleotide each contain a TATA box which functions as a known core
promoter and is indispensable to geminivirus replication (Eagle and Hanley-Bowdoin,
1997; Khan et al., 2015). Numerous other important cis-acting elements have been
mapped and characterised for selected begomoviruses and these include among
others: GC box, G box motif (CACGTG), CA motif (CCAAAA), AG motif, and CAAT
box (Ashraf et al., 2014; Borah et al., 2016; Khan et al., 2015; Shivaprasad et al.,
2005). The left side of the IR contains a series of repeat sequence elements (iterons)
which serve as important binding sites for the Rep protein. Iteron sequences vary
among geminiviruses but are crucial for successful replication (Xu et al., 2019). The

iterons of TOCSV are described in greater detail in Chapter 3.

The right side of the IR contains the late elements necessary for transcription of the
vs ORFs. The expression of these late ORFs is dependent upon the activity of the
TrAP (Sunter and Bisaro, 1997). A stretch of 15 aa present in the C-terminal acidic
region of tomato golden mosaic virus (TGMV) TrAP are required for transcriptional
activation (Hartitz et al., 1999). The conserved late element (CLE) is a TrAP-
responsive cis-acting element present in the right side of the geminivirus IR and has
a consensus sequence GTGGTCCC (Borah et al., 2016; Ruiz-Medrano et al., 1999;
Shivaprasad et al., 2005; Velten et al., 2005). The CLE has been implicated in the
transcriptional activation of the late genes of several, but not all, geminiviruses (Borah
et al., 2016; Kumar and Shivaprasad, 2020). Rather than binding to the CLE directly,
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it is proposed that TrAP interacts with and manipulates target host factors that
assemble at the CLE due to sequence-specific binding. This is supported by
experimental evidence indicating that TrAP non-specifically binds ssDNA and interacts
minimally with dsDNA also without sequence-specific affinity (Hartitz et al., 1999; Sung
and Coutts, 1996).

The number of CLE present in the IR varies, with some geminiviruses having two or
three such elements in the right side of the IR (Bafiuelos-Hernandez et al., 2012). The
targeted removal of CLE has been shown to result in the reduced activity of the late
promoter in some geminiviruses (Hur et al., 2008; Kumar and Shivaprasad, 2020).
Increasing the number of CLE has shown to result in either increased or unaltered
promoter activity (Canta-Iris et al., 2019; Hur et al., 2008). A novel cis-acting element
termed the TATA-associated composite element (TACE) has been recently described
and is present in NW and OW begomoviruses (Cantu-Iris et al., 2019). This element

is discussed further in Chapter 2.

1.3.2 V2 ORF
The V2/AV2 ORF is only found in OW geminiviruses (Padidam et al., 1996). The

protein encoded by this ORF is known to play a key role in virus pathogenicity and
exhibits a multifunctional nature that contributes to virus-host interactions. The V2 of
TYLCV has been demonstrated to bind genomic DNA (Moshe et al., 2015) Early
studies of monopartite geminiviruses provided evidence that an intact V2 protein is
required for successful systemic infection, implicating it in facilitating movement within
the host (Padidam et al., 1996; Rigden et al., 1993; Stanley et al., 1992; Watrtig et al.
1997). On the contrary, Hak et al. (2015) have shown that TYLCV-Is (Israel isolate)
V2-defective mutants are still able to induce systemic infection suggesting that it is not
required for movement. Subcellular localisation studies using fluorescence
microscopy have revealed that V2/AV2 is primarily localised to the cell cytoplasm,
often forming distinct protein aggregates (Chowda-Reddy et al., 2008; Glick et al.,
2008; Hak et al., 2015; Sharma et al., 2010; Zhang et al., 2012; Zhao et al., 2018;
Zrachya et al., 2007). Localisation of V2/AV2 to the endoplasmic reticulum (ER),
nucleus and nuclear periphery has also been observed (Hak et al., 2015; Kumar, 2019;
Luna et al., 2017, 2020; Roshan et al., 2017). The V2 protein of TYLCV is known to
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interact with itself in the Cajal bodies of Nicotiana benthamiana cell nuclei, and Wang
et al. (2020) found that this self-interaction is dependent upon a leucine at aa position
76. The putative self-interaction motif of TYLCV V2 spanning aa 61 to 78 was
implicated in facilitating self-interaction with a serine residue at aa position 71 being
indispensable for self-interaction (Zhao et al., 2018). The authors determined that
mutation of a serine to alanine at aa position 71 terminated the ability of V2 to interact
with itself. It is intriguing to note that an alanine exists at aa position 71 in ToCSV V2
which is unusual given the findings by Zhao et al. (2018). Since self-interaction is
necessary for V2 function, this implies that the alanine at position 71 of wild type
ToCSV V2 does not impair its functionality as is the case in TYLCV V2. This suggests
that additional residues may be necessary for self-interaction or that serine at aa
position 71 may not be a strict requirement for self-interaction of ToCSV and possibly

other monopartite begomovirus V2 proteins.

An arginine at aa position 43 has been shown to be required for tobacco curly shoot
virus (TbCSV) V2 self-interaction (Li et al.,, 2021a). Reports of varying subcellular
localisations is not surprising given that in addition to self-interaction, V2/AV2 has been
found to interact with several other geminiviral proteins. Interactions between V1 and
V2 have been implicated in movement of genomic DNA out of the cell nucleus as well
as to adjacent cells (Poornima Priyadarshini et al., 2011; Zhao et al., 2020). The C4
protein of monopartite begomoviruses has been implicated in coordinating with V2 and
V1 to modify the size-exclusion limit of plasmodesmata to allow for intercellular
movement (Kumar, 2019). V2/AV2 is gaining increasing attention for its interactions
with various host proteins to modulate disease and interfere with plant antiviral
pathways. Many such interactions with host proteins known to function in disease-
related pathways have been demonstrated using the yeast two hybrid system (Roshan
et al., 2017).

Several geminivirus V2/AV2 proteins have been demonstrated to function as
pathogenicity determinants necessary for inducing severe disease (Amin et al., 2011;
Chowda-Reddy et al., 2008; Luna et al., 2020; Mubin et al., 2010; Roshan et al., 2018;
Sharma and Ikegami, 2010; Sharma et al., 2010; Zhang et al., 2012). Potato virus X
(PVX)-vector based expression of several geminivirus V2/AV2 ORFs in N.
benthamiana has demonstrated that V2/AV2 is able to induce severe virus-like

symptoms such as leaf curling and chlorosis. In addition, it has also been shown to
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function as an avirulence factor that promotes the development of a hypersensitive
response (HR) (Luna et al., 2020; Mubin et al., 2010; Saeed et al., 2018; Sharma and
Ikegami, 2010). Deletion mutants of the tomato leaf curl Java virus (ToLCJaV) V2
protein expressed using a PVX-vector displayed altered abilities to induce necrosis
and oxidative burst in N. benthamiana which are typical HR-like responses. HR
induction was lost upon deletion of 58 C-terminal (but not 58 N-terminal) V2 aa which
suggests that the C-terminal region of V2 is responsible for elicitation of an HR-like
response (Sharma and lkegami, 2010). Although PVX-vector expression shows that
V2 can induce HR, it has also been reported that the TYLCV V2 has the ability to
suppress the activity of CYP1, a host papain-like cysteine protease which functions in
HR pathways to defend host tissue against infection (Bar-ziv et al., 2012; Bar-ziv et al.

2015). The result is that the activity of V2 suppresses this host defence mechanism.

V2/AV2 has demonstrated the ability to function as a potent suppressor of two classes
of RNA silencing by several modes of action. Post-transcriptional gene silencing
(PTGS) is triggered by the presence of dsRNA intermediates which are cleaved by the
host Dicer-like ribonucleases into small interfering RNAs (siRNAs) 20-24 nt in length.
These siRNAs associate with Argonaute (AGO) proteins and other host factors to
generate RISC which targets virus-derived mRNAs in a sequence-specific manner
which results in their degradation to prevent their translation (Ashfaq, 2020; Bisaro,
2006; Hoffer, 2011). In transcriptional gene silencing (TGS) the RNA-induced
transcriptional silencing complex (RITS) containing SiRNAs scavenges dsDNA
containing complementary sequences (in this case circular dsDNA replicative form of
geminivirus genome) and inhibits their transcription (Bisaro, 2006; Rishishwar and
Dasgupta, 2018) Methylation of viral DNA is an important TGS defence mechanism
employed by the host to counter viral infection and geminivirus V2/AV2 has been
shown to function as a suppressor of TGS (Mubin et al., 2019; Wang et al., 2014b,
2019). Evidence indicates that the TGS suppression mechanism of TYLCV V2 in N.
benthamiana involves competitive protein binding. V2 interacts with N. benthamiana
histone deacetylase 6 (NbHDAG) to impede its interaction with methyltransferase 1
(MET1). The interaction of these two host proteins is necessary for viral DNA
methylation and the competitive binding of V2 with NbHDAG (but not MET1) resulted
in suppression of this methylation pathway (Wang et al., 2018). The V2 proteins of

both TYLCV and cotton leaf curl Multan virus (CLCuMuV) are known to interact with
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AGO4 in the Cajal bodies of host cell nuclei, with AGO4 being a key host component
in RNA-directed DNA methylation (Wang et al., 2019; Wang et al. 2020). This
interaction prevents AGO4 from binding to viral DNA. The presence of a single leucine
residue at aa position 76 is necessary for the interaction of CLCuMuV V2 and AGO4.
Interestingly, mutation of leucine 76 does not disrupt the interaction between TYLCV
V2 and AGO4, although this residue is required for TYCLV V2 self-interaction in the
Cajal body (Wang et al., 2019; Wang et al., 2020). This strongly suggests that
sequence variations in geminivirus V2 proteins may significantly contribute to altering
their apparently diverse mechanisms of action in TGS suppression and that much
remains to be discovered in this regard. Geminivirus V2 proteins have also been
shown to suppress PTGS at various stages. Host RNA-dependent RNA polymerase
6 (RDR6) coordinates with the dsRNA-binding protein suppressor of gene silencing 3
(SGS3) for the generation of short interfering RNA (SiRNA) necessary for RNA
silencing. TYLCV V2 has been found to interact and bind with tomato SGS3, as well
as outcompete SGS3 by binding dsRNA thus preventing downstream siRNA
generation (Glick et al., 2008; Fukunaga and Doudna, 2009). The V2 of tomato yellow
leaf curl China virus (TYLCCV) was not able to bind tomato SGS3 in a yeast two hybrid
system but was instead shown to directly bind specific classes of SiIRNAs suggesting
that siRNA sequestration by V2 is another mechanism used by geminiviruses to
suppress PTGS (Zhang et al., 2012). Two putative hydrophobic domains in the N-
terminal region of beet curly top virus (BCTV) V2, H1 and H2, were shown to be

necessary for RNA silencing suppression and systemic movement (Luna et al., 2020).

Begomovirus V2/AV2 proteins are known to have two key sequence motifs necessary
for specific functions. The putative protein kinase C (PKC) phosphorylation motif has
a consensus sequence of Thr-x-Arg, where x can be any aa residue. An intact PKC
motif is essential for the ability of EACMV AV2 to function as a pathogenicity
determinant (Chowda-Reddy et al., 2008). A mutant papaya leaf curl virus (PaLCuV)
V2 protein with a partial deletion lacking this motif was found to have impaired HR
elicitation in PVX-vector based expression in N. benthamiana but specific PKC motif
mutations are required to confirmed whether this motif is critical for this activity (Mubin
et al., 2010). The conserved arginine residue present in the PKC motif of TOhCSV V2
is required for RNA silencing suppression activity (Li et al., 2021a). The V2 of BCTV

(genus Curtovirus), is functionally homologous to the V2 of begomoviruses despite
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sharing low sequence similarity. Luna et al. (2020) found that mutation of threonine
present in the BCTV V2 PKC motif to alanine disrupted ability of V2 to act as a
silencing suppressor. In addition, the presence of the threonine was necessary to
induce systemic infection and the mutant protein displayed an altered subcellular

localisation (Luna et al., 2020).

Another conserved begomoviral V2 motif is the CxC motif which has a consensus
sequence of Cys-x-Cys, where x is any aa residue. Interestingly, the CxC motif is
absent in BCTV V2 (Luna et al.,, 2020). Mutation of the two conserved cysteine
residues to serine in a begomovirus AV2 protein resulted in significantly reduced
pathogenicity (Padidam et al., 1996). Mutation of these two residues to serine in both
TYLCV and TYLCV-Is V2 proteins terminated the protein’s ability to suppress RNA
silencing but did not alter subcellular localisation in the case of mutant TYLCV V2
(Glick et al., 2008; Zrachya et al., 2007). A disruption in the interaction of V2 with
tomato SGS3 was suggested as a mechanism behind this loss of silencing
suppression (Glick et al., 2008; Zhao et al., 2020). Fukunaga and Doudna (2009)
suggested that a reduction in competitive dsRNA binding activity of mutant V2 was
responsible for the reduced silencing suppression rather than altered V2-SGS3
binding. Interestingly, this double mutation in the CxC maotif did not reduce the ability
of TYLCV V2 to suppress TGS (Wang et al., 2014b). Several additional residues have
been shown to be essential for V2 protein function. Using substitution mutants of
TbCSV V2, Li et al. (2021a) demonstrated that several conserved arginine, histidine,
phenylalanine, and tyrosine residues are required for efficient silencing suppression

activity.

1.3.3 Putative ORFs in the V1/V2 coding region

The C5/AC5 OREF is present in the V1/V2 coding region and is in frame with V1 but is
present on the cs strand. This putative ORF has been previously mentioned in early
studies of OW mono- and bipartite geminivirus species belonging to the genus
Begomovirus including AYVV, Indian cassava mosaic virus (ICMV), and Tomato leaf
curl New Delhi virus (TOLCNDV) (Hong et al., 1993; Padidam et al., 1995; Tan et al.,
1995). These hypothetical C5/AC5 protein sequences were deemed small, rare, and

not conserved among various geminiviruses. They consequently received little interest
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in favour of the larger ORFs such as C1/AC1 and V1/AV1. A study of pepper huasteco
yellow vein virus (PHYVV) by Torres-Pacheco et al. (1993) reported the presence of
a C5 ORF (termed ALS5). Multiple sequence alignments with other geminivirus AL5
showed some sequence conservation but no transcript or protein product was
identified, and elements involved in the regulation of this ORF were not determined.
In addition to ACS5, two putative ORFs have been identified in the AV1/AV2 coding
region of Hedyotis uncinella yellow mosaic virus (HeuYMV): AC6 and AV3 (Du et al.,
2014). Their expression was not confirmed however, and their role in infectivity was
not determined (Du et al., 2014).

Studies examining the role of C5/AC5 in pathogenicity and infection have shown
contradictory results which may be expected since C5/AC5 is not a conserved ORF
and may serve accessory, rather than key, functions. Site directed mutagenesis of an
infectious clone of watermelon chlorotic stunt virus (WmCSV) to introduce three stop
codons in the AC5 ORF encoding a 255 aa protein resulted in no change to disease
symptoms or virus infectivity (Kheyr-Pour et al., 2000). Fontenelle et al. (2007)
mutated the AC5 ORF (250 aa) of tomato chlorotic mottle virus (ToCMoV) and
reported no change in infectivity or symptom development compared to the plants
inoculated with wild-type virus. The authors did not detect an AC5 transcript in infected
plants and concluded that AC5 was of no importance. A study of three isolates of a
NW monopartite begomovirus, tomato leaf deformation virus (ToLDeV), concluded
that C5 was not important for pathogenicity or infection (Melgarejo et al., 2013). C5
start codons were removed in infectious clones of each of the three ToLDeV isolates,

only one of which resulted in a reduced symptom phenotype in N. benthamiana.

In some begomoviruses, the C5/AC5 has been shown to exert a critical role in disease
development. It has been reported to localise in the nucleus, and transcripts have been
detected in infected plants using RT-PCR. In addition, sequences upstream of the
C5/AC5 ORF have shown promoter activity (Gong et al., 2021; Li et al., 2021b). The
ACS5 protein of mungbean yellow mosaic India virus (MYMIV) has been demonstrated
to serve various functions related to inducing disease symptoms and hindering
antiviral defence mechanisms (Li et al., 2015). An AC5 ORF deletion mutant had
reduced infectivity, resulted in milder disease symptoms and a significant reduction in
viral load in infected plants. Expression of AC5 using a PVX-based vector system

established that the AC5 protein acts as a symptom determinant in N. benthamiana.
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The N-terminal region of the AC5 protein (50 aa) was shown to function as a
suppressor of PTGS, whilst the C-terminal region was found to suppress TGS (Li et
al., 2015). The 114 aa C5 protein of Ageratum leaf curl Sichuan virus (ALCScV) was
also determined to suppress PTGS activity, act as a pathogenicity determinant, and
modulate levels of viral DNA in infected plants (Li et al., 2021b). Infection of plants with
a C5 deletion mutant resulted in delayed symptom development and a reduction in

symptom severity.

1.4 Replication-associated protein (Rep)

The Rep protein is the most important viral protein encoded by the ssSDNA genome of
plant-infecting geminiviruses and without it the virus cannot successfully infect plant
host tissues (Rizvi et al., 2015; Saunders et al., 1991). Rep is responsible for recruiting
and coordinating host polymerases and associated factors to drive the rolling circle
amplification (RCA) of the geminivirus genome in the cell nucleus (Ruhel and
Chakraborty, 2019; Hanley-Bowdoin et al., 2013). To carry out these necessary
functions, Rep has been demonstrated to execute several enzymatic activities at
various stages of replication. Upon binding to the viral genome dsDNA intermediate,
Rep nicks the viral-sense strand at the Ori (endonuclease activity). By catalysing the
hydrolysis of ATP (ATPase activity), Rep is then able to unwind the dsDNA (helicase
activity). Following vs strand extension mediated by host DNA polymerases, Rep
cleaves the newly synthesised vs strand and ligates the free ends (ligase activity) to
generate a circular ssDNA (Arguello-Astorga et al., 1994; Choudhury et al., 2006;
Clérot and Bernardi, 2006; Desbiez et al., 1995; llyina and Koonin, 1992; Koonin and
llyina, 1992; Laufs et al., 1995a; Orozco et al., 2000; Pooggin, 2013). The role of Rep
in begomovirus replication is discussed in more detail in Section 1.4.3. In addition to
performing functions associated with RCA, ACMV Rep has also been implicated in
modulation of gene expression by negatively regulating the expression of its own ORF
AC1 as well as ORF AC4 (Haley et al., 1992; Hong and Stanley, 1995). The Rep
protein also exerts an effect upon the host cell cycle to generate conditions which are
conducive to successful infection and virus DNA replication (Fondong, 2013;
Kittelmann et al., 2009). This is discussed in more detail in Section 1.4.4. To

successfully infect a cell, begomoviruses must overcome host silencing defence
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pathways (Hanley-Bowdoin et al., 2013). The ability of Rep to negatively affect these
pathways is described in Section 1.4.4.

1.4.1 Domain organisation and functional motifs

Important residues implicated in the enzymatic activity of geminivirus Rep have been
mapped to two distinct protein domains containing functional motifs conserved
amongst diverse proteins with similar functions. These two domains include the N-
terminal HUH endonuclease domain and a C-terminal ATPase/superfamily 3 (SF3)
helicase domain (Desbiez et al., 1995; George et al., 2014; Orozco et al., 1997;
Tarasova and Khayat, 2022). A short oligomerisation domain separating the two
enzymatic domains is necessary for the oligomeric assembly of Rep monomers
(Choudhury et al., 2006; Orozco et al., 1997). A fourth domain, the carboxyl-terminal
(C-terminal) domain, has been identified in TYLCSV Rep but its precise function was
not determined (Clérot and Bernardi, 2006). The C-terminal domain is discussed
further in Chapter 3, Section 3.4.2.

The N-terminal domain is critical for the initiation of RCA to replicate the viral genome
(Hanley-Bowdoin et al., 2013) and is responsible for the DNA binding, cleavage and
ligation activities of the protein (Fondong, 2013). Orozco et al. (1997) showed that
deletion of the first 29 residues of the N-terminal domain renders the TGMV Rep
protein unable to perform DNA binding/cleavage. The authors were able to map three
conserved motifs and assign predicted functions to each. The three motifs include:
motif | with a consensus sequence of FLTY; motif Il with a cs of HUHUUU, where U is
a bulky hydrophobic aa residue; and motif 11l with a cs of YXXKD/E/N, where X is any
aa residue. Motif | is critical to begomovirus replication as it has been shown to be
associated with the DNA binding and DNA cleavage activity of Rep (Orozco and
Hanley-Bowdoin, 1998). Motif Il containing two conserved histidine (H) residues was
proposed to function as a metal ion coordination site (Ilyina and Koonin, 1992; Orozco
and Hanley-Bowdoin, 1998). A study conducted by Laufs et al. (1995b) revealed that
the DNA cleavage activity of TYLCV Rep is decidedly dependent upon the presence
of the metal ions Mg?*, Mn?*, or Ba?* in solution. TGMV Rep mutants containing a
disrupted motif Il resulted in failure of DNA replication activity (Orozco and Hanley-

Bowdoin, 1998). Motif Il contains a conserved tyrosine residue which is catalytic in
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nature. The tyrosine residue cleaves the viral DNA via a nucleophilic attack of the DNA
phosphodiester bond at the Ori located on the stem-loop nonanucleotide structure.
Rep cleaves between the 71" and 8" nucleotide (nt) of the conserved 5’-TAATATTAC-
3’ sequence on the vs strand (Laufs et al., 1995c). Upon cleavage, the hydroxyl group
generated on the tyrosine residue forms a covalent bond with the 5’ phosphoryl group
of the nicked viral DNA and subsequent replication of the DNA strand occurs from the
liberated 3’ end (Laufs et al., 1995b,1995c; Nash et al., 2011). All three motifs are
located on the functional portions of the N-terminus which are responsible for DNA

binding, cleavage and ligation (Orozco and Hanley-Bowdoin, 1998).

Within the DNA binding and cleavage portion of the N-terminal domain between motifs
| and Il, two a-helices are predicted to occur (Orozco et al., 1997; Orozco and Hanley-
Bowdoin, 1998). The amino acid (aa) sequences of these two a-helices (12 and 10
residues in TGMV Rep respectively) contain charged residues which are conserved
amongst geminivirus Rep proteins (Orozco and Hanley-Bowdoin, 1998). Site-directed
mutagenesis of the a-helices in TGMV Rep resulted in loss of DNA replication ability
by mutant Rep. This indicated that the conserved a-helix residues are essential for the
DNA binding/cleavage functionality of the Rep protein (Orozco and Hanley-Bowdoin,
1998). Recently, a fourth motif conserved across geminiviruses, termed the
geminivirus replication sequence (GRS) was identified by Nash et al. (2011). The GRS
motif is positioned between motifs Il and Il in the DNA binding/cleavage portion of the
N-terminus. The ability of mutant TGMV Rep containing a modified GRS motif (alanine
substitution) to bind ds/ssDNA was similar to that of the wild type Rep. DNA cleavage
and replication activity was lost however, and viral genomes encoding mutant GRS
motif failed to induce a TGMV-induced disease phenotype in inoculated N.
benthamiana (Nash et al., 2011). The GRS motif is thus critical to viral genome

replication.

The ability of Rep to form oligomeric structures is linked to the predicted
oligomerisation domain (Clérot and Bernardi, 2006). The DNA binding activity of Rep
is dependent upon the formation of Rep oligomers from translated monomers, whilst
oligomerisation is not necessary for the DNA cleavage and ligation activity of Rep
(Orozco et al., 1997, 1998). It has been suggested that despite being necessary for
DNA binding, the oligomerisation domain itself does not make physical contact with

the DNA molecule (Orozco et al., 1998). In TGMV, the oligomerisation domain of Rep
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has been mapped to between residues 120 and 181, although residues flanking this
region enhance the stability of Rep oligomers and promote multimerisation (Orozco et
al., 2000). Two a-helices are predicted to occur between TGMV Rep oligomerisation
domain residues 131 and 152, an area where there exists an overlap between the
DNA binding region of Rep and the oligomerisation domain. It is likely that these
helices contribute to both DNA binding and oligomerisation activities (Orozco et al.,
1997). TGMV Rep deletion-mutants lacking these two a-helices showed greatly
reduced oligomerisation activity and mutations introduced into the oligomerisation
domain negatively affected viral DNA replication (Orozco et al., 2000). Helicase activity
is reliant upon oligomerisation in the case of TYLCSV Rep (Clérot and Bernardi, 2006).
The reported oligomerisation for geminivirus Rep proteins differs. TGMV Rep protein
has been reported to form octamers (Orozco et al., 1997). The truncated Rep of
TYLCSV was able to form oligomers varying from a hexamer to a dodecamer(double-
hexamer) or larger. For helicase activity and subsequent bi-directional replication to
occur, it has been predicted that Rep must be present as a dodecamer or larger (Clérot
and Bernardi, 2006). Successful helicase activity of MYMIV Rep is obtained upon the
assembly of Rep into a large 24-mer complex, and mutations introduced into the
oligomerisation domain of MYMIV Rep resulted in disruption of helicase activity
(Choudhury et al., 2006; Singh et al., 2007). The Rep protein of wheat dwarf virus
(WDV) forms octamers and the assembly of monomers to form oligomers in solution
is dependent upon pH. A solution pH <7.0 favours octamer formation whilst a pH =7.4
favours Rep monomers. The formation of a viral DNA-protein complex is favoured at
solution pH values of 7.0-7.4. It has been suggested that WDV Rep binding to DNA
occurs as monomers with subsequent Rep-Rep interaction (once DNA-bound)
resulting in an oligomer (Missich et al., 2000). As mentioned previously, REn is known
to bind to, and form complexes with Rep to facilitate viral genome replication (Settlage
et al., 1996). The location of REn binding has been mapped to an area (aa 101-181)
which encompasses the oligomerisation domain of Rep in TGMV, although the area
of protein contact may be smaller. It has also been revealed that Rep oligomerisation
is a likely prerequisite necessary for REn binding to occur (Settlage et al., 2001).

The ATPase/helicase domain present on the C-terminus of begomovirus Rep contains
residues which are responsible for the hydrolysis of adenosine triphosphate (ATP) and

guanosine triphosphate (GTP) as well as helicase activity (Clérot and Bernardi, 2006;
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Desbiez et al., 1995; George et al., 2014; Rizvi et al., 2015; Vadivukarasi et al., 2007).
Rep unwinds dsDNA in the 3’ to &’ direction by utilising the energy released by ATP
hydrolysis (Clérot and Bernardi, 2006; George et al., 2014; Hickman and Dyda, 2005).
Helicases of this family are known to contain four conserved functional motifs
(Hickman and Dyda, 2005; Koonin, 1993; Vadivukarasi et al., 2007). The four motifs
include: Walker A (WA, P-loop) with a consensus sequence GXXXXGK(T/S), where
X is any aa residue; Walker B (WB) with a consensus sequence of XXXXDD; motif B’

with a cs of KX3.4GX7-sK and C motif containing a conserved asparagine.

The WA motif of the Rep helicase region is responsible for the ATP binding, whilst the
WB motif is responsible for ATP hydrolysis (Choudhury et al., 2006; George et al.,
2014). Mutation of the WA and WB motifs results in loss of ATPase and helicase
activity (Clérot and Bernardi, 2006; Desbiez et al. 1995; Orozco et al., 1997). The B’
motif, which is located between WB and C motif, has been associated with a variety
of functions in the helicase activity of SF3 Rep proteins. Residues located in this motif
have been shown to bind DNA, be involved in ATP interaction, coupling of ATPase
activity with DNA binding, as well as driving conformational shifts during helicase
activity (George et al., 2014; Yoon-Robarts et al.,, 2004). The C motif is known to
interact with the ATP terminal phosphate and recognise the associated unwinding of
the DNA structure (Guo and Huang, 2010). In addition to the four motifs, a B-hairpin
loop structure is predicted to exist adjacent to the B’ motif, upstream from the C motif.
It has been suggested that this loop, which contains a conserved lysine, is positioned
in the oligomeric helicase structure to bind and interact with DNA during unwinding
(George et al., 2014; Shen et al., 2005). It is interesting to note that an arginine finger
residue, which is known to occur downstream of the C motif in other SF3 helicases
and perform ATPase and conformational shift functions, is absent in begomovirus Rep
proteins (Clérot and Bernardi, 2006; George et al., 2014).

1.4.2 Structure

The secondary structure (ss) of the TGMV Rep protein N-terminal domain has been
predicted to contain two a-helices between residue positions 25-52. Two a-helices are
also predicted to occur between TGMV Rep oligomerisation domain residues 131 and

152, an area where there exists an overlap between the DNA binding region of Rep
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and the OD. (Orozco et al., 1997). The ss of the ATPase domain of TYLCSV was
predicted by Clérot and Bernardi (2006) to contain four a-helices and a (-sheet with
three strands. The B-sheet contains the WA and WB motifs as well as the C motif. The
ATPase domain of the simian virus 40 (SV40) large tumour antigen (Tag), an SF3
helicase related to TYLCV Rep, is known to contain eight a-helices and a five-stranded
B-sheet, indicating that TYLCV Rep has reduced structural elements in comparison
(Clérot and Bernardi 2006). Analysis of Rep ATPase domain of tomato leaf curl
Guijarat virus (ToLCGuV) showed the approximate ss composition of this domain to
be: 37% a-helix, 13% B-sheet, and 50% loops (random coils) (George et al., 2014).

Although the molecular structure for some related SF3 viral helicases such as human
papillomavirus (HPV) type 18 helicase (Abbate et al., 2004), adeno-associated virus
2 (AAV2) helicase (James et al., 2003), bovine papillomavirus (BPV) E1 helicase
(Enemark and Joshua-Tor, 2006), and the SV40 Tag helicase domains (Gai et al.,
2004) have been solved using X-ray crystallography; this is not the case for
geminiviruses for which a solved crystal structure is yet to be published. The molecular
structure of TYLCSV Rep N-terminal domain (aa 4-121) was solved using
heteronuclear multidimensional nuclear magnetic resonance (NMR) spectroscopy
(Campos-Olivas et al., 2002). The ss and tertiary structure of the solved structure is

shown in Fig. 1.2.
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Fig. 1.2 TYLCSV Rep N-terminal domain (PDB ID 1L2M) A, secondary structure; B, three-dimensional
ribbon diagram of regularised average tertiary structure showing a-helices (magenta) and B-sheets

(vellow); C, a-helices, B-sheets, N and C termini labelled; D, selected aa side chains belonging to
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conserved catalytic domain motifs or occupying space equivalent to the ss/dsDNA binding residues of

related protein structures (from Campos-Olivas et al., 2002).

The TYLCSV Rep N-terminal domain structure contains two a-helices, nine B-strands,
and several loops. A major antiparallel B-sheet contains five B-strands (B2-4, 38, B9),
with the minor 3-sheet containing two strands (31 and 35). The minor B-sheet strands
extend from 32 and 34. A B-hairpin loop containing two strands (36 and 37) is present
downstream of the B5 strand of the minor sheet. One face of the major sheet is largely
exposed, with only the shorter a-helix flanked by partially disordered loops being
present on this face. Motif | was located on 2, motif Il on 4 (adjacent to 32), and
motif Ill containing the catalytic tyrosine residue was situated on the shorter a-helix.
The tyrosine residue was directed towards the exposed face of the B-sheet near motifs
| and Il. This close arrangement of the three motifs on the exposed face of the major
B-sheet suggests that this could be the catalytic area for the activity of the N-terminal
domain of Rep (Campos-Olivas et al., 2002). Recently, the crystal structure of WDV
Rep N-terminal domain was solved and displays a similar structural arrangement to
TYLCSV Rep (Everett et al., 2019).

In silico homology modelling was used by George et al. (2014) to predict how the
monomeric structures of ToLCGuV Rep helicase domain assemble to form the

guaternary hexameric helicase structure (Fig. 1.3).

DNA binding
hairpin loop

Fig. 1.3 Three-dimensional homology model of ToLCGuV Rep ATPase/helicase domain hexamer

modelled using the solved crystal structure of BPV E1 helicase domain (PDB ID: 2GXA) as the template
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(Enemark and Joshua-Tor, 2006; George et al., 2014). Hexamer shown as a cartoon with each
monomer subunit depicted using different colours, Important Walker A motif, Walker B motif, and DNA
binding hairpin loop residues shown as sticks with magnified views of the motifs depicted in boxes A-

C. Adenosine diphosphate (ADP) shown as sticks coupled to each monomer (from George et al., 2014).

This was achieved by using the solved crystal structure of the ATPase domain of the
BPV E1 protein (Enemark and Joshua-Tor, 2006). Despite the low aa sequence
identity (16%) between E1 and ToLCGuV Rep, the authors justified the use of E1 as
the template due to favourable biochemical data obtained for ToLCGuV Rep which
compares appropriately given the predicted functions of the WA/WB motifs and the
DNA binding loop present adjacent to motif B’. The positioning of the DNA binding
hairpin loop in the predicted hexamer is such that it projects into the central channel
which places it in a favourable conformation for DNA binding as predicted in other SF3
helicases (George et al., 2014). Homology modelling of TOLCNDV Rep protein was
done and the interactions of several important B’ motif and 3-hairpin loop residues with
ssDNA and ADP were investigated using molecular dynamics simulations (Ruhel et
al., 2021).

1.4.3 Role in geminivirus replication
Geminiviruses replicate their DNA in host cells using RCA and since neither the Rep

nor any other viral protein has polymerase activity, the virus must recruit host
polymerases and associated replication factors to perform this function. A simplified
model of geminivirus replication is shown in Fig. 1.4. As mentioned previously, the
various conserved domains of Rep have critical functions associated with DNA
replication (initiation, elongation and termination) and as a result, this protein is
predicted to have an important function in assembling the viral replisome. The
replisome is a closely associated complex of biomolecules and contains the host
factors and viral proteins required for DNA replication (Hanley-Bowdoin et al., 2013).
Once viral ssDNA enters the host cell nucleus, a complementary strand is synthesised
using a host DNA polymerase resulting in a dsDNA intermediate (Gutierrez, 2000;
Hanley-Bowdoin et al., 2013; Pooggin, 2013). Host RNA polymerase Il transcribes
viral mMRNA molecules utilising the bidirectional transcription method to obtain
transcripts for proteins with ORFs on the vs and cs strands (Hanley-Bowdoin et al.,
2013; Pooggin, 2013).
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To initiate RCA, Rep must generate a nick in the vs strand of the dsDNA intermediate
(Koonin and llyina, 1992). Rep binding occurs at Rep-binding sites (iteron sequences)
present adjacent to the Rep TATA box promoter. The stem-loop structure of
begomoviruses contains the conserved 5’-TAATATTAC-3’ sequence on the vs strand
and Rep cleaves between the 71" and 8™ nt of this sequence. (Hanley-Bowdoin et al.,
2000; Hidayat et al., 2008; Rizvi et al., 2015).

Viral Bidirectional
host DNA dsDNA traHSCﬂptlon
s polymerase A Eaily Lati

5°

o A.ms, of viral DNA Complementary strand synthesis
Virion Into nucleoplasm
/ Rolling circle replication (RCR)

Packaging
host DNA cw—‘— AAA
pelymerase
Vnalpmtem

transliation

Multiple copies Extension of Rep-mediated cleavage
of viral ssDNA the virion strand of the virion strand

Fig. 1.4 Simplified model of the replication cycle of geminiviruses. Upon liberation from the capsid, the
ssDNA entering the nucleus, a complementary strand is synthesized using host DNA polymerase to
generate a dsDNA intermediate. Bidirectional transcription of viral mMRNA using host RNA polymerase
Il results in the production of mRNA transcripts which are translated by the host creating viral protein
products. Rep binds to the virion-sense strand of the dsDNA intermediate, initiating strand cleavage.
Rep then facilitates rolling circle amplification (RCA) by extending the virion strand with the use of host
DNA polymerases. Rep cleaves the generated virion-sense strand and ligates it to generate a circular
ssDNA molecule which may undergo encapsidation or complementary strand synthesis (from Pooggin,
2013).

Proteins that perform helicase and replication-associated activities are known to bind
to cruciform DNA structures which form in areas of dsDNA containing inverted repeats.
The inverted repeat sequences present on one strand bind in a complementary
fashion to each other forming the stem, and the nt present in the gap between the
inverted repeats form the loop structure at the terminus of the stem. In dsDNA, the
both strands form the stem-loop structure which results in the cross-like (cruciform)
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shape (Brazda et al., 2011). Upon binding to the iteron sequence on the vs strand,
WDV Rep is predicted to oligomerise (Gutierrez et al., 2004; Missich et al., 2000). In
MYMIV, Rep binds in a sequence-specific manner to iteron sequences on either side
of the Ori (Singh et al., 2007, 2008). Once bound to the iterons, Rep then denatures
the DNA and allows for the extrusion of the cruciform structure on the vs strand. The
stem-loop structure is formed and Rep is able to subsequently cleave Ori. Once Ori is
cleaved, Rep binds covalently with the 5’ phosphoryl group of the viral DNA and the
viral replisome begins replication from the liberated 3’ end (Laufs et al., 1995b, 1995c;
Nash et al., 2011; Singh et al., 2007, 2008). A predicted model of the replication
initiation activity of Rep is shown in Fig. 1.5.

The 3’ end of the nicked DNA acts as the primer for the generation of the new vs strand
which displaces the parent strand from the complementary sense strand as host
polymerases generate the new strand. Once the new vs strand is created, the Ori is
regenerated and Rep can continue synthesizing new strands whereas the nick in the
displaced strand is ligated by Rep and the circular ssSDNA may then be used as a
template for complementary strand synthesis, undergo encapsidation by associating
with the CP or interact with NSP/MP for subsequent viral DNA movement to occur
(Gutierrez, 2000; Hanley-Bowdoin et al., 2013).

Simple Complex

Rep - CR
CR Rep binds cooperatively
i bl I at 9-mer
> > > @
Ll s;-;'e‘:‘ Iy (= —'LL‘:I;I‘ by 1 Is |:“7 >
L J ! 1 2 3 4

Rep nicks at TAATATT!AC to initiate RCR R GURERING Strmm
X ’ at 9-mer while bound
and attaches itself to 5-end

Fig. 1.5 Predicted model of the predicted replication initiation activity of MYMIV Rep. Upon binding to
the iteron (I) sequences around the stem-loop (SL) structure containing the nonanucleotide (9-mer)

sequence present in the common region (CR) of the viral DNA, Rep induces the formation of the
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cruciform DNA structure. Rep induces a nick at the origin of replication and bonds to the 5’ end, allowing

replication to commence from the 3’ end of the cleaved strand (from Singh et al., 2008).

1.4.4 Role in host cell cycle regulation and defence pathway
silencing

As mentioned previously, viral genome replication relies on the presence of the viral
replisome at the replication fork (Clérot and Bernardi, 2006). It is highly probable that
the geminivirus REn protein is involved in the replisome as it has been shown to
enhance viral DNA replication by oligomerising and interacting with Rep (Fondong,
2013; Pasumarthy et al., 2010; Settlage et al., 1996). It has been shown that TYLCSV
REN, in addition to interacting with Rep, is able to undergo interaction with plant
homologues of the retinoblastoma protein (pRb) as well as PCNA (Castillo et al., 2003;
Settlage et al., 2001). The host protein PCNA is a critical component of the plant cell
replication machinery which begomoviruses use to replicate in the host. PCNA is
known to function in eukaryote DNA chromosome replication whilst pRb is a critical
cell cycle regulator (Castillo et al.,, 2003; Kong et al., 2000). Rizvi et al. (2015)
hypothesized that in addition to the viral Rep and REn proteins of the replisome, host
proteins forming part of the replication machinery include PCNA, replication factor C
protein (RFCp), DNA polymerase, replication protein A32 (RPA32) and

minichromosome maintenance 2 (MCM2).

Geminiviruses are known to infect mature cells which are not undergoing an active
cell cycle and thus do not contain replication machinery or active DNA polymerases
(Hanley-Bowdoin et al., 2013). To overcome this and allow for the replication
machinery to assemble in the infected cell, Rep binds to pRb. When pRb is bound to
the host E2F transcription factor it results in the repression of genes which encode the
proteins associated with replication machinery. When Rep in association with REn
binds pRDb, it inactivates the repression of replication factors such as PCNA and this
allows the cell to enter S-phase which is when the cell is in a state of active replication
(Arguello-Astorga et al., 2004; Castillo et al., 2003; Egelkrout et al., 2001; Hanley-
Bowdoin et al., 2013; Kong et al., 2000).
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When viral DNA is converted to its dsDNA replicative form, the DNA molecules
associate with host histone proteins to form a minichromosome which contains up to
12 nucleosomes. Rep is known to bind with host histone 3 protein and MCM2. It has
been hypothesized that this interaction is critical for the dynamic interactions and
processes occurring at the minichromosome (Hanley-Bowdoin et al., 2013). The Rep
protein of chilli leaf curl virus (ChiLCV) has been found to interact with plant
homologues of enzymes present in the monoubiquitination machinery to promote and
enhance viral gene transcription activity in the minichromosome (Kushwaha et al.,
2017).

Rep also interacts with the large subunit of the RFCp complex which is essential for
the functioning of PCNA since RFCp acts as a clamp loader that allows PCNA to
associate with DNA (Castillo et al., 2003; Luque et al., 2002). The Rep protein of
MYMIV has been shown to interact with the middle subunit of the host replication factor
A and this interaction was found to result in improved function of the Rep ATPase
domain (Singh et al., 2007) as well as providing stability to newly formed ssDNA during
replication (Singh et al., 2008). Whilst Kaliappan et al. (2012) claimed that the host
DNA repair and recombination protein (RAD54) was critical to the rolling circle
replication of MYMIV, Richter et al. (2015) disputed their findings and concluded that
RAD54 was not essential for the replication of two geminiviruses via complementary

strand, rolling circle or recombination-dependent replication.

When expressed in yeast and insect cells, the oligomerisation domain of geminivirus
Rep binds and interacts with two host proteins: geminivirus rep-interacting kinase
(GRIK) and geminivirus rep-interacting motor protein (GRIMP). The interaction is
thought to enhance the conditions present in the cell to allow for viral replication to
occur. Rep was also found to interact with host histone H3 with the possible outcome
of direct improvement of viral replication activity (Kong and Hanley-Bowdoin, 2002).
Another interaction which is hypothesized to improve the cellular environment for viral
replication is that of Rep with another host factor termed the small ubiquitin-related
modifier (SUMO)-conjugating enzyme (SCE1l) (Kushwaha et al., 2017). The
improvement arises when the interaction between Rep and SCEL1 adjusts the post-
translational modification (SUMOylation) of several host targets (Kushwaha et al.,
2017; Sanchez-Duran et al., 2011). The binding sites for pRb, PCNA and SUMO are
located in the vicinity of the junction between the N-terminal domain and the
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oligomerisation domain (Fondong, 2013). It is evident that geminivirus Rep interacts
with a variety of host factors to not only promote active replication, but to also facilitate

a suitable cell environment for viral DNA replication to occur.

The bipartite geminivirus TrAP and AC4 proteins as well as the monopartite
geminivirus V2, TrAP and C4 proteins have been implicated in the suppression of RNA
silencing pathways in the plant host (Bar-Ziv et al., 2015; Castillo-Gonzéles et al.,
2015; Chellappan et al., 2005; Glick et al., 2008; Hanley-Bowdoin et al., 2013; Liu et
al., 2017; Melgarejo et al., 2013; Peretz et al., 2011; Trinks et al., 2005). It was reported
that geminivirus Rep acts as a suppressor of TGS in Arabidopsis thaliana by interfering
with DNA (cytosine) methylation (Rodriguez-Negrete et al., 2013). The authors
showed that Rep can repress two host factors necessary for DNA methylation to occur
namely chromomethylase 3 (CMT3) and MET1. The repression of MET1 by Rep is
significantly improved by the presence of geminivirus C4 protein, whilst the repression
of CMT3 is not dependent on the presence of the C4 protein (Rodriguez-Negrete et
al., 2013).

1.5 Rationale for study

Tomato is an important crop to both the commercial and subsistence farming
industries in Southern Africa. Recombination events occurring within the dynamic
populations of begomoviruses in mixed infection drives their evolution. This combined
with the increased prevalence of the polyphagous whitefly vector means that the
potential for begomovirus diseases of crop plants to worsen in the future is high.
Surveys of ToCSV in Southern Africa indicate that this virus is undergoing evolution
and therefore additional research will prove helpful to mitigate the impacts of this
pathogen (Esterhuizen, 2012; Sande et al., 2021). The recent discovery of highly
divergent geminiviruses in wild plant and weed hosts in SA is particularly concerning
because it suggests that significant genetic diversity exists in the field. Such diversity,
although fascinating from the geminivirologist’s perspective, could prove disastrous
for the developing African agricultural industry. Serious crop losses could occur with

the emergence of a novel begomovirus in local crop cultivars.

Concurrent with the growing number of recognised geminivirus species, information

regarding the role of several important geminivirus proteins in viral infection has

30



increased significantly. Specific sequence differences between geminiviruses in the
V2, IR and other genomic regions contribute to their highly diverse pathologies. The
existence of newly recognised coding regions and promoter elements highlight that
much remains to be discovered regarding the pathways involved in disease
development. Geminivirus Rep is one of the most important viral proteins which
modifies the host cell environment and manipulates the host cell machinery to allow
for viral replication to occur. It is therefore imperative to better understand the structure

and functionality of Rep.

1.5.1 Experimental novelty

A previous study of the genetic diversity of TOCSV in SA resulted in the identification
of two novel variant groups (Esterhuizen, 2012). Although these two variant groups
were shown to induce disease in tomato at significantly different levels of severity, the
influence of specific sequence differences on pathogenicity was not investigated in
detail. Infectivity trials of ToCSV in N. benthamiana have not been conducted
previously and the symptom phenotype induced by representative isolates from these
two groups has not been reported prior to the current study. This host was selected
because it is used extensively to characterise plant viruses and investigate their
pathogenicity in vivo. Its increased susceptibility is believed to be as a result of the
presence of a dysfunctional RDR gene in the wild type genome which contains in-

frame stop codons in the 5’ gene region (Goodin et al., 2008; Yang et al., 2004).

Studies of putative ORFs in ToCSV and related African begomovirus species are
lacking and the present study serves as a ground-breaking effort to improve the
awareness of rare and unusual putative ORFs in the DNA-A of monopartite and
bipartite begomoviruses. With these knowledge gaps in mind, the recent publication
of several important findings related to novel sequence features of geminiviruses
(Cantu-Iris et al., 2019; Gong et al.,, 2021) have served as a motivating factor to
investigate the differences between ToCSV variant sequences and related African
begomovirus isolates. This was done with the hope of better understanding these
important pathogens. Except for the solved structures of the N-terminal endonuclease
domain of geminivirus Rep (Campos-Olivas et al., 2002; Everett et al., 2019), there

are no other published structures of geminivirus Rep proteins. The tertiary structure of
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ToCSV Rep has not been previously investigated and no reports of recombinant

expression of ToOCSV Rep ATPase/helicase domain in Escherichia coli are available.

Whilst other studies investigating the role of specific sequence motif residues on Rep

function have been published (George et al., 2014; Ruhel et al., 2021) solving the

structure of this important domain remains a challenge and efforts to solve the

structure will add greatly to the knowledgebase of SF3 helicases.

1.5.2 Study aims
The primary aims of this study are as follows:

1.

3.

Examine the coding capacity of ToCSV and related African begomoviruses

using in silico methods.

. Record the disease pathologies of two ToCSV variant isolate infectious clones

in N. benthamiana and investigate the role of specific sequences in observed
differences in infectivity and/or symptom phenotype.
Analyse the structure and function of ToOCSV Rep using in silico and lab-based

methods.

1.5.3 Specific study objectives

Identify ORFs encoding proteins 240 aa predicted to occur in the DNA-A
sequences of two ToCSV variant isolates (V30 and V22) and related African
begomoviruses using ORF finder.

Conduct canonical and putative virus protein multiple aa sequence alignments
to identify regions of conservation and investigate sequence diversity using
phylogenetic analysis.

Agroinoculate N. benthamiana separately with two ToCSV variant infectious
clones, V30 IR swap and V30/V22 V2 ORF swap mutant chimeras, and a V30
C6 deletion mutant.

Conduct disease symptom scoring using a scoring system developed in this
study and measure viral titre using qPCR at specific timepoints.

Probe for RNA transcripts derived from selected regions of the V30 and V22

viral genomes present in infected N. benthamiana using RT-PCR
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- Determine the aa sequence positions of endonuclease and ATPase/helicase
domain functional motifs for the Rep proteins of ToCSV and related African
begomoviruses.

- Use in silico homology modelling to investigate the predicted structure of the
endonuclease and ATPase/helicase domains of TOCSV Rep and compare with
solved structures of related virus Rep proteins.

- Examine the function of the Rep C-terminal domain in ToCSV infection by
generating C1 deletion mutants using site-directed mutagenesis and
conducting infectivity trials in N. benthamiana with symptom and viral load
assessment.

- Recombinantly express partial ToCSV Rep (C-terminal region) using three
expression vectors in three E. coli expression strains.

- Purify recombinantly expressed protein using liquid chromatography and
conduct tag cleavage trials.

1.5.4 Brief outline of the thesis
Using agroinfectious clones of two ToCSV variant isolates generated previously

(Esterhuizen 2012), the investigation of their coding capacity in silico and their
pathology in N. benthamiana with additional virus mutant chimeras is presented in
Chapter 2. A study in silico of ToOCSV Rep, in vivo assessment of C1 deletion mutant
infectivity in N. benthamiana and recombinant expression of the C-terminal domains
of ToCSV Rep is described in Chapter 3. The concluding remarks for this study are
presented in Chapter 4.
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Chapter 2: Sequence differences present in the region
spanning the 3’ IR and the 5’ V2 ORF are responsible for
altered symptom phenotypes in infected Nicotiana
benthamiana

2.1 Introduction

Tomato (Solanum lycopersicum L.) is a versatile agricultural food crop belonging to
the dicotyledonous plant family Solanaceae and is grown exclusively for its fruit which
is considered a culinary vegetable (Naika et al., 2005). It ranks second in economic
importance as a solanaceous crop after potato (Simonne et al., 2011). The nutritious
tomato fruit is rich in minerals, vitamins, and carotenoids (Raiola et al., 2014). In SA,
the commercial industry is composed of nearly 700 producers and as of 2011, supplied
95 % of the total annual fruit output and employed over 22,000 people (DAFF, 2019).
As tomato is largely harvested by hand, the industry provides employment
opportunities for low-skilled agricultural labourers (Heuvelink and Dorais, 2005).

Tomato is highly susceptible to infection by several viruses transmitted by the whitefly
Bemisia tabaci. A recent survey of tomato-growing regions in SA revealed that
infestations of this polyphagous insect pest are widespread and particularly severe in
the Limpopo province which is a major tomato producing region (Moodley et al., 2019).
TYLCV and an ever-expanding group of related whitefly-transmitted viruses having
circular ssDNA genomes belonging to the genus Begomovirus (family Geminiviridae)
continue to cause devastating losses to the tomato crop worldwide (Czosnek et al.,
2002; Mabvakure et al., 2016; Yan et al.,, 2021). Both mono- and bipartite
begomoviruses contain a circular DNA-A component (~2.6 kb). Bipartite
begomoviruses contain a second genomic component, termed DNA-B (~2.6 kb)
(Zerbini et al., 2017). ToCSV belonging to the genus Begomovirus is related to the
TYLCV-related complex of tomato-infecting begomoviruses and was first detected in
the Onderberg region of Mpumalanga Province (Pietersen et al., 2000). ToCSV can
induce up to 100% vyield losses in susceptible cultivars (Pietersen and Smith, 2002).
ToCSV induces similar symptoms to TYLCV in tomato, including yellowing of the
young upper leaves, curling and cupping of leaflet margins, severe stunting and
dwarfing of overall plant growth as well as decreased fruit set (Pietersen et al., 2000,

2008). A study of several tomato cultivars which are known to show resistance to

34



TYLCV were found to also show resistance to ToCSV but none of the cultivars were
immune to ToCSV infection (Pietersen and Smith, 2002).

The genome of ToCSV contains six recognised ORFs found in other monopartite OW
begomoviruses (Fiallo-Olivé et al., 2021; Pietersen et al., 2000; Zerbini et al., 2017).
Two are located on the vs strand: V1 encoding the CP and V2 encoding the pre-coat
protein (V2). Four are located on the cs strand: C1 encoding Rep, C2 encoding the
transcriptional activator (TrAP), C3 encoding REn, and C4 encoding the C4 protein
(Zerbini et al., 2017). The IR present between the C1 and V2 ORFs contains a stem-
loop element containing a conserved nonanucleotide sequence (5’-TAATATTAC-3)
at the Ori (Fiallo-Olivé et al., 2021; Piedra-Aguilera et al., 2019). The IR contains
several promoters and cis-acting elements on either side of the stem-loop that are
involved in regulating the expression of vs and cs ORFs (Ashraf et al., 2014; Borah et
al., 2016; Kumar and Shivaprasad, 2020). The IR also contains repeat sequence
(iteron) motifs presentin the 5’ IR situated in the vicinity of the TATA box core promoter
sequence which act as binding sites for Rep which binds viral DNA to initiate cleavage
at the Ori of the vs strand (Arguello-Astorga et al., 1994; Fontes et al., 1994).

The 3’ end of the IR terminates at the start codon for the V2/AV2 ORF which is present
in OW begomoviruses only (Fiallo-Olivé et al., 2021). The V2/AV2 protein is known to
play a key role in virus pathogenicity and exhibits a multifunctional nature that
contributes to virus-host interactions. Early studies of monopartite geminiviruses
provided evidence that an intact V2 protein is required for successful systemic
infection, implicating it in facilitating movement within the host (Padidam et al., 1996,
Rigden et al.,, 1993; Stanley et al., 1992; Wartig et al. 1997). PVX-vector based
expression of several geminivirus V2/AV2 ORFs in N. benthamiana has demonstrated
that not only is V2/AV2 able to induce severe virus-like symptoms such as leaf curling
and chlorosis but has also been implicated to function as an avirulence factor that
promotes the development of a HR (Luna et al., 2020; Mubin et al., 2010; Saeed et
al., 2018; Sharma and Ikegami, 2010). Several geminivirus V2/AV2 proteins have
been demonstrated to function as pathogenicity determinants necessary for inducing
severe disease (Amin et al., 2011; Chowda-Reddy et al., 2008; Luna et al., 2020;
Mubin et al., 2010; Roshan et al., 2018; Sharma and lkegami, 2010; Sharma et al.,
2010; Zhang et al., 2012). In addition, V2/AV2 proteins have been reported to act as
potent suppressors of TGS and PTGS by several modes of action. These include
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competitive binding with important host proteins involved in antiviral defence, dsRNA
binding to prevent siRNA biogenesis, as well as siRNA sequestration activity (Glick et
al., 2008; Fukunaga and Doudna, 2009; Mubin et al., 2019; Wang et al., 2014b, 2018,
2019, 2020; Zhang et al., 2012).

A survey of tomato-growing regions in SA resulted in the discovery of two variant
groups of ToCSV (ToCSV-l and ToCSV-Il), differentiated by the presence of a
recombinant fragment present in the coding region spanning part of the 3’ IR and the
first half of the V2 ORF in ToCSV-Il isolates (Esterhuizen, 2012). In the present study
the DNA-A coding capacity and in vivo infectivity of single representative isolate DNA-
A genome sequences from both variant groups was investigated. Three putative cs
ORFs (C5, C6, and C7) and two putative vs ORFs (V3 and V4) were identified. The
C5/AC5 and C6/AC6 proteins of African begomoviruses were described in detail,
conserved sequence domains were annotated and a nomenclature for these two
ORFs based on their positions relative to each other and to the overlapping canonical
vs ORFs was proposed. Through generation of virus mutant chimeras, we identified
key sequence differences present in the IR and V2 which modulate symptom
phenotype, viral titre, and disease recovery in infected N. benthamiana. We also
investigated the role of the putative V30 C6 C-terminal region in virus infectivity and

present evidence for the existence of cs RNA transcripts derived from the C6 ORF.

2.2. Methods and Materials

2.2.1 ToCSV infectious clone constructs

Agroinfectious clone constructs of the wild type severe ToCSV variant isolate ToOCSV-
[ZA:Mks30:08] DNA-A (OK813888) and mild ToCSV variant isolate ToCSV-
[ZA:Mks22:07] DNA-A (OK813889) in pCAMBIA2300 were constructed previously
(Esterhuizen, 2012). The severe and mild variant TOCSV infectious clone constructs
are herein referred to as “V30” and “V22” respectively. The nt sequences of both V30
and V22 ToCSV infectious clones are included in Appendix (A) 1. Three partial IR
sequence swap mutants and two full V2 ORF sequence swap mutants were
synthesized. The templates used and regions swapped to generate each mutant
chimera are described in Supplementary 2 (S2) Table 2.1. The V30AIR-s, V30AV2-s,
and A22AV2-s mutants were synthesised by Genscript Biotech (Piscataway, USA).
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The V30AIR-sl and V30AIR-sr mutants were synthesised by Inqaba Biotech (Pretoria,
SA). The identities of the mutated regions of the swap mutant clones were confirmed
using PCR with Sanger sequencing. Sequence chromatograms for V30 IR swap
mutants are shown in A2 Fig. 1. Details of sequencing primers used are indicated in
S2 Table 2.2.

2.2.2 Phylogenetic and amino acid sequence analyses

Full genome nt sequences of TOCSV-[ZA:Mks30:08] and ToCSV-[ZA:Mks22:07] were
aligned with selected African tomato-infecting begomoviruses using MUSCLE
alignment program with MEGA 6.06 software. A phylogenetic tree of full-length DNA-
A sequences was constructed using the maximum-likelihood method (1,000
replications). A pairwise nt sequence identity matrix (MUSCLE alignment) was
generated using SDT v 1.2 software. A multiple nt sequence alignment of the
conserved sequence elements present in the IR spanning the stem-loop to the V2 start
codon of the two ToCSV variant sequences as well as selected African begomoviruses
sharing 278 % DNA-A sequence identity with TOCSV was constructed manually. The
ORF finder server (https://www.ncbi.nlm.nih.gov/orffinder/) was used to identify ORFs

predicted to encode proteins 240 aa in length in both wild type ToCSV variants when

following standard code.

All wild type canonical and putative ToCSV protein sequences were analysed for
predicted nuclear localisation signals (NLS) using cNLS Mapper (https:/nls-
mapper.iab.keio.ac.jp/cgi-bin/NLS Mapper_form.cqi) (Kosugi et al., 2009), as well as

chloroplast transit peptides (cTP) and mitochondrial transit peptides (mTP) using

TargetP — 2.0 (https://services.healthtech.dtu.dk/service.php?TargetP) (Armenteros

et al., 2019). Signal peptides (SP) were predicted using TargetP — 2.0 and Phobius

(https://phobius.sbc.su.se/) (Kéll et al., 2007). Transmembrane helices (TMH) were
predicted using Phobius and TMHMM v 2.0 (http://www.cbs.dtu.dk/services/TMHMMY/)
(Krogh et al., 2001). ORFs encoding V2 as well as putative V3/AV3, V4/AV4, C5/AC5,
C6/AC6, and C7 proteins were identified for both ToCSV variants as well as selected

African mono- and bipartite begomoviruses sharing 275% DNA-A sequence identity
with ToCSV using BLAST analysis (Altschul et al., 1990).
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Full length V2, V3/AV3, V4/AV4, C5/AC5, C6/AC6 and C7 protein sequence
alignments were done using MUSCLE alignment program with MEGA 6.06 software
and phylogenetic trees were constructed using the neighbour-joining method (1,000
replications). Predicted aa sequences were also aligned using PRALINE multiple

sequence alignment server (https://www.ibi.vu.nl/programs/pralinewww/) (Simossis

and Heringa, 2005). The ss was predicted using PSIPRED server
(http://bioinf.cs.ucl.ac.uk/psipred/) (Buchan and Jones, 2019; Jones, 1999). Sequence

logos were generated for selected protein regions using the WebLogo v 2.8.2 server

(https://weblogo.berkeley.edu/logo.cgi) (Crooks et al., 2004). Sequences were

manually annotated, and consensus strand and helix ss was indicated using cartoons
above sequence alignments. Details of all viral isolates used in analyses are shown in
S2 Table 2.3.

2.2.3 Site directed mutagenesis

ToCSV V30 was used as a template to obtain a putative V30 C6 ORF deletion mutant
by replacing V30 C6 Lys109 codon with a stop codon to truncate the C-terminus by
35 aa. The deletion mutant (V30AC6-d) was generated via site directed mutagenesis
using Phusion™ High-Fidelity DNA Polymerase (Thermo Fisher Scientific). A partially
overlapping mutagenesis primer pair was manually designed following published
recommendations with amendments (Laible and Boonrod, 2009; Liu and Naismith,
2008; Zheng et al., 2004). The target mutation was included in both primers, Tm
differences for the primer pair did not exceed 2 °C, and both primers had a GC content

not exceeding 52 %. The OligoAnalyzer™ tool (https://www.idtdna.com/oligoanalyzer)

was used to determine predicted hairpin, homo- and heterodimer AG values. The
accepted cut-offs for predicted AG values were -2.0 kcal/mol for hairpins, and -9.0
kcal/mol for dimers. Primers were manually adjusted until acceptable AG values were
obtained whilst following strict published mutagenesis primer requirements. All
mutagenesis primers were synthesised, and RP-cartridge purified by Ingaba Biotech
(Pretoria, SA). Mutagenesis PCR was set up as per manufacturer’s instructions using
4 ng template DNA with 1 % DMSO being included to inhibit ss formation. A three-
step cycling protocol was followed with an annealing temperature of 69 °C and an
extension time of 520 s (45 s/kb) for 20 cycles. Upon completion, 5 uL samples were

resolved on 0.7 % agarose to verify the presence of the target product at ~12 kb.
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Restriction digestion using FastDigest Dpnl (Thermo Fisher Scientific) was done by
adding 1 pL enzyme directly to each of the remaining PCR product samples and
incubating at 37 °C for 15 h followed by heat inactivation. Preparation and
transformation of ultracompetent Escherichia coli XL10-Gold cells was done as per
Green and Sambrook (2020) with the following modifications: 2 uL of Dpnl-digested
sample was added directly to 100 pyL cells and B-mercaptoethanol (24 mM final
concentration) was included to enhance transformation efficiency. Transformed cells
were plated on SOB agar containing 100 ug/mL kanamycin and incubated at 37 °C for
24 h. Three to five colonies were selected and sub-cultured, plasmid DNA was
extracted and quantified. All mutant clones generated in this study were confirmed
using PCR (V2-specific primers) with Sanger sequencing. ORF finder was used to
confirm that no inadvertent mutations had been introduced into the overlapping ORFs.
Sequence chromatogram for V30ACG6-d is shown in A2 Fig. 2. Details of mutagenesis

and sequencing primers used are indicated in S2 Table 2.2.

2.2.4 Plant material and growth conditions

Wild type N. benthamiana was seeded in Jiffy® 7C cocopeat pellets in a controlled
environment facility with a 16 h light/8 h dark photoperiod, relative humidity ~50 % and
an ambient temperature of 26 + 2 °C. Germination was induced under clingwrap and
30-day-old seedlings were acclimatised over a period of 4 to 7 days prior to inoculation
at the 5 to 6-leaf stage. Plants were transferred in Jiffy® pellets to pre-wet cocopeat
four days post inoculation (dpi). Supplementation with 20 mL per plant with Kelpak
seaweed extract was done at 4 dpi and Seagro organic fertiliser at 8, 16, 26, and 36

dpi.

2.2.5 Inoculum preparation and plant agroinoculation

Competent Agrobacterium tumefaciens C58C1 cells were prepared and subsequently
transformed with purified infectious clone construct plasmid DNA in accordance with
Hofgen and Willmitzer (1988). Transformed cells were plated on LB agar containing
100 pg/mL rifampicin and 100 pg/mL kanamycin and incubated at 28 °C for 48 h.
Positive transformants were identified and subcultured in LB broth with antibiotics until

ODeoo ~1.0 was obtained. To prepare inoculum, cultures were centrifuged and
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resuspended in chilled sterile 0.1 M MgCl2 containing 100 uM acetosyringone to ODsoo
0.8. Cell suspensions were incubated in the dark at ambient temperature for up to 3 h
with occasional gentle shaking. Plants were inoculated with 100 pL prepared inoculum
using a 1 mL needleless syringe, with gentle infiltration of the underside of two
expanded leaves below the meristem. Five plants were inoculated per treatment.
Plants inoculated with A. tumefaciens C58C1 harbouring empty pCAMBIA2300 vector

served as the mock-inoculated controls, non-inoculated controls were also included.

Preliminary infections of N. benthamiana with wild type ToCSV infectious clone
constructs were conducted to develop a novel symptom severity scoring system. Two
symptoms of interest were identified: upward leaf roll (ULR), and swollen veins (SV).
For scoring of ULR symptoms, the leaf edges were demarcated into seven zones (Fig.
2.1). A visual scoring system for each symptom was developed by ranking symptom
severity on a scale of zero to three, with a higher score corresponding to increased
severity (Table 2.1 and Table 2.2). All inoculated plants were observed daily for
symptom development. Symptom scoring was done at four-day intervals starting at 12
dpi; three expanded leaves below the meristem were scored for each plant. Plant
heights were measured at four-day intervals starting at O dpi. Mock height attained (%)
was calculated using the formula: (H/Hm)*100 where Hiis height of plant inoculated
with treatment and Hm is height of mock-inoculated plant (Lapidot et al., 2006). DNA
extracted at 28 dpi from plants infected with V30AC6-d was used as a template for
PCR (C6 sequencing primers) with Sanger sequencing to confirm that mutation
reversion to wild type sequence had not occurred. Plant trials were terminated after
36 dpi. Symptom scoring was done for three biological and 15 technical replicates.
Student’s t-tests were conducted using IBM SPSS Statistics v 28.0 software package
to determine statistically significant differences between corresponding symptom

scores in different treatments.
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Fig. 2.1 Nicotiana benthamiana leaf edge zone demarcations used in upward leaf roll (ULR) symptom

severity scoring system. Seven leaf zones are numbered.

Table 2.1 Nicotiana benthamiana upward leaf roll (ULR) symptom severity scoring

system.

Score | Description

0 Leaf edges normal

1 Leaf edges turned up 1-7 zones,
OR mild ULR 1-4 zones

2 Leaf edges turned up 2-7 zones AND mild/narrow ULR <4 zones,
OR narrow/mild ULR 5-7 zones,
OR broad/severe ULR 1-4 zones

3 Severe ULR = 5 zones,

OR entire leaf edge rolled upward and onto itself

Table 2.2 Nicotiana benthamiana swollen leaf vein (SV) symptom severity scoring

system.

Score | 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 dense SV over entire leaf
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2.2.6 Nucleic acid extraction

For DNA extraction, two leaf discs (d = 12.7 mm) were collected from expanded leaves
below the meristem at 12, 20, 28 and 36 dpi. Leaf tissue was flash frozen in liquid
nitrogen and homogenised with 3 mm tungsten carbide beads (Qiagen) using the
Qiagen TissueLyser Il system (Qiagen) at 20 Hz for 1 min twice. CTAB extraction
(Doyle, 1991) was done with the following modifications: an additional chloroform-
isoamyl alcohol extraction step, two ethanol wash steps (95 % first wash, 75 % second
wash), and incubation of samples at -80 °C for 30 min after the addition of isopropanol.

For total RNA extraction, ~100 mg of homogenized leaf material collected at 20 dpi
was flash frozen in liquid nitrogen and homogenized with DEPC-treated 3 mm
tungsten carbide beads (Qiagen) using the Qiagen TissueLyser Il system (Qiagen) at
20 Hz for 1 min twice. RNA was extracted using TRIzol™ reagent (Thermo Fisher
Scientific) as per the manufacturer’s protocol with an additional chloroform separation
step. All nucleic acids were quantified using the NanoDrop™ One spectrophotometer
(Thermo Fisher Scientific) and purity was also assessed using gel electrophoresis.

Extracted DNA and RNA was stored at -80 °C for downstream analysis.

2.2.7 qPCR

To determine viral load in inoculated plants at specified time points, real-time
guantitative PCR (gPCR) was done using the Maxima SYBR Green/ROX gPCR
Master Mix (Thermo Fisher Scientific) as per manufacturer’s protocol with the CFX96
Touch Real-Time PCR Detection System (Bio-Rad Laboratories). Viral load was
determined relative to the internal control glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Farooq et al., 2019). The degenerate primer pair used to target viral V2
ORF was designed using Primer3 with appropriate qPCR primer parameters selected
(Kdressaar et al., 2018). The primer sequences are shown in S2 Table 2.2. Primer
specificity was confirmed using standard PCR. Primer amplification efficiencies were
determined through construction of standard curves (S2 Fig. 2.1). using CFX Maestro
Software v 1.0 (Bio-Rad Laboratories). For gPCR experiments, three biological and
nine technical replicates were used. Log viral fold change was calculated using the
delta Ct method (Log ACt=2-4Ct). Student’s t-tests were conducted using IBM SPSS
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Statistics v 28.0 software package to determine statistically significant differences

between viral load in different treatments.

2.2.8 RT-PCR

To investigate the presence of RNA transcripts derived from selected V30 and V22
genome regions, gene specific primers for cDNA synthesis were designed using
Primer3 (Kdressaar et al., 2018). RT-PCR targets are described in Table 2.3. Primer

sequences were evaluated for the presence of ss using the Oligoanalyzer™ Tool

(https://www.idtdna.com/oligoanalyzer). For details of primers used refer to S2 Table
2.2. First strand cDNA was synthesized using the RevertAid™ First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific) following the manufacturer’s protocol using
gene-specific primers with inclusion of all prescribed negative controls and mock-
inoculated control. All cDNA was stored at -80 °C until subsequent PCR analysis was
done using DreamTaq™ PCR Master Mix (Thermo Fisher Scientific). PCR was done
in accordance with the manufacturer’s instructions. PCR annealing temperatures,
extension times and product sizes for all RT-PCR targets are shown in S2 Table 2.4.
All RT-PCR products were resolved on 2 % agarose. RT-PCR was repeated three

times.

Table 2.3 Virus region-specific RT-PCR products targeted in this study

RT-PCR Target nt position (5’- Target description

product 3’)

V30 IR-vs 2722-92 V30 IR spanning origin of replication

V30 IR-cs 92-2722 V30 IR spanning origin of replication

V30 V2-vs 56-249 V30 region spanning putative V2 ORF 5’ extension
(overlapping with IR 3’ end) to canonical V2 ORF 5’
region

V22 V2-vs 60-188 V22 region spanning IR/V2 ORF junction

V30 C6-cs 525-176 V30 putative C6 ORF 3’ region

V30 R1-vs 142-635 V30 region 1 spanning V1/VV2 ORF overlap

V30 R1-cs 635-142 V30 region 1 containing putative C5, C6, and C7
ORFs

V30 R2-vs 1231-1734 V30 region 2 containing putative V3, and V4 ORFs

V30 R2-cs 1734-1231 V30 region 2 spanning C1/C2 ORF and C2/C3 ORF
overlaps
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V30 R3-vs 367-1609 V30 region 3 spanning V2 ORF 3’ region to putative
V3 ORF

V30 R3-cs 1609-367 V30 region 3 spanning C1 ORF 3’ region to putative
C6 ORF

Key: 2, position on virus DNA-A monomer; vs, virion-sense; cs, complementary-sense.

2.3. Results
2.3.1 Investigation in silico of two variant genomes of ToCSV and

other African begomoviruses reveals their variable coding potential.
Phylogenetic analysis of the DNA-A components of two ToCSV variant sequences
[ZA:Mks30:08] and [ZA:Mks22:07] sharing 96 % sequence identity (Fig. 2.2A)
revealed a distinct phylogenetic cluster with the exemplar isolate of ToCSV
(AF261885). The closest relative of this TOCSV cluster was determined to be tomato
leaf curl Diana virus (ToLCDiV: AM701765) isolated from Madagascar. Although
[ZA:Mks30:08] and [ZA:Mks22:07] shared highest sequence identity with a
Zimbabwean isolate of TbLCZV (AF350330) (84 % and 85 %), they were not closely
related to this tobacco-infecting begomovirus. Pairwise nt sequence comparison of
[ZA:Mks30:08] and [ZA:Mks22:07] with two ToCSV strain groups (ToCSV-Chok | and
ToCSV-Chok 1) identified in Mozambique (Sande et al., 2021) indicated that
[ZA:Mks30:08] shared >96 % sequence identity with all TOCSV-Chok | isolates whilst
[ZA:Mks22:07] shared <94 % sequence identity with isolates from both strain groups

(data not shown).

The DNA-A monomers of agroinfectious clone constructs of the two ToCSV variant
sequences, hereby termed V30 and V22 respectively, were subjected to ORF finder
analysis (standard code, proteins 240 aa). The ORFs were mapped to the circular
monomeric genomes (Fig. 2.2B). Both variant sequences were predicted to contain
the six canonical (accepted) begomovirus ORFS (V1, V2, C1, C2, C3, C4). Two
putative ORFs reported previously in other begomoviruses (C5 and C6) were
identified. C5 was in frame with V1 and C6 was in frame with V2 but both putative
ORFs were located on the cs strand. Three additional short putative ORFs with
predicted protein sizes < 50 aa were also found. A short cs ORF with a start codon
located downstream of C6 was termed C7. Two short vs ORFs were identified and
provisionally named V3 and V4 based on the relative positions of their start codons.
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The V2 ORF of V30 was predicted to contain a putative 5’ extension (encoding 30 aa)
upstream of the canonical V2 start codon (nt 139 to 141), extending into the 3’ end of
the IR. Both variant C1 ORFs were also found to contain putative 5’ extensions (each
encoding 12 aa) upstream of the canonical C1 start codon (nt 2612 to 2610 in V30, nt
2611 to 2609 in V22), extending into the 5 end of the IR. These putative 5° ORF
extensions into the IR were absent in the majority of other African begomovirus
sequences analysed. The nt positions of start/stop codons and predicted protein

lengths for all accepted and putative V30 and V22 ORFs are shown in S2 Table 2.5.
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Fig. 2.2 Phylogenetic analysis of TOCSV variant sequences. A, Maximum likelihood phylogenetic tree
constructed using full length DNA-A sequences of ToCSV-[ZA:Mks30:08] (V30), ToCSV-
[ZA:MKs:22:07] (V22), and selected African monopartite tomato-infecting begomoviruses sharing =278
% DNA-A sequence identity with ToCSV (1,000 replications). Bootstrap values >50 % are shown.
TYLCSV served as the outgroup. Corresponding three-colour pairwise sequence identity matrix with
colour key indicating identities. A cut-off at 94 % served as the strain demarcation threshold for
begomoviruses. B, Genome organisation of ToCSV-[ZA:Mks30:08] (V30), ToCSV-[ZA:Mks:22:07]
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(V22) DNA-A genomes. Accepted virion-sense (V) and complementary-sense (C) ORFs coloured dark
with bold labels, putative ORFs coloured light with italicised labels. Intergenic region (IR) in grey with
stem-loop element shown. Putative 5 extensions of C1/V2 ORFs indicated using diagonal stripes.

Detalls of all isolate sequences used in S2 Table 2.3.

Pairwise V30 and V22 protein aa sequence conservation and predicted ss alignments
for six canonical (S2 Fig. 2.2 to 2.7) and five putative (S2 Fig. 2.8 to 2.12) proteins
revealed several aa differences between the two variants, particularly in the V2
protein, TrAP (encoded by C2) and REn (encoded by C3). The V2 of V22 was shown
to contain three additional C-terminal residues absent in V30 V2. The C6 protein of
V30 contained a 35 aa C-terminal fragment absent in V22 C6. Predicted ss revealed
that the CP (encoded by V1) contained predominantly strand elements. V2, V4, C5,
and C7 proteins were predicted to contain helices but no strands were predicted.

The aa sequences of all identified canonical proteins (CP, V2, Rep, TrAP, REn, C4),
canonical V2 and Rep with N-terminal extensions (V2N and RepV), and putative
proteins (V3, V4, C5, C6, C7) were subjected to web-based software to predict unique

features which could be used to infer their potential biological function (Table 2.4).

Table 2.4 Predicted protein features for ToCSV V30 and V22 proteins 240 aa in length

Feature Proteins
V30 V22
_I CP, Rep, RepV CP, Rep, RepV
cTP none none
mTP V4 V4
SP V2N, v3, C6, C7 V3, C6, C7
TMH V2N, C6, C7 C6

Key: N, protein including putative N-terminal extension; NLS, nuclear localisation signal; cTP,
chloroplast transit peptide; mTP, mitochondrial transit peptide; SP, signal peptide; TMH,

transmembrane helix.

The CP and Rep proteins of V30 and V22 were predicted to contain NLS but no other
canonical protein was predicted to contain any features of interest. No proteins were
predicted to contain cTP. Putative V3, C6 and C7 proteins were predicted to contain

SP, whilst V4 was predicted to contain mTP. Interestingly, SP and TMH were predicted
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to exist in the N-terminal region of V30 V2N which was absent in V30 V2. No cTP were
identified in any of the proteins.

Once the ORFs present in V30 and V22 were identified, the ToCSV exemplar isolate
(AF261885) and selected African mono- and bipartite begomovirus isolates sharing =
75% DNA-A sequence identity with TOCSV were screened manually for putative ORFs
of interest using ORF finder (standard code, proteins 240 aa). African begomovirus
Isolates shown to contain truncated/fragmented V1, V2, or C1 ORFs were excluded.
Of the 60 accepted isolates screened: 15 (25 %) had V3/AV3, 24 (40 %) had V4/AVA4,
53 (88 %) had C5/AC5, 39 (65 %) had C6/AC6, and 28 (47 %) had C7.

Phylogenetic analysis of full length V3/AV3 proteins (S2 Fig. 2.13) showed three highly
divergent clusters, separated according to virus host plant. Multiple aa sequence
conservation and ss alignments (S2 Fig. 2.14 to 2.16) confirmed the variability of the
putative V3/AV3 protein. Phylogenetic analysis of putative V4/AV4 proteins also
showed divergent aa sequences (S2 Fig. 2.17), although the length of most putative
V4/AV4 proteins was identical (42 aa). Multiple V4/AV4 aa sequence and ss
alignments revealed a highly conserved C-terminal region predicted to contain two
consensus helices (S2 Fig. 2.18). Although the putative C7 ORF was found in
monopartite begomoviruses only, the predicted proteins were also found to be highly
divergent (S2 Fig. 2.19) with predicted ss varying considerably (S2 Fig. 2.20).

2.3.2 Two variant agroinfectious clones of ToCSV induce

significantly differing pathologies in N. benthamiana.

Infectivity assays using ToCSV V30 and V22 agroinfectious clones were performed
for the first time in N. benthamiana. At ~12 dpi, virus-like symptoms began to appear
in the emerging leaves of plants separately agroinoculated with V30 and V22. Leaf
epinasty, rugosity, mild chlorosis, and leaf curling were observed (Fig. 2.3A). Mock-
inoculated plants appeared identical to non-inoculated plants and developed normally
with no disease symptoms being observed (S2 Fig. 2.21 and S2 Fig. 2.22). Two
distinct symptom types, ULR and SV, were consistently reported in the infected plants
but differed in their severity between the two variants (S2 Fig. 2.23 and S2 Fig. 2.24).
The ULR disease symptom initially presented as upward turning of the edges of the
emerging leaf, gradually progressing to upward rolling of the leaf edges as the leaf
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expanded. Increased severity of ULR was associated with leaf roll being present along
the entire leaf edge or broad leaf roll that resulted in the upward rolling of the entire
leaf surface. The SV phenotype manifested as abnormal swelling of the leaf veins
resulting in abaxial vein bulging and adaxial vein depression. This symptom was
especially apparent when viewed through a light source as an enhanced visual
contrast of the vein network was seen. Severe SV symptoms presented as a dense
network of affected leaf veins often associated with rugosity and leaf distortion. Milder
SV presented as sparsely distributed SV or slight SV present near the leaf edges
without associated rugosity.

Disease progression was markedly different for the two variants. In V22-infected
plants, moderate to severe ULR was evident from 20 to 24 dpi and declined thereafter
to near zero at 36 dpi. In V30, ULR was mild to almost absent over the entire
monitoring period (Fig. 2.3B). A moderate to severe SV symptom phenotype was
observed in both variants, peaking between 20 and 24 dpi. A significant recovery in
SV was seen in V22-infected plants between 24 and 36 dpi, unlike in V30-infected
plants which did not show decreased SV severity by 36 dpi (Fig. 2.3B). Plant stunting
was observed in both variants with V30-infected plants displaying more severe
stunting than V22 at 36 dpi (S2 Fig. 2.21). Infection was confirmed using conserved

V2 ORF primer-PCR and Sanger sequencing (data not shown).
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Fig. 2.3 Infection of Nicotiana benthamiana with ToCSV wild type infectious clones in single infection.
A, Symptoms in plants inoculated with mock (Agrobacterium tumefaciens C58C1 carrying empty
pCAMBIA2300), V30, and V22 at 20 dpi (left) and 36 dpi (right). Bar = 2 cm. B, Corresponding upward
leaf roll (ULR) and swollen vein (SV) symptom severity scores at four-day intervals from 12 to 36 dpi.
C, Log viral fold change at 20 and 36 dpi. Bars represent mean + SD. Student’s t-test levels of
significance: *, P < 0.05; **, P < 0.01; *** P < 0.001.

Viral load relative to the internal control GAPDH was determined using qPCR (Fig.
2.3C). Plants infected with V30 had significantly higher relative viral load than V22 at
20 dpi (P < 0.01), 28 dpi (P < 0.001) and 36 dpi (P < 0.01). Peak viral titre in both
variant-infected plants was observed at 20 dpi. To investigate the presence of long
genome-derived transcript RNAs in V30-infected plants, RT-PCR using virus-specific
primers was done. Three RNA transcript targets were mapped to canonical and
putative ORF coding regions of both vs and cs strands (Fig. 2.4). Viral RNA transcripts
were predicted to span multiple ORFs, and none were entirely derived from a region
spanning a single ORF. All target RT-PCR products were identified in V30-infected
plants, but not in mock-inoculated plants (Fig. 2.4).
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Fig. 2.4 Identification of TOCSV V30 RNA transcripts derived from three regions (R1, R2, R3) using RT-
PCR. Accepted (bold) and putative (italicised) ORFs segregated by virion (vs) and complementary
sense (cs) frames. Positions of three vs (blue) and cs (red) strand-derived RT-PCR products relative to
ORF positions indicated. Agarose gel images of three vs (top) and three cs (bottom) RT-PCR products.
M, DNA ladder marker; tDNA, PCR of total DNA extracted from plants inoculated with V30 (positive
control); cDNA, RT-PCR of total RNA extracted from plants inoculated with V30 or mock; RT-, negative
reverse transcriptase enzyme control; NTC, PCR no template control. Primers used for PCR in brackets
with primer used for cDNA synthesis highlighted in bold. Mock is RT-PCR of total RNA extracted from
plants inoculated with Agrobacterium tumefaciens C58C1 carrying empty pCAMBIA2300.

2.3.3 The 3’ IR of ToCSV acts as a symptom phenotype determinant

in N. benthamiana.

Pairwise sequence alignment of the full-length IR of both wild type ToCSV variant
sequences (S2 Fig. 2.25) revealed the presence of two short (~30 nt) regions in the 3’
IR having sequence differences. These short regions were located to the left and right
of a conserved TATA box-containing region (nt 95-107) present upstream of the
canonical V2 start codon. A multiple nt sequence alignment of the 3’ IR of several
isolates of TOCSV and related African tomato-infecting begomoviruses was done to
identify recognised sequence motifs and regulatory elements present in the 3’ end
(Fig. 2.5). Elements identified included the conserved stem-loop element containing

50



nonanucleotide, CLE-like motif, TATA box, and the TACE. The stem-loop element was
highly conserved amongst begomovirus isolates. All isolates of TOCSV and most other

begomovirus isolates were shown to contain a single CLE-like motif.

Stem-loop element

CLE-like motif/s TATA box TACE V2 start
I — " —
ATOCSV_AF261885 GCGGH CG-AT GGA! 14. R GeearACTICR-—BGGAAGT .13, ATG
TOCSV-([ZA:Mks30:08] GCGGCCATCCG-AT ( GT.14. 7. BEATGGGARACTTC GGAAGT .1
ToCSV-[2A:Mks22:07] GCGGCCATCCG-AT 5 SGCCGT. 1+ SR . ........................... 7. IR - - - - ACTTCT] TA(‘IAA(‘T 15,4
ATOLCDiV_AM701765 CGCC 5-TGGGCGE. 10. - ———- ACTTCCEEGEGARGG.14.ATG

ATOLCTOV AM701768 el A GC.14. - [
ATOLCTZV_DQ519575 CCG-T2 JAGATGGCCGC. 6. AN iiiinienieos -
ATOLCArV_EF194760 14. 1.
ATOLCMLV_AY502936  GCGGECATCCI-TC! : §.14. ATAT-———-
APepYVMLV_AY502935 GCGGCCATCCG-TA ole 2GE.15.A ATAT-----
ATOLCBFV_KX853168  GCGGCCATCCG-TA IGEATCECCEE. .7.CI T . ............................ 5.
ATHLCKMV_AM701760 ( SATCCG-TA GECE. 1c. . . ............................
THLCKMV_AM701762 ! ; G ( GC.1c. GIGEHEO6E. .............................
ATPLCZV_AF350330

TOLCZV AMT01756 GCGGCCATCCG-AT 1,

ATOLCKuUnV MT045996 GCGGCCATCCG-TC GATGGCCGC. 9. ACA -
ATOLCGV_EU350585 GCGGCCATCCG-TA 'G .45.A .28. ATAT-———-
ToLCGV_KT382326 GCGGCCATCCG-TA CGGA C..1 . FHGEEEEES. . ... ....... ...67. BEAT-———-
ToLCGV_MN969998 GCGGCCATCCG-TA ’GGATGGCCGC. 14. . 10. .65 ATAT-—— -
ToLCGV_MH794632 GCGGCCATCCG-TA ] :

ToLCGV_MH794633 GCGGCCATCC

ATOLCNGV_FJ685621 GCGCCCA-CC! 3 B BTR
ATYLCMLV_LM651400  GCGGCCATCCG GATGGCCGC. > . GEGGHCEEE. . ............................
ATOLCMGV_AJ865338 GCGGCCATCCG-TA CGGATGGCCGE . 15. REN (o LV-NUUOOUSUTOoon A
TOLCMGV_AJE65339 ( s CCATGGCCGC . 15 ERNE - - . .. .. .. ................ BTAT-----
ATOLCUV_DQ127170 : : 18. :
TOLCUV_LC437667 : cce CEC.17. -
ATOLCKMV_AJ865340  GCGGC ICG-T2 SGGATGECCEE . 1 6. ATAT-———-
TOLCKMV_AJ865341 i

ATOLCNaV_AM701764 GGCC 7% A ——
ATOLCSCV_AM491778 CGGCCATC A ’GGATGGCCGC. 16 GHBGEEO0E. . .. ..........................
ATOLCANV_AM701758 SCGGC e 5C

Fig. 2.5 Partial intergenic region (IR) viral motif/regulatory element sequence alignment. IR region
spanning stem-loop element to V2 start codon (italicised) indicated for TOCSV-[ZA:Mks30:08], ToCSV-
[ZA:Mks:22:07], and selected African monopartite tomato-infecting begomoviruses sharing 278 % DNA-
A sequence identity with TOCSV. Exemplar isolates indicated with black triangles. CLE and TACE refer
to conserved late element and TATA-associated composite element, respectively. Highlighted colours
indicate motif consensus sequence present. Hyphens indicate alignment-generated gaps, ellipsis
indicates spacer sequence with nt number shown. Details of all isolate sequences used in S2 Table
2.3.

All begomovirus isolates contained a TACE downstream of the TATA box, except for
the exemplar isolate of tomato leaf curl Toliara virus (ToLCToV: AM701768). The
central spacer region of the TACE between the conserved left (ACTT) and right
(AAGT) arms was highly variable. Multiple sequence comparison uncovered two
features of the TACE found only in the ToCSV exemplar isolate (AF261885) and
ToCSV-[ZA:Mks30:08]. The first feature was an additional spacer sequence (GGGAA)
between the TATA box and the conserved left arm sequence of the TACE. The second

feature was a reduced TACE central spacer region. This spacer region contained five
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nt instead of the consensus seven nt present in the TACE of ToCSV-[ZA:Mks:22:07]
and other African tomato-infecting begomoviruses.

Three partial V30 IR 3’ sequence swap mutants (Fig. 2.6A) were used to elucidate the
potential role that these IR sequence differences may play in pathogenicity in N.
benthamiana. Refer to S2 Fig. 2.26 for multiple sequence alignment of the 3’ IR of V30
and the three IR swap mutants. Agroinoculation of N. benthamiana with V30 IR
mutants resulted in significant changes to the wild type V30 symptom phenotype.
Severe and persistent ULR symptoms were observed to develop in plants inoculated
with V30AIR-s (Fig. 2.6B, C; S2 Fig. 2.27). The severity in SV symptoms was also
significantly increased between 24 and 36 dpi when compared to V30-infected plants.
A dense network of SV was associated with severe rugosity. Both ULR and SV
persisted without recovery by 36 dpi. Symptoms induced by V30AIR-s| were identical
to those observed in plants inoculated with V30 (Fig. 2.6B, C; S2 Fig. 2.28). Plants
infected with V30AIR-sr developed severe ULR and SV with severity scores being
significantly higher than in V30-infected plants, although mean ULR scores were lower
than was recorded in V30AIR-s-infected plants (Fig. 2.6B, C; S2 Fig. 2.29).
Measurement of viral load relative to GAPDH (Fig. 2.6D) showed a significantly higher
viral titre at 28 dpi in plants infected with V30AIR-s than in V30-infected plants (P <
0.01). To probe for IR-derived RNA transcripts crossing the Ori in V30-infected plants,
RT-PCR using IR-specific primers targeting vs and cs RNA transcripts was done. RT-
PCR products corresponding to RNAs derived from both strands were positively
identified in RNA extracted from V30-infected plants but not mock-inoculated plants
(Fig. 2.6E).
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Fig. 2.6 Infection of Nicotiana benthamiana with ToCSV V30 IR-swap mutant infectious clones in single
infection. A, Summary of IR-swap sequence identities: V30 sequence in red, V22 sequence in blue with
boundaries shown as nt position numbers. Conserved region containing TATA box in green. B,
Symptoms in plants inoculated with V30AIR-s, V30AIR-sl, and V30AIR-sr at 20 dpi (left) and 36 dpi
(right). Bar = 2 cm. C, Corresponding upward leaf roll (ULR) and swollen vein (SV) symptom severity
scores at four-day intervals from 12 to 36 dpi. D, Log viral fold change at 20 and 28 dpi. E, Agarose gel
images of V30 complementary (cs) and virion sense (vs) IR-derived RT-PCR products. M, DNA ladder
marker; tDNA, PCR of total DNA extracted from plants inoculated with V30 (positive control); cDNA,
RT-PCR of total RNA extracted from plants inoculated with V30 or mock; RT-, negative reverse
transcriptase enzyme control; NTC, PCR no template control. Primers used for PCR in brackets with
primer used for cDNA synthesis highlighted in bold. Mock is RT-PCR of total RNA extracted from plants
inoculated with Agrobacterium tumefaciens C58C1 carrying empty pCAMBIA2300. Bars represent
mean * SD. Student’s t-test levels of significance: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

It is important to consider that the start codon of the putative V30 V2 N-terminal
segment is present in the 3’ IR of V30. This feature exists because the 3’ IR of V30
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contains one extra nt in comparison to the 3’ IR of V22. This consequently places the
putative V2 start codon in-frame with the canonical V2 start (S2 Fig. 2.25). The putative
V2 start (nt 49 to 51) is located upstream of the IR 3’ fragment of interest. Due to IR
swap mutation, the V2 putative N-terminal segment was predicted to be lost in the V2
protein encoded by both V30AIR-s and V30AIR-sr. Conversely, the V2 protein of
V30AIR-sl was predicted to retain this segment although its sequence identity differed
from that of V30 (S2 Fig. 2.30A, B). Analysis of predicted protein features showed that
both N-terminal segments were predicted to contain helix ss elements (S2 Fig. 2.30C),
as well as TMH being predicted by at least one web-based prediction server (S2 Fig.
2.30D).

2.3.4 The V2 ORF of ToCSV is implicated in modulating disease

severity and subsequent symptom recovery in N. benthamiana.

In addition to the IR, the coding region spanning the canonical V2 ORF of both ToCSV
variants also contains nt sequence differences. The two canonical V30 and V22 V2
protein sequences share 94 % aa sequence identity. Closer examination of the two
variant V2 proteins and selected African tomato-infecting begomovirus V2 proteins
using phylogenetic analysis revealed that ToCSV V2 proteins formed a distinct cluster
(Fig. 2.7A). The V30 V2 protein sequence was identical to the V2 of the ToCSV
exemplar isolate (AF261885). Multiple aa sequence alignment of selected V2 proteins
(S2 Fig. 2.31) showed that the V2 protein contained regions of high sequence
conservation and was predicted to contain five consensus helix ss elements. A V2
region corresponding to the first three predicted helices (aa 13 to 61) was mostly
conserved between isolate sequences (Fig. 2.7B). V30 and V22 V2 pairwise aa
sequence comparison (S2 Fig. 2.3) revealed a total of seven aa differences present in
the first 58 aa of the two V2 proteins. The African tomato-infecting begomovirus V2
multiple sequence alignment was used to construct a sequence logo of this region of
interest (Fig. 2.7C). The first helix (19 aa) contained a series of highly conserved
residues, with a consensus sequence KYLQ followed by a short region of higher
variability in the C-terminus. The second helix (14 aa) contained three conserved
leucine residues (hydrophobic), one conserved aspartic acid (negatively charged), and

a highly variable residue at aa position 11. The helix terminated in a conserved
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arginine (positively charged). The third and shortest helix contained a consensus
sequence YVEA(T/S) with tyrosine being hydrophobic, glutamic acid being negatively
charged and threonine/serine being polar and uncharged. Hydrophobic regions were
mapped to the first two helices (Fig. 2.7C). The consensus sequence of the putative
PKC phosphorylation motif was TRR and the threonine of this motif was located at the
C-terminal end of the third helix (Fig. 2.7C). Interestingly, the PKC motif sequence
present in the V2 proteins of V30 and the exemplar isolate was SRR (Fig. 2.7B).
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Fig. 2.7 Phylogenetic and aa sequence analysis of begomovirus V2 proteins. A, Phylogenetic tree
constructed using full length accepted V2 aa sequences of ToCSV V30, V22, and selected African
monopartite tomato-infecting begomoviruses sharing 278 % DNA-A sequence identity with ToCSV.
Alignment done using the neighbour-joining method (1,000 replications). V30 and V22 indicated using
stars. B, Partial V2 aa multiple sequence alignment with colour key indicating aa conservation.
Alignment generated using PRALINE. C, Partial V2 consensus aa sequence logo with positions of
PSIPRED-predicted consensus helices (magenta cartoon), two hydrophobic regions (violet boxes) and
putative protein kinase C (PKC) phosphorylation motif (cyan box) shown. Full length PRALINE aa
alignment sequence conservation and PSIPRED predicted ss elements with partial alignment sequence

indicated with black box in S2 Fig. 2.31. Details of all isolate sequences used in S2 Table 2.3.

To examine the role that the V2 coding region may exert in the pathogenicity of the
two variants, full length V2 ORF swap mutants were synthesised: V30AV2-s (V30 V2
swap mutant) and V22AV2-s (V22 V2 swap mutant). The V1, C5, C6 and C7 ORFs
overlap with V2 and thus swapping of this coding region resulted in aa changes to the
proteins encoded by the overlapping ORFs (S2 Table 2.6). Genome organisation and

nt swap coordinates for both V2 swap mutants is shown in Fig. 2.8A. Only the
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canonical V2 coding region was swapped and as a result, the putative V30 N-terminal
segment was encoded by V30AV2-s, but not by V22AV2-s. Plants infected with
V30AV2-s displayed symptoms nearly identical to V30, with no increase in ULR
symptom severity. A decrease in mean SV severity was observed between 24 and 36
dpi (Fig. 2.8B, C; S2 Fig. 2.32). At 36 dpi, the mean SV severity score was significantly
lower than that recorded for V30-infected plants. This apparent recovery in SV
symptoms was associated with a substantial reduction in leaf surface rugosity when
compared to plants infected with V30 (S2 Fig. 2.32).

In contrast, plants infected with V22AV2-s displayed a significant increase in both
severity and duration of ULR and SV with a loss of recovery phenotype (Fig. 2.8B, C).
The broad upward rolling of the entire leaf edge resulted in severe leaf distortion (S2
Fig. 2.33). After 28 dpi mean symptom severity decreased but by 36 dpi both ULR and

SV remained at peak severity levels seen in V22-infected plants.
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Fig. 2.8 Infection of Nicotiana benthamiana with ToCSV V30 and V22 V2-swap mutant infectious clones
in single infection. A, Genome organisation of V30AV2-s and V22AV2-s DNA-A genome monomers.
Accepted virion-sense (V) and complementary-sense (C) ORFs coloured dark with bold labels, putative

ORFs coloured light with italicised labels. Intergenic region (IR) in grey with stem-loop element shown.
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Putative 5’ extensions of C1/V2 ORFs indicated using diagonal stripes. Colour-coded swapped
fragments in fan-shaped boxes with nt boundary positions indicated. B, Symptoms in plants inoculated
with V30AV2-s, and V22AV2-s at 20 dpi (left) and 36 dpi (right). Bar = 2 cm. C, Corresponding upward
leaf roll (ULR) and swollen vein (SV) symptom severity scores at four-day intervals from 12-36 dpi. D,
Log viral fold change at 20 and 36 dpi. E, Agarose gel images of V30 virion sense (vs) putative V2 ORF
5’ extension region-derived (left) and V22 vs IR/V2 interface-derived (right) RT-PCR products. M, DNA
ladder marker; tDNA, PCR of total DNA extracted from plants inoculated with V30 or V22 (positive
control); cDNA, RT-PCR of total RNA extracted from plants inoculated with V30, V22, or mock; RT-,
negative reverse transcriptase enzyme control; NTC, PCR no template control. Primers used for PCR
in brackets with primer used for cDNA synthesis highlighted in bold. Mock is RT-PCR of total RNA
extracted from plants inoculated with Agrobacterium tumefaciens C58C1 carrying empty
pCAMBIA2300. Bars represent mean + SD. Student’s t-test levels of significance: *, P < 0.05; **, P <
0.01; ***, P < 0.001.

Relative viral load in V2 swap mutant-infected plants was measured and compared
with that of the corresponding wild type variant-infected plants (Fig. 2.8D). Plants
infected with V30AV2-s had significantly lower viral load than plants infected with V30
at 36 dpi (P < 0.05). A very significant difference in viral load was seen in V22AV2-s-
infected plants at both 20 and 36 dpi compared to V22-infected plants (P < 0.01). Viral
load was higher at these two timepoints compared to viral load measured in plants
infected with V22 (Fig. 2.8D). The presence of a putative V30 V2 ORF 5’ region vs
transcript was determined using RT-PCR with VV2-specific primers. The target RT-PCR
product was positively identified in total RNA extracted from V30-infected but not
mock-inoculated plants, indicating the presence of a transcript originating from the V2
putative 5’ region and extending into the consensus V2 ORF (Fig. 2.8E). Although V22
is not predicted to contain the V2 ORF 5 extension, RT-PCR of RNA extracted from
V22-infected plants was also conducted using V22-specific primers targeting the same
region as was done for V30 and this yielded a positive result (Fig. 2.8E). This indicated
the presence of an RNA transcript spanning the V2/IR junction in V22-infected plants

in the absence of a predicted putative V2 ORF 5’ extension.
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2.3.5 C5/AC5 and C6/AC6 — additional players in the game that

require further consideration.

The two putative C5/AC5 and C6/AC6 ORFs have gained considerable interest in
recent studies relating to begomovirus pathogenicity. Previously neglected due to lack
of sequence conservation and variability in length, the current study aimed to examine
the prevalence and sequence characteristics of these two ORFs in selected African
begomoviruses. Both C5/AC5 and C6/AC6 ORFs are located in the V2/V1 or AV2/AV1
coding region and are transcribed from the cs strand. The key defining feature which
was used to differentiate these two ORFs was that C5/AC5 was in frame with V1/AV1
and C6/AC6 was in frame with V2/AV2. This relative ORF arrangement was consistent
for all begomovirus isolates analysed in this study.

A total of 55 African begomovirus isolate sequences (including V30 and V22) were
predicted to contain a C5/AC5 ORF. Analysis of putative C5/AC5 proteins proved to
be complex due to two key factors. Protein length was shown to be highly variable,
ranging from 42 to 262 aa. Segmented ORF profiles were evident with over half of
isolates analysed having two distinct in-frame C5/AC5 ORF segments encoding two
separate proteins. These shorter proteins were found to align with longer continuous
C5/AC5 proteins encoded by other isolates. Multiple sequence alignments were
conducted to segregate all C5/AC5 proteins identified by regions of aa conservation.
The conserved domain database (CDD) recognises two C5/AC5 domains: pfam04807
and pfam08464 hereby termed “AC5-1” and “AC5-2”, respectively. Sequence analysis
revealed a putative C5/AC5 protein N-terminal long helix region (NLHr) which was
identified in 20 of the 55 C5/AC5-containing isolates. A summary of C5/AC5 domain
organisation and translational profiles is shown in Fig. 2.9A, B. Phylogenetic analysis
of C5/AC5 proteins segregated into the three domain groups (S2 Fig. 2.34 to 2.36)
revealed that C5/AC5 protein sequences were highly divergent and ToCSV C5
proteins formed a distinct cluster. Both V30 and V22 C5 proteins contained the AC5-
2 domain only. Multiple aa sequence alignment of the three segregated C5 protein
groups, with domains of interest indicated with black boxes, can be seen in S2 Fig.
2.37 to 2.39.

The NLHr was so named due to the presence of a predicted consensus 26 aa-long

helix ss structure. A portion of this long helix was predicted to exist as a
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transmembrane region with a series of conserved hydrophobic residues being present
(Fig. 2.9C; S2 Fig. 2.40). A conserved histidine (positively charged) was located at the
N-terminal end of the long helix and all NLHr identified contained two to three
glutamine residues (polar, uncharged) also at the N-terminal end. The AC5-1 domain
was predicted to contain two strand ss elements, with the second strand followed
immediately by a helix. Both stands each contained three consensus hydrophobic
residues. A conserved histidine (positively charged) was situated at the junction
between the second strand and the helix which contained two lysine residues
(positively charged) in most of the AC5-1 domains identified (Fig. 2.9D; S2 Fig. 2.41).
The AC5-2 domain was predicted to contain two helices. Four highly conserved
leucine residues (hydrophobic), and two highly conserved threonine residues (polar,
uncharged) were situated at the N-terminal end. Two highly conserved proline

residues were located at the C-terminal end (Fig. 2.9E; S2 Fig. 2.42).
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Fig. 2.9 C5/AC5 protein domain and aa sequence analysis for selected African begomoviruses. A,
Domain organisation of predicted C5/AC5 proteins = 40 aa in length following standard code in 55
African mono- and bipartite begomovirus DNA-A isolates sharing 275 % DNA-A sequence identity with
ToCSV revealed three domain regions and two spacer regions. Two domains (AC5-1 and AC5-2) are
recognised in the conserved domain database (CDD — pfam04807 and pfam08464 respectively). A
novel putative domain was identified: NLHr, N-terminal long helix region. The length of each
domain/spacer and the number of isolate sequences predicted to have C5/AC5 proteins containing
these regions is indicated. *, 41/43 aligning isolate sequences contain a recognised AC5-1 domain. **,
46/47 aligning isolate sequences contain a recognised AC5-2 domain. B, Segmented translation profile

of C5/AC5 ORF identified following standard code. C5/AC5 protein number and number of isolate
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sequences predicted to have each profile are shown. Key indicates domain organisation present. C,
NLHr multiple sequence alignment consensus: PSIPRED predicted consensus secondary structure
(ss), predicted transmembrane helices (Phobius and TMHMM v 2.0), and aa sequence logo. D, AC5-1
multiple sequence alignment consensus: PSIPRED predicted consensus ss and aa sequence logo. E,
AC5-2 multiple sequence alignment consensus: PSIPRED predicted consensus ss, and aa sequence
logo. Helices shown as magenta cartoons, strands shown as yellow cartoons. Full length PRALINE aa
alignment sequence conservation with consensus sequence indicated with black boxes shown in S2
Fig. 2.37 to 2.39. Partial PSIPRED predicted ss elements, transmembrane helix prediction and CDD

domain identification in S2 Fig. 2.40 to 2.42. Details of all isolate sequences used in S2 Table 2.3.

The C6/AC6 ORF is more rarely found than C5/AC5 and consequently very little is
known about the role of the putative C6/AC6 protein in begomovirus infection. The
genomes of V30, V22 and the ToCSV exemplar isolate (AF261885) were predicted to
contain putative C6 proteins >100 aa in length. Of the 39 additional African
begomovirus isolates found to contain C6/AC6, only three cassava-infecting
begomovirus putative AC6 proteins were >100 aa in length. Although the majority had
one C6/AC6 protein, three begomovirus isolates were predicted to contain a
discontinuous C6/AC6 ORF encoding two distinct protein segments (S2 Fig. 2.43).
Phylogenetic analysis confirmed that C6/AC6 proteins are highly divergent, varying
greatly in length and sequence identity (S2 Fig. 2.43 and 2.44). The C6 ORF of V30
encodes an additional 35 aa C-terminal segment which is absent in V22 C6 (S2 Fig.
2.11). Multiple sequence alignment of C6/AC6 proteins revealed that C6/AC6 proteins
of 34 of the 39 isolates contain a 39 aa-long region herein termed the conserved core
domain (Cé6cd) (S2 Fig. 2.44). The aa sequence of the C6cd is identical for the C6
proteins of V30 and V22 except for three non-conserved residues at the C-terminal
end (S2 Fig. 2.11). The consensus ss of the C6cd was predicted to include an N-
terminal helix and three short strand elements (Fig. 2.10). The helix and first strand
both contained a conserved arginine (positively charged) with both elements being
separated by a consensus sequence GLSKF. The second and third strands each
contained a conserved isoleucine (hydrophobic) and were found to be separated by
the consensus sequence S(P/A)GRF. A highly conserved aspartic acid (negatively

charged) formed part of the third helix which terminated with a non-conserved residue.
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Fig. 2.10 Sequence logo of C6/AC6 putative conserved core domain (C6cd) constructed using C6/AC6
aa sequences of ToCSV V30, V22, and selected African mono- and bipartite begomoviruses sharing
=75 % DNA-A sequence identity with ToCSV and having C6/AC6 proteins containing Cé6cd. PSIPRED
predicted consensus secondary structure (ss) indicated above sequence logo. Helix shown as magenta
cartoon, strands shown as yellow cartoons. Phylogenetic tree of all C6/AC6 aa sequences used, Cé6cd

PRALINE aa alignment sequence conservation and PSIPRED predicted ss elements in S2 Fig. 2.44.

To investigate the effect of removing the V30 C6 C-terminal segment of the putative
C6 protein in V30, site-directed mutagenesis was done to introduce a premature stop
codon in place of C6 Lys109. Plants infected with V30AC6-d developed similar
symptoms to those infected with V30 (Fig. 2.11A; S2 Fig. 2.45). A significant increase
in SV compared with V30 was observed at late infection timepoint (32 to 36 dpi) but
no change in ULR symptom severity was seen (Fig. 2.11B). Viral load measured at 20
and 36 dpi in V30AC6-d-infected plants did not significantly differ from that measured
in V30-infected plants (Fig. 2.11C). RT-PCR of total RNA extracted from V30-infected
plants was conducted to probe for the presence of a cs strand-derived RNA transcript
corresponding to the 3’ region of the putative C6 ORF. C6-specific primers were used
with a product being positively identified in RNA extracted from V30-infected plants
but not mock-inoculated plants (Fig. 2.11D).
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Fig. 2.11 Infection of Nicotiana benthamiana with ToCSV V30AC6-d infectious clone in single infection.
A, Symptoms in plants inoculated with V30AC6-d at 20 dpi (top) and 36 dpi (bottom). Bar = 2 cm. B,
Corresponding upward leaf roll (ULR) and swollen vein (SV) symptom severity scores at four-day
intervals from 12 to 36 dpi. C, Log viral fold change in V30AC6-d-infected plants at 20 and 36 dpi. D,
Agarose gel image of V30 complementary (cs) C6-derived RT-PCR products. M, DNA ladder marker;
tDNA, PCR of total DNA extracted from plants inoculated with V30 (positive control); cDNA, RT-PCR of
total RNA extracted from plants inoculated with V30 or mock; RT-, negative reverse transcriptase
enzyme control; NTC, PCR no template control. Primers used for PCR in brackets with primer used for
cDNA synthesis highlighted in bold. Mock is RT-PCR of total RNA extracted from plants inoculated with
Agrobacterium tumefaciens C58C1 carrying empty pCAMBIA2300. Bars represent mean + SD.

Student’s t-test levels of significance: *, P < 0.05; **, P < 0.01.

2.4 Discussion

2.4.1 Investigation in silico of two variant genomes of ToCSV and
other African begomoviruses reveals their variable coding potential.
In the present study, the DNA-A coding capacity and in vivo infectivity of single
representative isolate DNA-A genome sequences from both variant groups sharing 96
% sequence identity was investigated. The ToCSV-I isolate used was ToCSV-
[ZA:Mks30:08] (OK813888) and the ToCSV-Il isolate used was ToCSV-[ZA:Mks22:07]
(OK813889). Taking the strain demarcation threshold value of 94 % for
begomoviruses proposed by Brown et al. (2015) into account, the two ToCSV isolate
DNA-A sequences were classified as belonging to one strain group that remains to be

62



described. Using phylogenetic analysis, it was confirmed that both variant sequences
were closely related to solanaceous plant host-infecting begomoviruses from sub-
Saharan Africa and the Southwest Indian Ocean islands (Pietersen et al., 2008; Rey
et al.,, 2012; Sande et al.,, 2021). Pairwise nt sequence comparison of ToCSV-
[ZA:Mks30:08] and ToCSV-[ZA:Mks22:07] with isolates belonging to two ToCSV strain
groups identified in Mozambique (Sande et al., 2021) indicated that ToCSV-
[ZA:Mks30:08] could be placed into the ToCSV-Chok | group. TOCSV-[ZA:Mks22:07]
does not belong to either strain group since the DNA-A of this isolate shared <94 %
sequence identity with the Mozambican isolates. This suggests that distinct strain
groups exist in SA and additional surveys are necessary to explore the genetic
diversity of ToCSV in SA.

The two ToCSV variant (V30 and V22) DNA-A genome sequences were subjected to
ORF finder analysis. Using BLAST, the six canonical ORFs found in other monopartite
begomoviruses were identified namely V1, V2, C1, C2, C3, and C4 (Fiallo-Olivé et al.,
2021; Zerbini et al., 2017). The V2 ORF is discussed further in Section 2.4.4. The Rep
protein of V30 (encoded by C1) is described in Chapter 3. Traditionally recognised
geminivirus ORFs have been assigned an arbitrary protein molecular mass cutoff
value of 10 kDa (Padidam et al., 1995; Tan et al., 1995; Torres-Pachero et al., 1993).
The smallest currently accepted begomovirus ORF is C4/AC4, which is nested within
C1/AC1 (Deom etal., 2021; Medina-Puche et al., 2021). The C4/AC4 ORF is predicted
to encode a protein with a molecular mass ~10 kDa and presumably serves as the
baseline for the reported cutoff. A serious investigation of putative ORFs present in
TYLCV DNA-A encoding proteins smaller than 10 kDa was recently undertaken by
Gong et al. (2021). The authors investigated six small putative ORFs encoding
proteins with molecular mass ~7 kDa and presented evidence for their existence. To
expand coding sequence analysis of ToCSV, ORFs predicted to encode proteins 240
aa were included in the present study to examine predicted proteins similar in size to
those identified by Gong et al. (2021).

In addition to the canonical ORFs that were identified for the two ToCSV variants, two
putative vs ORFs (V3 and V4) and three putative cs ORFs (C5, C6 and C7) were
found. The C5 and C6 ORFs are discussed in greater detail in Section 2.4.5. ABLAST
search of putative ToCSV V3, V4 and C7 proteins did not yield any significant matches
which indicates that these proteins have not been previously annotated. In the current
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study, less than 50 % of African begomovirus isolates were predicted to contain V3,
V4 or C7 ORFs. A series of small non-canonical ORFs present in the DNA-A of TYLCV
were recently described by Gong et al. (2021). None of the small proteins encoded by
three novel vs ORFs investigated by the authors were found to align with the ToCSV
V3 or V4 proteins. Using TargetP — 2.0 (Armenteros et al., 2019), the V3 protein of
both V30 and V22 was predicted to contain SP whilst V4 was predicted to contain
mTP. These predicted features could mean that these proteins are translocated within
the cell (to the mitochondria in the case of V4) to potentially execute specific functions
related to viral infection at different locations within the cell (Duffaud et al., 1985; Jain
and Chugh, 2016). Since these rare putative ORFs have not been described

previously, their existence and whether they are transcribed remains to be confirmed.

The C7 ORF was found only in African begomoviruses with monopartite genomes in
the present study which is unusual since all the other ORFs identified were found in
both mono- and bipartite begomoviruses. The ToCSV V30 and V22 C7 proteins were
shown to align with the first 45 aa of the protein encoded by “ORF2” (both at 82 %
sequence identity) present in TYLCV (Gong et al., 2021). The TYLCV ORF2 protein
was predicted to contain TMH (Gong et al., 2021). Both the V30 and V22 C7 proteins
were predicted to contain SP but only V30 C7 was predicted to contain TMH. The
presence of these two protein features suggest that C7 could be translocated to
regions of the cell where it could function as a membrane-associated protein
modulating activity across membrane boundaries (Cuthbertson et al., 2005; Duffaud
et al., 1985). By expressing the TYLCV ORF2 protein as a GFP-fusion, Gong et al.
(2021) showed that this protein localises to the ER, a membrane-rich organelle. The
MP of squash leaf curl virus (SLCuV) encoded by BC1 on the DNA-B of this bipartite
begomovirus was found to be associated with the ER to facilitate movement (Ward et
al., 1997). The CP, V2 and C4 proteins of monopartite begomovirus are known to act
as functional analogues of the bipartite begomovirus MPs (BC1 and BV1) (Kumar,
2019; Poornima Priyadarshini et al., 2011; Rojas et al., 2001). Since the C7 ORF was
only found in African monopartite begomoviruses in this study, this suggests that the
C7 may also serve to be involved in viral movement perhaps as an accessory protein.
It could serve a function analogous to that of BC1/BV1 to facilitate viral movement
although it was not found in all monopartite begomovirus isolates which suggests that

it may not be an essential protein for virus movement. The nt sequence (~500 bp)
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upstream of the TYCLV ORF2 start codon was shown to have promoter activity in vivo
which implies that this ORF is probably expressed in cells infected with TYLCV (Gong
et al., 2021). Additional experiments should be conducted to confirm the expression
of this ORF in monopartite begomoviruses such as ToCSV and TYLCV and to

determine if it is involved in the inter- and/or intracellular viral movement pathways.

It now recognised that the coding capacity of geminiviruses, particularly the role of
smaller ORFs in infection, has been greatly underestimated (Ahmed et al., 2021,
Devendran et al., 2022; Gong et al., 2021; Roumagnac et al., 2021). It is hoped that
the preliminary investigation of small putative ORFs present in ToCSV and other
African begomoviruses described in this study will help to inspire additional work
aimed at deciphering their functions in viral replication in the host. Additional sequence
analysis of other OW begomoviruses as well as NW begomoviruses will do much to
improve the understanding of the occurrence and relevance of these putative ORFs.

2.4.2 Two variant agroinfectious clones of ToCSV induce

significantly differing pathologies in N. benthamiana.
Agroinfectious clones of ToCSV-[ZA:Mks30:08] and ToCSV-[ZA:Mks22:07] were

constructed previously (Esterhuizen, 2012) and are referred to as V30 and V22,
respectively. The V30 infectious clone was shown to induce severe leaf curling and
plant stunting in tomato cv Rooi Khaki, whilst V22 induced similar but significantly
milder symptoms (Esterhuizen, 2012). The present study is the first to report on the
infectivity of two infectious clone constructs of ToCSV in N. benthamiana. Both V30
and V22 induced virus-like symptoms in this experimental host. The pathologies
induced by the two variants differed significantly and were primarily differentiated by
the presence of moderate to severe ULR in V22 which was absent in V30. In addition,
a recovery in disease symptoms by late infection timepoint was seen in plants infected
with V22 but not V30. The sustained SV symptom severity in V30 was correlated with
significantly higher viral titre than what was measured in V22-infected plants.
Comparison of viral load in tomato cv Rooi Khaki infected with V30 and V22 using
Southern blot analysis did not reveal any apparent difference in viral titre although the
viral DNA levels were not quantified (Esterhuizen, 2012) as was previously done
(phosphorimager analysis) for N. benthamiana inoculated with two strains of
ToLCNDV (Chatterji et al., 1999). Additional experiments to quantify viral load in
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tomato infected with V30 or V22 are required before conclusions can be made
regarding the differences in ToCSV variant viral load between the two hosts.

It is apparent that based on viral titre as well as sustained severity of disease
symptoms, V30 may be designated the “severe” variant in N. benthamiana whilst V22
may be designated as the “mild variant”. If one were to assign variant severity based
on the ULR disease symptom, V22 would be described as the “severe” variant whilst
V30 would be designated the “mild” variant. Demarcation of geminivirus strain or
variant groups on the basis of observed differences in disease phenotype (i.e., “mild”
and “severe”) may misrepresent the significance of taxonomical differences between
such groups. It has been previously reported that sequence differences of only a few
nt may result in significantly altered disease symptom phenotypes and viral
accumulation in other geminivirus isolates (Boulton et al., 1991; Brown et al., 2000;
Chatterji et al., 1999; Fauquet et al., 2008). These nt sequence differences may
induce changes to the aa sequence of proteins encoded by viral ORFs and as little as
one aa substitution can significantly alter disease phenotype severity as well as viral
tire in infected plants (Chatterji et al., 1999). These differences in observed disease
severity are not always modulated by changes to viral protein aa sequence. Analysis
of two variants of maize streak virus (MSV) revealed that both symptom severity and
host range were dependent upon the sequence identity of two nt which were not
implicated in changing viral protein aa sequences (Boulton et al., 1991). These reports
indicate that identifying specific sequences responsible for differing symptom
phenotypes may prove a challenging task and even more so when attempting to
decipher the mechanisms behind these changes (in relation to host-pathogen

interactions).

The two ToCSV variant groups (ToCSV-l and ToCSV-ll) identified by Esterhuizen
(2012) were differentiated by the presence of a recombinant fragment present in the
coding region spanning part of the 3’ IR and the first half of the V2 ORF (nt 109-322)
in TOoCSV-llisolates (including V22). Although V30 and V22 share 96 % whole genome
sequence identity, the two variants 79 % sequence identity when comparing the region
spanning the recombinant fragment. In addition, V30 contains one additional nt in the
3’ IR region upstream of the canonical V2 start codon which results in the V2 ORF
having a putative V2 5 ORF extension encoding 30 aa resulting in an extended N-

terminus (described in Section 2.3.3). Sequence differences present in the IR and V2
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coding region of V30 and V22 were identified and their role in the differing pathologies
were investigated by generating virus mutant chimeras. The results of these

modifications are discussed in Sections 2.4.3 and 2.4.4.

Using RT-PCR, long viral RNA transcripts derived from both vs and cs strands were
identified in V30-infected N. benthamiana. Two shorter vs transcripts (~500 nt) were
mapped to the V2/V1 and V3/V4 coding regions. Two shorter cs transcripts (~500 nt)
were mapped to the C5/C6/C7 and C1/C2/C3 coding region overlaps. The presence
of transcripts derived from the putative vs and cs ORF coding regions suggests that
these ORFs could be transcribed although 5’ and 3’ rapid amplification of cDNA ends
(RACE) assays are necessary to identify the ends of these transcripts. In addition,
regions upstream of the start codons of these putative ORFs should be tested for
promoter activity which could indicate whether these ORFs are likely to be expressed

in vivo during infection.

The longer vs and cs transcripts (~1.2 kb) were mapped to the coding region spanning
C1 3’ end to V1 5’ end. The presence of a long transcript crossing the boundaries of
recognised polycistronic mRNA transcripts (Akbar et al., 2012; Mullineaux et al., 1993;
Shivaprasad et al., 2005), as well as transcripts being derived from both strands at vs
and cs ORF regions may constitute evidence of bidirectional readthrough transcription
in ToCSV. This results in the production of long RNAs which span the entire genome
including the non-coding IR. Both vs and cs transcripts are produced, and these
anneal to each other or to viral MRNAs to produce dsRNA (Pooggin, 2013). Although
dsRNA does not function as a replication intermediate in geminiviruses, it is known
that these long dsRNA readthrough transcripts are important sources of virus-derived
SsiRNAs (vsRNAs) (Akbergenov et al., 2006; Pooggin, 2013). These vsRNAs are
implicated in downstream RNA silencing pathways in other monopartite and bipartite
geminiviruses (Akbergenov et al., 2006; Areger et al., 2012; Miozzi et al.,, 2013;
Pooggin, 2013; Rodriguez-Negrete et al., 2009; Yang et al., 2011). Deep sequencing
of vSRNAs in TYLCV-infected tomato revealed that vsRNAs were derived from both
full genome dsRNA strands and specific regions of viral ORF overlap served as the
major sources of vsSRNAs (Piedra-Aguilera et al., 2019). Major vsRNA “hotspot”
regions in TYLCSV have been mapped to parts of the ORF overlap regions C1/C4
and V2/V1 (Miozzi et al., 2013). The current study provides evidence of long genome-

derived transcripts spanning multiple ORFs which could be implicated in RNA
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silencing pathways in N. benthamiana infected with ToCSV. Further experiments are
necessary to confirm vsRNA biogenesis from the identified long RNA transcripts in
V30-infected N. benthamiana. Deep sequencing of any vsRNAs derived from these
transcripts and comparison of vsRNA profiles for the two ToCSV variants in N.
benthamiana may provide additional clues as to the role that nt sequence differences
in the V2/V1 “hotspot” region play in host-pathogen interactions which influence
symptom development. Since this region spans the latter part of the recombinant
fragment in V22, it would be worthwhile to compare vsRNA profiles between these two
ToCSV variants.

2.4.3 The 3’ IR of ToCSV acts as a symptom phenotype determinant
in N. benthamiana.

The 3’ IR was a prime target for generation of V30 partial sequence swap mutants
since the two variant sequences contain several nt differences in this region. In
addition, part of the recombinant fragment present in V22 was previously mapped to
nt 109 to 137 of the 3’ IR (Esterhuizen, 2021). A significant change in disease symptom
phenotype was observed in N. benthamiana infected with either V30AIR-s or V30AIR-
sr. This change was more significant in plants infected with V30AIR-s than V30AIR-sr.
The observed development of the ULR is characteristic of V22 infection since this
symptom phenotype is not prevalent in wild type V30-induced disease. Although ULR
was strongly enhanced in these two V30 IR swap mutants with an associated increase
in viral titre at 28 dpi in V30AIR-s, symptom recovery typical of V22 infection was not
evident in plants infected with these mutants. These observed changes strongly
suggest that the sequence identity of the 3’ IR region plays an important role in the
symptom phenotype determination in infected N. benthamiana. The V22 3’ IR
sequence is implicated in the development of ULR irrespective of variant sequence
differences present elsewhere in the genome. The absence of disease recovery
implies that sequence differences present outside of the IR are involved in mediating
recovery phenotype in N. benthamiana infected with V22. Although swapping the
sequence to the left of the TATA box alone did not alter the symptom phenotype, the
significantly increased changes seen in plants infected with the V30AIR-s mutants

(both left and right sequences swapped) compared to plants infected with V30AIR-sr
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(sequence to the right of the TATA box swapped) suggests that the identity of the
sequence to the left of the TATA box may contribute to the ability of the sequence to

the right of the TATA box to act as a symptom determinant.

The hypothesis that the sequence identity of the 3’ IR, particularly the sequence to the
right of the TATA box, exerts a strong influence on determining symptom phenotype
was supported by observations recorded in N. benthamiana infected with V22 IR swap
mutants Brigden (2022). A near complete knockout in ULR and a reduction of SV
symptom severity was observed in plants infected with the mutant containing the
ToCSV V30 IR sequences on either side of the conserved TATA box region. No
significant change in viral titre was measured in plants infected with this mutant and
V22-type symptom recovery phenotype was retained in all mutants (Brigden, 2022).
The ULR phenotype was not reduced as significantly in the swap mutant containing
the V30 IR fragment to the right of the TATA box than the longer sequence swap
mutant (Brigden, 2022). The results obtained by Brigden (2022) also suggest that the
presence of the V30 IR fragment does not alter the disease recovery phenotype and
that other V22 sequence elements present in regions outside of the IR are responsible

for mediating recovery.

The IR is located between the C1 and V2 ORFs in OW begomoviruses and contains
the highly conserved stem-loop nonanucleotide sequence where the Rep protein
cleaves to initiate rolling circle replication (Pooggin 2013) Several promoter regions
that drive bidirectional transcription of downstream viral ORFs, as well as cis-acting
elements involved in regulating their transcription are present in this region (Borah et
al., 2016; Kumar and Shivaprasad et al., 2020). From multiple sequence alignment of
selected African begomovirus IR regions sequences corresponding to key recognised
regulatory elements involved in transcription of late vs genes were identified including
the CLE motif and the TATA box promoter (Borah et al.,, 2016; Kumar and
Shivaprasad, 2020; Eagle and Hanley-Bowdoin, 1997; Khan et al., 2015). Both ToCSV
variant sequences contained an identical single CLE-like motif present in a conserved
region of the IR upstream of the region of interest and therefore the sequence identity

of this element was not implicated in the changes observed.

No known cis-acting elements were identified in the variable region to the left of the
TATA box. The variable region to the right of the TATA box in both variant sequences
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was shown to contain a TACE. This newly described quasi-palindromic DNA sequence
was identified in the 3’ IR of isolates belonging to several OW and NW geminivirus
genera using multiple sequence analysis and was shown to have the consensus
sequence ACTT-(N7)-AAGT (Cantu-Iris et al., 2019). The authors observed that the
N7 spacer present between the left and right palindromic motifs displayed some
sequence variability with a relaxed consensus sequence GGKCCCY. In OW
begomoviruses, the TACE is located immediately downstream of the TATA box
(Cantu-Iris et al., 2019).

Multiple IR sequence alignment showed that the TACE of the ToCSV-[ZA:Mks30:08]
isolate (V30) differed from that of the [ZA:Mks22:07] isolate (V22) and other African
begomovirus isolate sequences. Unlike the V22 TACE, the V30 TACE did not conform
to the arrangement typical of other OW begomoviruses. The V30 TACE contained a
shorter central spacer (Ns) and a GGGAA sequence was situated between the TATA
box and the TACE left arm (ACTT). This is the first report of these atypical features in
the TACE of any OW begomovirus. It may be worthwhile to generate additional V30
IR mutants which contain either the N7 spacer sequence of V22 or have a deletion of
the GGGAA sequence between the TATA box and the TACE left arm. Such targeted
mutation could provide clues as to which of these specific TACE features are
responsible for the differing symptom phenotypes and what role these features may

exert on transcription regulation activity.

The unusual TACE of V30 makes it a prime candidate for additional experiments to
elucidate the role of this novel element in begomovirus-induced disease. Although the
changes in symptomology seen in plants infected the V30AIR-sr mutant were
significant, these changes were more pronounced in the longer IR sequence swap
mutant (V30AIR-s). It may be possible that an association between the TACE and an
unidentified element to the left of the TATA box might exert a combinatory effect to
drive specific regulatory activities involved in symptom phenotype development.
Therefore, it would be worthwhile to identify specific sequences in the left sequence
which contribute to this proposed combinatory effect. Quantitative RT-PCR should be
conducted to determine if V1/V2 transcript levels differ between the two wild types as
well as selected IR swap mutants. This will reveal whether changes in TACE sequence

are associated with altered transcription of vs ORFs.
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With the use of strand-specific primers, Yang et al. (2019) previously demonstrated
that the IR of TYLCV (nt 2616-147) is transcribed in both directions. In the current
study, IR transcripts crossing the Ori (nt 2722-92) being derived from both vs and cs
strands were identified in N. benthamiana infected with V30 using RT-PCR with
strand-specific primers. The presence of these overlapping transcripts strongly
suggests that the IR is a potential source of dSRNA which may be processed further
to generate vsRNA for RNA silencing pathways (Pooggin, 2013; Piedra-Aguilera et
al., 2019; Yang et al., 2019), although the coding regions of geminiviruses tend to yield
more significant amounts of sSiRNAs (Pooggin, 2013). Expression of the TYLCV IR
using a tobacco rattle virus (TRV)-based vector system established that the IR acts as
a symptom determinant in a susceptible tomato cultivar (Yang et al., 2019). The
authors also determined that a short segment of the TYLCV IR to the left of the
nonanucleotide (nt 2730 to 2754) showed near total complementarity with a long
noncoding RNA (IncRNA) in a susceptible tomato cultivar. Deep sequencing of small
RNAs present in infected tomato showed that this 25-nt IR segment was an important
source of vsRNA. Evidence for these vSRNA acting as effectors involved in the
silencing of susceptible host INcCRNA was presented. Interestingly, TRV-based
silencing of the target IncRNA designated SILNR1, resulted in the development of
virus-like symptoms (Yang et al., 2019). It is not known why the authors selected
SILNR1. BLAST analysis of the 25-nt TYLCV fragment was conducted in the current
study and multiple near-perfect matches to several targets present in the tomato
genome were found suggesting that multiple host IncRNAs may have been targeted
in the study by Yang et al. (2019). Whether the identified ToCSV IR transcripts act as
a source of vsRNA which behave as effectors that contribute to pathogenicity is of
great interest. Using BLAST, no ToCSV V30 or V22 IR segments with any significant
sequence length complementary to that of N. benthamiana or the tomato host genome
sequences were found. Although no potential host targets were identified, it cannot be
ruled out that targets with mismatches may also serve to act as efficient silencers of
host RNAs. In any case, infectivity trials of tomato using the various IR swap mutants
should be done to determine whether the disease phenotype changes observed in N.
benthamiana will also be induced in tomato. Preliminary infections of tomato cv
Moneymaker with V30AIR-s resulted in a visibly milder symptom phenotype (data not
shown), although additional experiments are necessary to conclude whether these

changes are significant.
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Whilst the nt sequence identity of the 3’ IR upstream of the canonical V2 start codon
has been demonstrated to be vital in mediating symptom phenotype in N.
benthamiana, the unusual V30 V2 putative 5’ coding region which extends into the 3’
IR should also be considered. The V30AIR-s and V30AIR-sr mutants containing the
V22 IR fragment to the right of the TATA box lacked the putative V2 N-terminal
segment and induced significant ULR symptom phenotypes in N. benthamiana.
Conversely, V30 and V30AIR-sl which contain the corresponding IR region from V30
were predicted to encode the N-terminal V2 extension and induced significantly
reduced or no ULR symptoms. Whether the putative N-terminal extensions (or lack
thereof) contribute to the observed symptom phenotype changes remains to be

investigated. This putative V2 region is discussed further in Section 2.4.4.

2.4.4. The V2 ORF of ToCSV is implicated in modulating disease

severity and subsequent symptom recovery in N. benthamiana.

The presence of a recombinant fragment in the coding region spanning part of the 3’
IR and the first half of the V2 ORF of V22 (Esterhuizen, 2012) makes this a region of
interest in examining the influence of sequence differences on symptom phenotype. A
preliminary inoculation of tomato cv Rooi Khaki with a V30 V2 ORF swap mutant
(canonical V30 V2 ORF replaced with V22 ORF sequence) did not result in a change
in symptom severity (Esterhuizen, 2012). Southern blot analysis demonstrated that
apparent levels of viral DNA in infected plants did not differ compared to plants infected
with the wild type variants although viral titre was not quantified (Esterhuizen, 2012).
In the present study, the V30 V2 ORF swap mutant (V30AV2-s) and a V22 canonical
V2 ORF swap mutant (V22AV2-s) were used to examine the possible role of sequence
differences in this region in the differing pathogenicity of V30 and V22 in N.

benthamiana.

The V2 ORF swap mutants did not display altered disease symptom phenotypes in N.
benthamiana as was observed with the IR swap mutants. Instead, the key difference
recorded was a significant change in disease severity and altered levels of symptom
recovery. Plants infected with V30AV2-s mutant showed a significant recovery in SV
symptoms by late infection timepoint accompanied by significant reduction in viral load

in comparison with V30-infected plants which do not display symptom recovery. The
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V22AV2-s mutant induced severe ULR and SV symptoms which persisted until late
infection timepoint with significantly increased viral load at peak and late infection,
signifying an effective knockout of the wild type V22 recovery phenotype. These
results confirmed the previous assertion that a region outside of the IR was

responsible for the presence of the V22 recovery phenotype.

When identifying the precise sequence elements responsible for these observed
changes in disease severity and recovery it is important to consider all the coding and
non-coding elements present in the V2 ORF region that was swapped. This region
includes a V1/V2 ORF overlap which is a known “hotspot” that acts as a major source
of VSRNA in both TYLCV and TYLCSV (Miozzi et al., 2013; Piedra-Aguilera et al.,
2019). Recovery in geminivirus-infected plants has been linked to the presence of
vsRNAs involved in RNA silencing pathways (Chellappan et al., 2004; Rodriguez-
Negrete et al., 2009). Differences in pathogenicity or infectivity observed in this study
between variant isolates may thus be mediated by the differing vSRNA profiles which
result from the biogenesis of these vsRNAs from genomic regions containing nt
sequence differences. In addition, variant-specific putative promoter, cis-acting
elements and possible iteron sequences present in this region could also be
responsible for modulating expression of viral ORFs. Although promoter elements
have not yet been mapped for ToCSV, sequences with promoter activity have been
found within the coding regions of other begomoviruses (Gong et al., 2021; Wang et
al., 2013, 2014a). Promoter mapping of the two variant sequences may uncover

additional sequence features which are implicated in differentiating pathogenicity.

By swapping the canonical V2 ORF, overlapping portions of other ORFs present in
this sequence were also swapped. Consequently, changes in the aa sequence of the
proteins encoded by these overlapping ORF fragments occurred. Since the putative
ToCSV C5, C6 and C7 proteins have not yet been fully characterised, the relevance
of aa sequence differences in selected regions of these proteins cannot currently be
established. The sequence identities of two aa in the N-terminal region of the CP (aa
36 and aa 55) were swapped in the V2 ORF swap mutants. Changes to this region
could alter the activity of the CP. The N-terminal region (aa 1-62) of tomato yellow leaf
curl Thailand virus (TYLCTHV: AF141922) was shown to be essential for the ability of
CP to bind both dsDNA and ssDNA (Pitaksutheepong et al., 2007). The CP of ACMV
(JO2057) was experimentally shown to contain a NLS at aa 1-54 (Unseld et al., 2001).
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Using CP deletion mutants, an RKPR sequence motif present at CP aa 52-55 of
ToLCJaV (AB100304) was shown to be critical for the ability of the CP to localise to
the nucleus (Sharma and lkegami, 2009). The sequence of this NLS in the CP of V30
and V22 is RKPK and RKPR respectively. The substitution at CP aa 55 in V2 swap
mutants could potentially alter the activity of the NLS leading to modified virus-host
interactions which influence the development of disease symptoms. Targeted
substitution of CP aa 55 via generation of substitution mutants may prove useful in
determining whether the sequence difference at this position contributes to the

observed differences in symptom phenotype in N. benthamiana.

The critical roles that the V2/AV2 protein of both mono- and bipartite geminiviruses
plays in viral infection and pathogenicity has been reviewed extensively (Csorba et al.,
2015; Kumar, 2019; Kumar and Shivaprasad, 2020). The V2/AV2 protein is a known
suppressor of PTGS (Basu et al., 2018; Sharma and lkegami, 2010; Zhang et al.,
2012; Zrachya et al., 2007). Disease recovery which typically manifests as symptom
remission in geminivirus-infected plants has been linked to various RNA silencing
pathways (Chellappan et al., 2004; Rodriguez-Negrete et al., 2009). The change in
disease recovery levels seen in plants infected with the V2 ORF swap mutants
therefore warranted greater scrutiny of the sequence differences present in the two
variant V2 proteins. A portion of the V22 recombinant fragment (nt 109-322) encodes
the first 61 aa of the V2 protein. The N-terminal region of both ToCSV variant isolate
V2 proteins contained seven aa differences. The predicted ss of this region included
three helices. No solved structure for any geminivirus V2/AV2 protein currently exists
but the predicted ss of ToCSV V2 is comparable to that predicted for other
begomovirus V2 proteins (Li et al., 2021a; Poornima Priyadarshini et al., 2011). Four
of the V2 aa sequence differences were located to the first helix and the unconserved
residue at aa position 47 was also shown to be highly variable amongst African
monopartite begomovirus V2 proteins. In another study of ToCSV, inoculation of N.
benthamiana with V22 V2 Val27Sel and Thr58Ser substitution mutants (V22 residue
mutated to V30 residue) resulted in significant changes to the V22-induced disease
severity and progression (Brigden, 2022).

Plants infected with the V2 Val27Ser mutant developed significantly increased ULR
and SV symptoms compared to V22-infected plants (Brigden, 2022). This change was
comparable to that induced by V22AV2-s in the present study although a slight
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recovery in symptoms was observed in plants infected with the Val27Ser mutant
(Brigden, 2022). Viral titre was significantly increased at late infection but not peak
infection timepoint. A significant delay in ULR and SV symptom development was
observed in plants infected with the V2 Thr58Ser mutant but no change in viral load
or peak symptom severity was reported. Disease recovery was not affected by this
mutation (Brigden, 2022). The results obtained by Brigden (2022) suggest that
sequence differences present in the V2 N-terminal region, particularly aa position 27,
exert a significant influence in modulating ToCSV-induced disease severity as well as
symptom recovery in N. benthamiana infected with V22. Comparison with V22AV2-s
suggests that although V2 aa sequence identity is important, additional sequence
differences are implicated in the more significantly increased disease severity and viral
titre observed in the full V22 V2 ORF swap mutant.

Although no published information exists regarding the specific function of V2 aa 27,
this residue is flanked on either side by hydrophobic regions containing residues which
have been shown to be necessary for pathogenicity and efficient RNA silencing activity
in other geminiviruses (Li et al., 2021a; Luna et al., 2020). Two tyrosine residues at aa
positions 24 and 32 were required for efficient silencing suppression activity of ThCSV
V2 protein (Li et al., 2021a). These two tyrosine residues were conserved in all African
begomovirus isolate V2 proteins investigated in this study. Their proximity to the short
variable motif (which includes aa 27) might moderate their specific function through
changes in molecular structure or positioning of other key residues involved in protein
binding. Since no solved structure of any geminivirus V2/AV2 protein exists, the
arrangement of any putative binding pockets or catalytic regions must be elucidated
via structural studies before any details of mechanistic processes involved host-protein

interaction involved in RNA silencing suppression activity can be described.

It has been shown that the AV2 of ToLCNDV interferes with the ability of RDR1 to
function in the RNA silencing pathway in N. tabacum (Basu et al., 2018). In N. tabacum
infected with ToLCGuV symptom recovery was observed with a corresponding
increase in host RDR1 expression levels as well as higher levels of viral promoter
region DNA methylation (Basu et al., 2018). The AV2 protein of TOLCNDV was found
to function as a stronger PTGS suppressor than ToLCGuV AV2. Despite the two AV2
proteins sharing 74 % aa sequence identity and having identical sequence motifs

implicated in silencing suppression, it was suggested that the regions containing
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sequence differences may account for the differing activities of the proteins (Basu et
al., 2021). This indicates that even if key functional motifs present in the V2 N-terminal
region are conserved, the sequence identity of adjacent residues should be

considered in comparative V2 protein studies.

One of the sequence differences present in the V30 and V22 V2 N-terminal region
included the residue at position 58 which was mapped to the putative PKC motif (aa
58-60). This motif has previously been reported to have a consensus sequence of
TXR (Chowda-Reddy et al., 2008; Mubin et al., 2010; Saeed et al., 2018). Alanine
substitution of the threonine and arginine residues of the PKC motif previously showed
that these residues are required for the subcellular localisation, pathogenicity-
enhancing, and RNA silencing suppression activities of several geminivirus V2
proteins (Chowda-Reddy et al., 2008; Li et al., 2021a; Luna et al., 2020). Although this
motif was mostly conserved amongst African begomovirus V2 proteins in the current
study, a serine in place of the threonine was identified in the PKC motif of V30, ToCSV
exemplar isolate (AF261885), and tomato leaf curl Ghana virus (TOLCGV: EU350585)
V2 proteins. The presence of a serine at this position has been reported in selected
cotton-infecting begomovirus isolates (Luna et al., 2020; Mubin et al., 2010; Saeed et
al., 2018) but the effect of substituting the PKC maotif threonine with an evidently rarer
serine residue has not been previously investigated in other geminivirus V2 proteins.
The findings reported by Brigden (2022) suggest that although the V22 V2 Thr58Ser
mutation does not impair viral replication in V22, the delay in symptom development
could be due to possible interference with V2 function as a result of this atypical PKC
motif but further experiments are necessary to confirm this. It is not known what, if any,
positive influence a serine at V2 position 58 exerts on pathogenicity in V30 infection.
In the present study, no delay in symptom development was seen in V30-infected
plants (when compared with V22), suggesting that the non-consensus serine present
in V30 PKC motif is not detrimental to V2 function in V30 infection. It is possible that
this altered PKC motif may result in modified V2 activity that is apparently
advantageous to the pathogenicity of V30 (but not V22) and mutation of this residue
to threonine in V30 should be conducted to gain a better understanding of the

relevance of this atypical PKC motif residue.

It has been demonstrated that the aa sequence identity of the V2 protein could play a

crucial role in the differing ToCSV variant pathologies, and additional experiments are
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needed to identify the precise functions of selected aa present in the V2 proteins of
V30 and V22 which result in their distinctive pathologies in N. benthamiana. Mutation
of the V30 V2 ORF is necessary to determine if a V2 Ser27Val substitution will
consequently reduce pathogenicity and result in a recovery phenotype as was
recorded in plants infected with the V30 full V2-swap mutant. The role of V2 aa 27 in
RNA silencing suppression pathways should be investigated further. Substitution
mutation to investigate the other sequence differences present in the N-terminal region
spanning the three predicted helices is limited by the presence of the overlapping C6
ORF and differences at aa positions 47 and 52 cannot be substituted with the residue
of the other variant without altering the predicted aa sequence of the putative C6
protein. Expression of mutated V2 proteins using a PVX vector expression system
could be done to compare the effect of mutation on the ability of V2 to act as a
pathogenicity determinant. Additionally, two-hybrid screening assays using V2
mutants to investigate specific protein-protein interactions described previously for

other begomoviruses are also suggested.

Only the canonical V2 ORF region was swapped in the current study. The role of the
putative V30 V2 5’ extension in pathogenicity was not investigated. The putative V30
V2 start codon lies upstream of the TATA box/TACE promoter region which suggests
that this could be a spurious artefact. The canonical V2 start codon was identified in
all African begomovirus V2 ORFs examined in this study and extensions of the V2 5’
end beyond the canonical start codon were rarely found in other African
begomoviruses. The rarity of such ORF 5’ extensions beyond the canonical start
codon does not necessarily mean that they do not exist as valid extensions of
canonical ORFs. The atypical C4 ORF of an isolate of cotton leaf curl Burewala virus
(CLCuBuV) contains a putative start codon upstream of both the C1 start codon and
the TATA box promoter located in the 5’ end of the IR. The presence of the start codon
upstream of the promoter known to drive the expression of cs ORFs (Eagle and
Hanley-Bowdoin, 1997) was unexpected. Transcript mapping of N. benthamiana
infected with CLCuBuV showed that this 5’ extended C4 ORF was transcribed as
evidenced by the presence of a long transcript (~1.7 kb) containing C4 (Akbar et al.,
2012). The authors did not determine whether the extended C4 ORF was translated
but did not rule out the existence of an N-terminally extended C4 protein. An isolate of

PaLCuV was reported to contain a V2 5’ extension encoding a 32 aa N-terminal
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segment upstream of the canonical V2 methionine (Mubin et al., 2010). The authors
determined that deletion of these putative residues did not alter the ability of V2 to
induce a HR in N. benthamiana when using a using PVX vector expression system.
They concluded that the true start of the PaLCuV V2 protein was likely the “bona fide”
methionine (aa position 33) present at the N-terminus of other begomovirus V2
proteins lacking N-terminal extensions (Mubin et al., 2010). The authors did not probe
for an extended V2 transcript and did not experimentally determine the true length of
the V2 transcript. The lack of substantial published information regarding unusual N-
terminal extensions of canonical ORFs renders them a mysterious phenomenon that
should be explored further despite their rarity. It is possible that such features could
allow for expression of more than one form of a particular protein which could have
differing activities. In this study the V2 N-terminal extension was predicted to contain
a TMH and SP which could hint at membrane-associated function for this form of the
V2 protein.

In the current study, a vs transcript spanning the putative 5’ V2 region, extending into
the canonical V2 ORF sequence was detected in V30-infected plants using sequence-
specific primers. A transcript spanning the same region in V22 was also identified
which was unexpected since V22 is not predicted to encode a V2 N-terminal extension
when following standard code. It may be possible that the positive detection of this
transcript in V22-infected plants was due to the presence of read-through transcripts
spanning the full genome (discussed in Section 2.4.2). Additional experimental
approaches combining various techniques such as V30 promoter/transcript mapping,
PVX vector-mediated expression and comparative subcellular localisation studies of
the two possible forms of the V30 V2 protein are required. Determining the true length
of the V30 V2 ORF could shed some light on the function that any putative N-terminal
extensions could have in mediating pathogenicity. Such unique sequence features
may also require revision of the boundaries of the IR which may not be as defined as

previously believed.
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2.4.5 C5/AC5 and C6/AC6 — additional players in the game that

require further consideration.

Short putative geminivirus ORFs have recently gained increasing attention for their
role in viral infection (Ahmed et al., 2021; Gong et al., 2021, Li et al., 2021b; Teixeira
et al., 2021). In the current study, ORF finder was used to investigate the genomes
two ToCSV variants and 53 African begomovirus isolates. The C5/C5 and C6/AC6
ORFs were the most frequently identified putative ORFs. The protein sequences
encoded by these two ORFs were highly divergent and variable in length. Both ORFs
are located within the DNA-A region spanning the 3’ end of C3/AC3 to the 5’ end of
the V2/AV2 ORF. The relative arrangement of these two ORFs was consistent
amongst all begomovirus isolates analysed. Both were located on the cs strand, C5/C5
was in frame with V1/AV1 and C6/AC6 was in frame with V2/AV2.

With the rapid increase in identified begomovirus isolates and better understanding of
their pathology due to the development of more sensitive molecular/data processing
techniques, the number of additionally recognised ORFs will inevitably increase. As a
result, confusion has arisen regarding their nomenclature. Various conflicts for
identified “C5/AC5” and “C6/AC6” ORFs are evident in existing sequence databases.
Attempts to align these putative sequences often results in erroneous results due to
the inevitable confusion between the highly variable sequences of these two rare
ORFs. This is particularly relevant to the C5/AC5 ORF which was found in this study
to have a segmented translational profile in most African begomovirus isolates
examined. This was confirmed by the presence of long continuous C5/AC5 proteins
identified in some isolates which aligned with fragmented translation products (as a
result of multiple in frame stop and methionine codons) predicted for other isolates. An
alternative hypothesis is that stop codon readthrough might allow for the translation of
a long C5/ACS5 protein like that encoded by the C5/AC5 ORF of other isolates that do
not contain internal in frame stop codons. Stop codon readthrough has been reported
in RNA viruses of plants and is known to be mediated by the presence of repeat
sequence motifs and ss elements present in the vicinity of the stop codon (Firth and
Brierley, 2012; Miras, 2017) This non-canonical translation strategy has not been
reported in geminiviruses and was not experimentally investigated in the present

study.
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In a study by Bigarré et al. (2001), two putative ORFs, termed “AC5” and “AC6”, were
annotated for an Egyptian isolate of cotton leaf curl Gezira virus (CLCuGeV). ORF
finder analysis of the DNA-A of CLCuGeV conducted in the present study identified
these two ORFs as being in frame with each other and AV1. This suggests that the
“AC6” designation reported by Bigarré et al. (2001) may be inaccurate and that two
discrete AC5 proteins are encoded by the CLCuGeV AC5 ORF. In a study of Indian
begomovirus isolates by Ansar et al. (2019), the ORF having codons in frame with
AV1 was termed “AC6” whilst that having codons in frame with AV2 was termed “AC5”.
ORF finder analysis of these Indian begomoviruses and multiple aa sequence
alignment of putative AC5 and AC6 proteins was conducted in this study (data not
shown) showed that Indian begomovirus “AC5” proteins aligned with African
begomovirus C6/AC6 proteins and Indian “AC6” proteins aligned with African
begomovirus C5/AC5 proteins. Such inconsistencies are expected when identifying
putative ORFs since their fragmented and highly variable protein product sequences
contrast with the accepted ORFs which are highly conserved and show less variability
in length. The presence of another putative ORF in the C5/AC5 and C6/AC6 coding
region (herein termed C7) will inevitably further complicate matters, although C7 is
even rarer than C5/AC5 and C6/AC6. As the number of new ORFs recognised to serve
key functions in geminivirus infection increase, a consistent nomenclature system will
need to be developed. This may be assisted in part by using multiple sequence
alignments and phylogenetic analysis to determine the consensus size and location of
novel functional ORFs.

The first major study of several OW and NW geminivirus C5/AC5 proteins by Li et al.
(2015), presented evidence for the existence of two recognised C5/AC5 protein
domains: “Gemini AC5-1” (pfam04807) and “Gemini AC5-2” (pfam08464). These two
domains are herein referred to as AC5-1 and AC5-2. The majority of African
begomovirus C5/AC5 proteins contained at least one of these domains. ToCSV C5
proteins contained the AC5-2 domain only. A putative domain, termed the NLHr
domain, was present in some African begomovirus C5/AC5 proteins identified in this
study and was predicted to contain a long TMH. The NLHr was not as prevalent as the
other two domains in African begomovirus C5/AC5 proteins but contained some
conserved residues. Its unique structural features warrant additional studies to

determine whether it influences the subcellular localisation and activity of the C5/AC5
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protein in infected cells. Specific functions of the recognised AC5-1 and AC5-2
domains are not yet fully understood. The precise activity of single conserved residues
and sequence motifs present in these domains have not yet been experimentally
determined. The C-terminal region of AC5 protein of MYMIV containing the AC5-1
domain was shown to be essential for the ability of the AC5 to suppress TGS in vivo
(Li et al., 2015). The aa sequence of the protein encoded by TYLCV “ORF1” (Gong et
al.,, 2021) aligned with African begomovirus C5/AC5 proteins and contained a
recognised AC5-1 domain sequence. Sub-cellular localisation studies of the ORF1
protein (herein regarded as C5) fused to GFP revealed that this C5 protein localised
to the nucleus. These previously reported results suggest that the TGS suppression
activity mediated by residues present in the AC5-1 domain may at least initiate in the
nuclei of infected cells. The role of the AC5-2 domain present in ToCSV C5 requires
further study since its function is currently unknown. Site-directed mutagenesis of
selected residues or deletion of the C5/AC5 ORF in infectious clone constructs of
geminiviruses will prove particularly challenging for two reasons. Firstly, considerable
overlap exists between multiple ORFs in the C5 coding region increasing the risk of
introducing inadvertent mutations to these other ORFs. Secondly, the C5/AC5 ORF
contains several internal methionine codons rendering deletion of the entire ORF
difficult. Interestingly, these internal methionine codons imply that a repertoire of
C5/ACS5 proteins could be expressed by begomoviruses. Keeping these challenges in
mind in the current study, a C5 deletion mutant of ALCScV generated by Li et al.
(2021b) was closely examined. It was discovered that the C5 ORF was only partially
deleted in their experiment with 71 C-terminal residues predicted to have remained
due to the presence of a start codon downstream of the mutated start site. In addition,
an inadvertent mutation was introduced into the C3 ORF resulting in a Trpl114Arg
substitution in the C3 protein. Since C5 was only partially deleted and an inadvertent
mutation was introduced into a canonical ORF, the results obtained by Li et al., (2021b)
may have been due to these inadvertent alterations of the ALCScV genome. This
example highlights that care that must be taken when investigating the C5/AC5 ORF

via generating mutant virus clones.

Whilst AC5/C5 has been shown to function as a pathogenicity determinant and a
potent inhibitor of antiviral silencing pathways in N. benthamiana (Li et al., 2015,

2021b), the role of AC6/C6 in viral infection remains to be elucidated. This is not
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surprising since it was observed in the present study that AC6/C6 occurs more rarely
than ACS5/C5 in African begomoviruses. The rarity of C6/AC6 has been noted
previously in begomoviruses from Southeast Asia (Du et al., 2014). In addition,
AC6/C6 homologues in the genomes of begomoviruses from the Americas could not
be identified. This implies that like V2/AV2, the AC6/C6 ORF is only present in OW
begomoviruses. The sequences of African begomovirus AC6/C6 proteins were
divergent and variable in length, although some regions of high sequence
conservation were present. The putative C6cd domain was found to contain several
conserved residues in African begomovirus C6/AC6 proteins and was identified as a
target for future studies to investigate this conserved domain for key residues which
might be involved in C6/AC6 activity. The V30 C6 protein (143 aa) was the longest
African begomovirus C6 protein identified in this study. The C6 protein of V22 was
shorter (108 aa), lacking the 35 C-terminal residues present in V30 C6. Comparison
of V30 and V22 C6 protein sequences with proteins encoded by small non-canonical
TYLCV ORFs described by Gong et al. (2021) showed that the 62 C-terminal residues
of V22 C6 shared 79 % sequence identity with a protein encoded by TYLCV “ORF3”.
The TYLCV ORF3 protein (herein regarded as C6) was shown by the authors to
localise to the mitochondria in N. benthamiana when expressed as a GFP-fusion.
Interestingly, both V30 and V22 C6 proteins were predicted to contain SP and a
transmembrane domain in the N-terminal region using the Phobius and TargetP — 2.0
webservers (Armenteros et al., 2019; Kall et al., 2007). Gong et al. (2021) did not
identify a transmembrane domain in their TYLCV C6 protein and theirs also lacked the
N-terminal region containing the transmembrane domain present in V30 and V22 C6
proteins. This suggests the exciting possibility that the C6/AC6 protein may have a
repertoire of accessory functions which might serve to fine-tune crucial infection
events occurring at different regions within the cell. Such events driven primarily by
the more conserved canonical proteins may be assisted in part by the activity of non-
canonical proteins such as C6/AC6. Further testing is necessary to determine if the
observed variability in C6/AC6 protein length enables diversity in protein function. In
addition, the C6 proteins of TOCSV and other African begomoviruses contained two to
three internal methionine residues further supporting the hypothesis that multiple

forms of this protein may exist.
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In this study, the role that the 35 C-terminal residues of V30 C6 might have in viral
infectivity in N. benthamiana was investigated by generating a C6 C-terminal deletion
mutant (V30AC6-d). Although viral load was not affected, the severity of the SV
symptom phenotype was significantly increased at late infection. From this, it was
concluded that the C-terminal region of V30 C6 is not required for successful infection
in N. benthamiana but may be implicated in modulating symptom severity via an
unknown mechanism. Additional mutagenesis experiments designed to mutate
several additional C6 regions of interest such as the putative C6cd were severely
restricted by the overlapping of V1, V2 and C5 ORFs. Modification of the V22 C6 stop
codon to a lysine codon (present at this position in V30 C6) was not possible without
inadvertently modifying the N-terminus of the V1 protein. PVX vector expression of
wild type and mutant C6 proteins should be conducted to determine if C6 is a
pathogenicity determinant and to identify key sequence motifs that could serve critical
function in pathogenicity. RT-PCR assays confirmed that the 3’ region of the V30 C6
OREF is transcribed and a 494 nt cs transcript containing the entire C6 ORF was also
identified. Although these results indicate that the cs strand region spanning the C6
OREF is transcribed in V30-infected N. benthamiana, 5 and 3’ RACE assays are
necessary to identify the ends of the C6 transcript thereby determining its true length.
Quantitative RT-PCR to compare C6 transcript expression levels at different
timepoints and mapping of putative C6 promoter regions will provide more insight into

the expression of C6.

The current study was the first to identify and map the positions of the putative C5, C6,
C6, V3 and V4 ORFs in ToCSV V30 and V22. An exhaustive search of these putative
ORFs in related African monopartite and bipartite begomoviruses determined that that
C5 and C6 are the most prevalent and that C7 is present in monopartite
begomoviruses only. The differing pathologies induced by ToCSV V30 and V22 in
N. benthamiana were characterised for the first time. The two symptom phenotypes
were primarily differentiated by the ULR symptom phenotype and the presence of
symptom recovery in V22-infected plants. Results of gPCR analysis showed that both
variants induced a peak viral load at 20 dpi, with V30-infected plants having
significantly higher viral titre than V22-infected plants at peak and late infection
timepoints. Using Southern blot analysis (without quantification) no difference in viral

titre between the two variants was previously reported in tomato cv. Rooi Khaki

83



(Esterhuizen, 2012). Additional infectivity trials using a range of tomato cultivars with
viral load quantification will allow for more precise comparison of viral titre in the two
hosts. The present study presented evidence of long RNAs transcribed from both
strands which could potentially be processed to generate siRNAs (Pooggin, 2013) and
deep sequencing of small RNAs may assist in confirming this hypothesis. Infection of
N. benthamiana with V30 IR swap mutant chimeras showed that nt sequence
differences present in the 3’ IR sequence between the TATA box and the V2 start
codon are responsible for the symptom phenotype determination. The two variant IR
sequences contain distinct TACE (Cantu-Iris et al., 2019) in this region which are
proposed to contribute to the altered disease phenotypes via a mechanism which
requires additional experiments to determine. Measurement of vs transcript levels
could shed light on differential ORF expression which could result from the influence
of the unique TACE features present in V30 3’ IR. The observed changes to disease
severity and viral titre in plants infected with V2-swap mutants suggest that viral titre
as well as the V22 recovery phenotype is modulated by V22-specific sequence present
in this region. Closer examination of the aa sequences of the putative African
begomovirus C5/AC5 proteins led to the discovery of a third putative domain termed
the NLHr which was predicted to contain a transmembrane domain. A conserved
domain designated C6cd was identified in C6/AC6 proteins. The function of these
domains and important residues involved in the activity of these two proteins requires
further attention since these putative ORFs are gaining greater recognition for their
role in geminivirus infection (Gong et al., 2021; Li et al., 2021b). Through generation
of a C6 deletion mutant it was demonstrated that the 35 C-terminal aa of V30 C6
(absent in V22 C6) are not required for infectivity. The presence of RNA transcripts
derived from the C6 coding region indicates that this ORF is transcribed. The current
work is aimed at improving the understanding of the complex dynamics involved in
ToCSV pathogenicity. Many possible avenues of future investigation have been
identified in this ground-breaking study of ToCSV pathogenicity in N. benthamiana. It
is hoped that these findings will ultimately assist in the aim of developing suitable
strategies intended for the surveillance and control of this pathogen in SA.
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Chapter 3: ToCSV Rep is predicted to function as an HUH

endonuclease and an ATPase/superfamily 3 helicase

3.1 Introduction

Viruses belonging to the ssDNA virus family Geminiviridae pose a serious threat to the
global cultivation of a wide variety of important crop and horticultural plant species
from the dicotyledonous and monocotyledonous angiosperm groups. This is in part
fuelled by the rapid proliferation of their insect vectors (Rojas et al., 2018). With the
recent improvements in DNA sequencing technology and methods associated with
environmental sample genomics, the number of recognised genera has increased to
14 which includes over 500 recognised species, the majority belonging to the genus
Begomovirus (Fiallo-Olivé et al., 2021; Roumagnac et al., 2021). The stem-loop
element containing the Ori is common to all geminiviruses and includes the
nonanucleotide sequence (5-TAATATTAC-3’) which is conserved in nearly all
recognised species except those belonging to the genera Eragrovirus and
Becurtovirus which contain the nonanucleotide sequence 5’-TAAGATTCC-3’ (Fiallo-
Olive et al., 2021).

This region of the vs strand serves as the DNA cleavage site for Rep to initiate RCA
(Akbar et al., 2012; Piedra-Aguilera et al., 2019). Rep is encoded by all geminiviruses
and is responsible for recruiting and coordinating host polymerases and associated
factors to drive viral replication in the host cell nucleus (Rizvi et al., 2015; Ruhel and
Chakraborty, 2019; Hanley-Bowdoin et al., 2013). This protein has also been
demonstrated to execute several important enzymatic activities at various stages of
replication. Upon binding to the viral genome dsDNA intermediate, Rep nicks the viral-
sense strand at the Ori (endonuclease activity). By catalysing the hydrolysis of ATP
(ATPase activity), Rep is then able to unwind the dsDNA (helicase activity). Following
vs strand extension mediated by host DNA polymerases, Rep cleaves the newly
synthesised vs strand and ligates the free ends (ligase activity) to generate a circular
ssDNA (Clérot and Bernardi, 2006; Hanley-Bowdoin et al., 2000; Pooggin, 2013;
Yoon-Robarts et al., 2004). Important residues implicated in the enzymatic activity of
geminivirus Rep have been mapped to two distinct protein domains containing

functional motifs conserved amongst diverse DNA virus Rep proteins with similar
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functions. These two domains include the N-terminal HUH endonuclease domain and
a C-terminal ATPase/SF3 helicase domain (Desbiez et al., 1995; George et al., 2014,
Orozco et al.,, 1997; Tarasova and Khayat, 2022). A short oligomerisation domain
separating the two enzymatic domains is necessary for the oligomeric assembly of
Rep monomers (Choudhury et al., 2006; Orozco et al., 1997). A fourth domain, the C-
terminal domain, has been identified in TYLCSV Rep but its precise function has not
been determined (Clérot and Bernardi, 2006).

Whilst the molecular structures of other viral Rep proteins in monomeric and
oligomeric form have been solved previously, limited structural information is available
for geminivirus Rep proteins. Only the monomeric structures of the N-terminal
endonuclease domains of TYLCV and WDV Rep proteins have been solved and
described (Campos-Olivas et al., 2002; Everett et al.,, 2019). Three conserved
functional motifs (motifs 1, Il, 111) involved in DNA binding, cleavage and ligation have
been mapped to catalytic region containing an a-helix and an antiparallel B-sheet
comprised of five B-strands. This arrangement has also been identified in the
structures of other ssSDNA virus Rep N-terminal domains (Campos-Olivas et al., 2002;
Everett et al.,, 2019; Vega-Rocha et al., 2007a, 2007b). The iteron-related domain
(IRD) and the GRS are two additional sequence motifs that have been identified in
geminivirus Reps and the role of these motifs in the endonuclease domain function
has been experimentally determined (Arguello-Astorga and Ruiz-Medrano, 2001;
Chatterji et al., 1999; Nash et al., 2011).

Although no solved structure of the geminivirus Rep C-terminal ATPase/SF3 helicase
domain exists, this domain contains the conserved sequence motifs found in other
SF3 helicases. Homology modelling of this domain has been used to demonstrate the
function of specific motif residues identified to be crucial to enzymatic activity (George
et al., 2014; Ruhel et al., 2021). These motifs include WA, WB, B’ motif, and C motif
which contain conserved residues that have been demonstrated to serve important
functions in ATP hydrolysis coupled with DNA unwinding activity (Desbiez et al., 1995;
Hickman and Dyda, 2005; Koonin, 1993). Although the active form of other viral SF3
helicases is known to exist as hexamers or heptamers (Hickman and Dyda, 2005;
Santosh et al., 2020; Tarasova et al., 2021), the helicase activity of Rep is reliant upon
the assembly of Rep monomers into higher order oligomers ranging from dodecameric
to 24-meric structures (Clérot and Bernardi, 2006; Choudhury et al., 2006). This
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represents a unique functional conformation not reported for other SF3 helicases. The
helicase domain of geminivirus Rep is unique in that it lacks the arginine finger motif
which is responsible for coordinating ATPase activity linked to conformational changes
and mediating interactions between adjacent monomeric units in other viral SF3
helicases (Gai et al., 2004; Moreau et al., 2007). Attempts to solve the structure of
geminivirus Rep helicase domain is the subject of ongoing study since its unique
characteristics may serve to redefine current models of how SF3 helicases function at

the molecular level.

In silico investigation of the aa sequence of the Rep proteins of TOCSV and related
African begomovirus Reps in the present study revealed that these Rep proteins
contain conserved functional motifs involved in endonuclease and helicase activity.
Homology modelling of the two important catalytic domains of V30 Rep revealed a
structure similar to that of other viral Rep proteins in terms of ss arrangement and
relative positions of functional motifs. Using C1 truncation mutants the 14 C-terminal
residues of Rep were shown to not be essential for infectivity in Nicotiana benthamiana
although disease symptom development was significantly delayed, and viral titre was
reduced. A recent study suggested that the C-terminus of BPV Rep containing a
disordered acidic region could be implicated in stabilising the helicase structure (Javed
et al., 2021). Recombinant expression of V30 Rep helicase and C-terminal domains
(RepC) in Escherichia coli proved challenging and several expression and purification
experiments indicated that further optimisation was necessary to improve protein
purity and solubility. C-terminal truncation of RepC is suggested as a rational approach
to achieve this. This study has provided a significant base for describing key V30 Rep
residues which are necessary for Rep activity and could be targeted for mutation to
investigate their role further. In addition, regions of the protein which could be targeted
for removal to ultimately improve chances of obtaining pure protein in amounts

significant enough for future structural studies have also been identified.

3.2. Methods and Materials

3.2.1 ToCSV wild type and C1 mutant infectious clone constructs

The agroinfectious clone construct of the wild type severe ToCSV variant ToCSV-
[ZA:Mks30:08] DNA-A (OK813888) used in this study is termed “V30” and is described
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in Chapter 2, Section 2.2.1. Two point mutation infectious clone constructs were
generated via site directed mutagenesis using V30 as the template. The 3’ end of the
C1 ORF encoding the C-terminal domain of the Rep protein was selected as a target
for mutagenesis to truncate the C-terminal end of this domain. Mutagenesis targets
were carefully selected to avoid the introduction of inadvertent mutations to the
overlapping canonical C2 ORF. The two point mutants included a 14 aa C-terminal
deletion mutant [V30AC1-d(14)] and a 22 aa C-terminal deletion mutant [V30AC1-
d(22)].

To generate V30AC1-d(14), a premature stop codon was introduced in place of the
codon for canonical Rep GIn346. Mutagenesis was conducted using the
QuikChange® Il XL Site-Directed Mutagenesis Kit (Agilent Technologies). A fully
overlapping mutagenesis primer pair was designed using the QuikChange® Primer
Design Program web server

(https://Iwww.aqgilent.com/store/primerDesignProgram.jsp) in accordance  with

recommended guidelines. Mutagenesis primers were synthesised and purified using
polyacrylamide gel electrophoresis (PAGE) (Ingaba Biotech). Mutagenesis PCR with
PfuUltra High-Fidelity DNA polymerase was set up as per manufacturer’s instructions
using 10 ng V30 template DNA. A three-step cycling protocol was followed with 18
cycles and an extension time of 720 s (60 s/kb). Following PCR, restriction digestion
was done by adding 1 uL Dpnl directly to the PCR product sample and incubating at
37 °C for 1 h. Transformation of a 45 pL aliquot of ultracompetent Escherichia coli
XL10-Gold cells (provided with the kit) with 2 uL Dpnl-digested sample was done as
per the manufacturer’s instructions. Transformed cells were plated on LB agar
containing 100 pg/mL kanamycin and incubated at 37 °C for 24 h. Three colonies were
selected and sub-cultured, plasmid DNA was extracted using the GeneJET Plasmid
Miniprep Kit (Thermo Fisher Scientific) and quantified using the NanoDrop™ One

spectrophotometer (Thermo Fisher Scientific).

The V30AC1-d(22) mutant was generated by introducing a premature stop codon in
place of the codon for canonical Rep GIn338. Site directed mutagenesis was
conducted using Phusion™ High-Fidelity DNA Polymerase (Thermo Fisher Scientific)
and partially overlapping mutagenesis primers were designed following published
recommendations (Laible and Boonrod, 2009; Liu and Naismith, 2008; Zheng et al.,

2004) with amendments as described in Chapter 2, Section 2.2.3. Mutagenesis
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primers were synthesised and RP-cartridge purified by Inqaba Biotech (Pretoria, SA).
Mutagenesis PCR was set up as per manufacturer’s instructions using 4 ng V30
template DNA with 1 % DMSO being included to inhibit ss formation. A two-step
cycling protocol (72 °C annealing temperature) was followed with 20 cycles and an
extension time of 520 s (45 s/kb). Upon completion, 5 pL sample was resolved on 0.7
% agarose to verify the presence of the target product at ~12 kb. Restriction digestion
using Dpnl (Thermo Fisher Scientific) was done by adding 1 pL enzyme directly to the
remaining PCR product sample and incubating at 37 °C for 15 h followed by heat
inactivation. Preparation and transformation of ultracompetent E. coli XL10-Gold cells
was done as described in Chapter 2, Section 2.2.3. All mutant clones generated in this
study were confirmed using PCR with Sanger sequencing. Sequence chromatograms
for C1 deletion mutants are shown in A2 Fig. 3. Details of mutagenesis and sequencing

primers used are indicated in Supplementary 3 (S3) Table 3.1.

3.2.2 Recombinant V30 RepC expression vector construction

The partial V30 C1 ORF nt sequence encoding canonical Rep aa 122-359 containing
the helicase and C-terminal domains (RepC) was codon-optimised for expression in
E. coli and subsequently cloned into pCold TF expression vector using BamHI and
Xbal by Genscript Biotech (Piscataway, USA) to generate pCold TF-RepC. The
predicted target protein product was termed His-TF-RepC. Transformation of NEB®
5-alpha Competent E. coli cells (New England Biolabs) was done according to the
manufacturer’s high efficiency transformation protocol. Transformed cells were plated
on LB agar containing 100 pg/mL carbenicillin and incubated at 37 °C for 24 h. Three

colonies were selected and sub-cultured, plasmid DNA was extracted and quantified.

The pCold I/TF and pMAL-c2X recombinant protein expression vectors were kindly
provided by Dr IA Achilonu (University of the Witwatersrand, SA) and Prof S
Chakraborty (Jawaharlal Nehru University, India) respectively. To subclone the codon-
optimised RepC nt sequence into these two vectors, 1 pug aliquots of pCold TF-RepC,
pCold | and pMAL-c2X were each subjected to double digestion with FastDigest
BamHI and FastDigest Xbal (Thermo Fisher Scientific) with incubation at 37 °C for 1
h followed by heat inactivation. The products of digestion were resolved on 0.8 %

agarose. Gel slices containing bands corresponding to the RepC insert, as well as
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linearised pCold | and pMAL-c2X were excised using sterile scalpels and DNA was
extracted using the Macherey-Nagel™ NucleoSpin™ Gel and PCR Clean-up Kit
(Thermo Fisher Scientific). Extracted DNA was quantified, and ligation was conducted
using T4 DNA Ligase (Thermo Fisher Scientific) with an insert:vector molar ratio of
3:1. Reactions were incubated at 16 °C for 16 h with subsequent heat inactivation.
NEB® 5-alpha Competent E. coli cells (New England Biolabs) were transformed with
ligation reactions according to the manufacturer’s high efficiency transformation
protocol. Transformed cells were plated on LB agar containing 100 pg/mL carbenicillin
and incubated at 37 °C for 24 h. Three colonies were selected and sub-cultured,
plasmid DNA was extracted and quantified. Restriction digestion was used to check
for the presence of the RepC insert in the modified expression vectors termed pCold
I-RepC and pMAL-c2X-RepC. The predicted target protein products of the modified
expression vectors were designated His-RepC and MBP-RepC respectively.

Site directed mutagenesis of pCold I-RepC and pMAL-c2X-RepC was conducted
using the QuikChange® II XL Site-Directed Mutagenesis Kit (Agilent Technologies) to
generate modified expression vectors encoding 14 aa C-terminal deletion mutants of
RepC. The resulting mutated expression vectors were designated pCold I-RepC_14
and pMAL-c2X-RepC_14. Premature stop codons were introduced in place of the
codon for canonical Rep GIn346 of the RepC insert present in both expression vectors.
Mutagenesis primers were designed using the QuikChange® Primer Design Program
web server and synthesised/purified as before. The QuikChange® Il XL Site-Directed
Mutagenesis Kit (Agilent Technologies) was used for mutagenesis, with 10 ng of each
template expression plasmid being used for separate mutagenesis PCR reactions. A
three-step cycling protocol was followed with 18 cycles and an extension time of 330
s for pCold I-RepC template and 480 s for pMAL-c2X-RepC template (60 s/kb). Dpnl
digestion of PCR products and transformation of ultracompetent E. coli XL10-Gold
cells was carried out as before (Section 3.2.1). Transformed cells were plated on LB
agar containing 100 pg/mL carbenicillin and incubated at 37 °C for 24 h. Three
colonies per mutant transformation were selected and sub-cultured, plasmid DNA was
extracted and quantified. All modified recombinant protein expression vectors and
mutated clones generated in this study were confirmed using PCR with Sanger
sequencing (Ingaba Biotech, Pretoria). Sequence chromatograms for expression

vector deletion mutants are shown in A2 Fig. 4. Details of mutagenesis and
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sequencing primers used are indicated in S3 Table 3.1. Details of nt and predicted aa
sequences of recombinantly expressed RepC proteins in S3 Fig. 3.1-3.3.

3.2.3 Amino acid sequence analyses and homology modelling
Iteron-like conserved repeated sequence elements (putative Rep-binding sites)
present in the 5’ end of the IR of DNA-A were manually identified for TOoCSV V30, V22,
exemplar isolate (AF261885), TYLCSV (X61153) and selected African mono- and
bipartite begomoviruses. These iteron-like motifs were situated upstream of the
canonical C1 start codon and on either side of the conserved TATA box. The
organisation of the identified motifs was determined for each isolate and compared.

Following standard code, the ORF finder server
(https://www.ncbi.nlm.nih.gov/orffinder/) was used to identify the C1 ORF encoding
the Rep proteins of V30, V22 (described in Chapter 2, Section 2.2.1), TYLCSV

(X61153), and selected African mono- and bipartite begomoviruses. Functional

domain coordinates were identified for all canonical Rep protein sequences by
following the TYLCSV Rep domain boundary delineation described by Clérot and
Bernardi (2006). An alignment of canonical Rep protein aa sequences and a separate
alignment of Rep proteins found to contain putative N-terminal extensions was
generated using the MUSCLE alignment program with the EMBL-EBI web server
(Madeira et al., 2019). Begomovirus Rep protein alignments were further analysed
using the MView v 1.63 alignment server (Brown et al., 1998). Rep protein ss was
predicted using PSIPRED server (http://bioinf.cs.ucl.ac.uk/psipred/) (Buchan and
Jones, 2019; Jones, 1999) and regions of disorder were predicted using the
DISOPRED web server (Jones and Cozzetto, 2015). Sequence alignments were
manually annotated, and details of all begomovirus isolates used are shown in S3
Table 3.2

Since no solved three-dimensional structures of ToCSV Rep protein exist in the
Protein Data Bank (PDB), homology modelling was done using the Phyre2 (Kelley et
al., 2015) and SWISS-MODEL (Waterhouse et al., 2018) web servers. The full V30
Rep aa sequence (aa 1-359) was submitted as the target sequence. Two 3D
structures were obtained using the Phyre2 server: N-terminal domain (aa 1-121,

monomer) and Rep helicase and C-terminal domain (aa 181-359, monomer). Two 3D
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structures were obtained using the Phyre2 server. N-terminal domain (aa 4-121,
monomer) and Rep partial helicase and C-terminal domain (aa 211-341, hexamer).
The most significant template identified for the N-terminal domain of V30 Rep (aa 4-
121) was the structure of TYLCSV Rep (aa 4-121) solved using NMR spectroscopy
(PDB ID: 1L5I) sharing 81.4 % sequence identity. The most significant template
identified for the partial C-terminal domains of V30 Rep (aa 211-341) was the
hexameric structure of the helicase domain of BPV E1 helicase (aa 423-549) solved
using X-ray crystallography (PDB ID: 2GXA) sharing 15.4 % sequence identity. All four
homology models were subjected to structure quality assessment using the SWISS-
MODEL web server. Homology models were visualised as semi-transparent surface
and cartoon representations in 3D space using edu PyMOL (The PyMOL Molecular
Graphics System, v 1.7.4 Schrodinger, LLC). Functional motifs were highlighted, and

important residues were depicted using liquorice representation.

The MUSCLE alignment program was used to generate an aa sequence alignment of
N-terminal domain functional motifs of V30 Rep, TYLCSV Rep (NP_620741 ), WDV
Rep (AHZ63100), faba bean necrotic yellows virus (FBNYV) M-Rep (CAA72209), and
porcine circovirus 2 (PCV2) Rep (AAQ94098). An alignment of helicase domain
functional motifs of V30 Rep, TYLCSV Rep, WDV Rep, PCV2 Rep, AAV2 Rep
(QDH44425), BPV E1 (NP_056739), and simian vacuolating virus 40 (SvV40) Tag
(NP_043127) was also produced. Functional motifs were mapped to partial solved
structures of TYLCSV Rep (PDB ID: 1L5l), WDV Rep (PDB ID: 6Q1M), FBNYV M-
Rep (PDB ID: 2HWT), PCV2 Rep (PDB ID: 2HWO and 7LAR), AAV2 Rep (PDB ID:
7JSI), BPV E1 (PDB ID: 2GXA), and SV40 Tag (PDB ID 1SVM) using edu PyMOL.
Protein topology diagrams were manually constructed with the Paint 3D program
(Microsoft) for comparative analysis of functional motif positions and PyMOL-assigned
three state ss (helix/sheet/loop) for all molecular structures analysed. In the case of

hexameric structures, the consensus monomer PyMOL-assigned ss was depicted.

The biochemical properties of the predicted aa sequences of all recombinantly
expressed RepC proteins before and after tag cleavage were determined using the
ProtParam program (Gasteiger et al., 2005) with the ExPASy Server. Predicted
XtalPred Crystallizability classification of selected recombinantly expressed RepC
proteins after tag cleavage were determined using the random forest classifier (RF)
method with the XtalPred web server (Jahandideh et al., 2014, Slabinski et al., 2007).
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3.2.4 V30 C1 putative 5’ end transcript detection

To investigate the presence of an RNA transcript derived from the putative 5’ extension
of the C1 ORF of V30, specific primers for RT-PCR targeting this region were designed
using Primer3 (Kdressaar et al.,, 2018). Primer sequences were evaluated for the
presence of S using the Oligoanalyzer™ Tool
(https://www.idtdna.com/oligoanalyzer). Total RNA extracted previously from V30-

infected and mock-inoculated N. benthamiana leaf tissue (Chapter 2, Section 2.2.6)
was used for first strand cDNA synthesis. The RevertAid™ First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific) in accordance with the manufacturer’s
protocol with inclusion of all prescribed negative controls including mock. PCR
analysis was done using the DreamTaq™ PCR Master Mix (Thermo Fisher Scientific).
A three-step cycling protocol (60 °C annealing temperature) was followed with 30
cycles and an extension time of 20s. PCR products (target = 152 bp) were
subsequently resolved on 2 % agarose. RT-PCR was repeated three times. For details

of primers used refer to S3 Table 3.1.

3.2.5In vivo infectivity trials of V30 C1 mutant infectious clones

Wild type N. benthamiana plants were prepared for agroinoculation with V30AC1-
d(14) and V30AC1-d(22) and cultivated as described in Chapter 2, Section 3.2.4.
Competent Agrobacterium tumefaciens C58C1 cells were transformed separately with
the two C1 mutants and plant agroinoculation was carried out as per Chapter 2,
Section 2.2.5. Infectivity trials of C1 mutants were run concurrently with infectivity trials
conducted as part of Chapter 2 under identical conditions. Five plants were inoculated
for each mutant and three trials were conducted. V30-inoculated plants, mock and
non-inoculated controls were compared with C1 mutant-inoculated plants. All
inoculated plants were observed daily for symptom development. C1 mutant-infected

plants were observed for up to 60 dpi.

For DNA extraction, two leaf discs (d = 12.7 mm) were collected from expanded leaves
below the meristem of plants inoculated with V30AC1-d(14) at 12, 20, and 28 dpi. Leaf
tissue was flash frozen in liquid nitrogen and DNA was extracted following the method
described in Chapter 2, Section 2.2.6. Viral load in V30AC1-d(14)-infected plants was

93


https://www.idtdna.com/oligoanalyzer

determined at 12, 20 and 28 dpi using real-time gPCR following the protocol described
in Chapter 2, Section 2.2.7 and compared with viral load in V30-infected plants at

identical timepoints. Primers used for gPCR are shown in S3 Table 3.1.

3.2.6 Recombinant RepC expression

Upon confirmation of recombinant RepC expression construct sequences with
restriction digestion and/or PCR with Sanger sequencing, protein expression trials in
E. coli were conducted. The three strains of E. coli used in expression trials were
BL21(DE3), BL21(DE3) pLysS, and T7 Express. Competent cells were prepared by
following the protocol by Green and Sambrook (2020). For transformation, competent
cell aliquots (50 L) were thawed and ~50 ng plasmid DNA was added to each aliquot
which was subsequently kept on ice for 30 min. After heat shock transformation (60 s,
42 °C water bath) cells were immediately transferred onto ice for two minutes.
Thereafter, 450 pL pre-warmed SOC medium was added to each aliquot and cells
were incubated at 37 °C, with shaking (200 rpm) for 1 h. Transformed cells were plated
on either SOB (with 10 mM MgSOa) or LB agar containing carbenicillin (100 pg/mL)
and incubated at 37 °C overnight. For plating of transformed BL21(DE3) pLysS,
chloramphenicol (34 pg/mL) was also included in the medium. Preliminary
transformations revealed that BL21(DE3) and BL21(DE3) pLysS transformed with
pCold I-RepC was unable to grow adequately in liquid culture. As a result, the T7
Express strain was used for His-RepC and MBP-RepC protein expression since this
strain grew normally when transformed with pCold I-RepC and pMAL-c2X-RepC.

To conduct subsequent RepC expression trials, specific parameters were applied. For
pCold vectors containing RepC, the IPTG concentrations (0.1-1.0 mM), induction
temperature (15 °C) and expression time (24 h) used were as recommended by the
vector manufacturer (Takara Bio). Culture media used for pCold vector mediated
RepC expression included SOB (with 10 mM MgSOQa) or LB. For pMAL-c2X-RepC,
IPTG concentrations tested ranged from 0.1-0.4 mM. An expression temperature of
18 °C for 16 h was used as this was previously reported for pMAL-c2X expression of
other begomovirus Rep proteins (Clérot and Bernardi 2006; George et al., 2014). For
liquid culture of cells transformed with pMAL-c2X-RepC, rich medium (RM: 10 g/L
tryptone, 5 g/L yeast extract, 5 g/L NaCl, 2 g/L glucose) was used. The inclusion of
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glucose ensures repression of E. coli chromosomal genes which encode enzymes that
result in degradation of amylose that negatively impacts downstream purification with

amylose resin.

After transformation, single colonies were selected and subcultured in 5 mL liquid
broth containing appropriate antibiotics at 37 °C with shaking at 200 rpm. Preliminary
expression trials revealed that the use of overnight cultures did not result in consistent
downstream protein expression. It was observed that 5 mL “outgrowth” cultures that
reached ODeoo 1.0 in a period of <7 h were more likely to result in successful protein
expression. This time limit was consequently applied in selecting suitable
transformants for downstream protein expression. In addition, glycerol stocks of
transformed cells did not yield reproducible RepC protein expression levels and fresh
transformation was necessary prior to subsequent protein expression. Outgrowth
cultures (2 mL) were centrifuged (6000xg, 2 min, RT) and resuspended in 1 mL fresh
antibiotic-free medium. Baffled flasks (with membrane caps for improved aeration)
containing 100 mL liquid medium supplemented with antibiotics and 0.005 % Antifoam
204 (Merck) were each inoculated with 1 mL resuspended outgrowth culture. Cultures
were incubated at 37 °C with shaking (200 rpm) until ODeoo ~0.6 for cultures containing
pCold vector with RepC and ODsoo ~0.8 for cultures containing pMAL-c2X-RepC. Prior
to induction with IPTG, cultures containing pCold vector with RepC were chilled in an
ice bath for 30 min. IPTG was added at the appropriate concentrations and flasks were
incubated with shaking at the abovementioned temperatures for the specified time
periods. After expression, cultures were centrifuged (6000xg, 15 min, 4 °C), wet cell
pellet masses were determined, and pellets were subsequently stored at -80 °C until

use.

For extraction of His-TF-RepC and His-RepC, lysis buffer was used at 5 mL/g cell
pellet and contained 50 mM NaH2POa4 (pH 8.0), 300 mM NacCl, 5 mM imidazole, 1 mM
PMSF and 10 % glycerol (Buffer Al). The lysis buffer used to extract MBP-RepC
contained 50 mM Tris-HCI (pH 8.0), 100 mM NaCl, 5 mM MgCl2, 2 mM -
mercaptoethanol, 1 mM PMSF and 10 % glycerol (Buffer A2). Cell pellets were thawed
and lysozyme was added to a final concentration of 1 mg/mL prior to resuspension.
After gently mixing to resuspend the pellets, samples were mixed on ice for 30 min.
Thereafter cell disruption on ice using sonication (40 % amplitude, 30 s on/30 s off, 5

cycles) was done and 50 pL cell lysate samples were collected and kept on ice. The
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remaining sample volume was centrifuged (20 000xg, 30 min, 4 °C) to separate
soluble and insoluble fractions. Sample fractions were analysed with SDS-PAGE using
the TGX Stain-Free™ FastCast™ Acrylamide Kit (Bio-Rad Laboratories). All extracted
soluble fractions confirmed to contain the target protein were kept on ice at 4 °C until
purification. Samples were purified immediately, and purification was conducted at 4
°C (where possible) using chilled filter-sterilised and degassed buffers.

3.2.7 Recombinant RepC purification

Soluble fractions confirmed to contain the target His-TF-RepC protein were pooled
and subjected to immobilised metal affinity chromatography (IMAC) AKTA purification
using a 5 mL HisTrap FF column containing immobilised Ni?* resin (GE Healthcare).
The fractions were loaded onto the column which was equilibrated with buffer A1. The
column was subjected to three sequential washes: buffer A1, buffer A1 containing 0.5
% TWEEN 20 (detergent wash), and buffer A1 containing 1 M NacCl (high salt wash).
Elution was conducted using buffer A1 containing 500 mM imidazole. Flowthrough,
wash and elution fractions were collected and analysed using SDS-PAGE. Upon target
confirmation, an elution sample (~0.7 mg) was subjected to dialysis (15 6 h, 2": 10 h,
4°C) against buffer B1 containing 50 mM Tris-HCI (pH 8.1), 100 mM NacCl, 5 mM
CaClz, 5 mM MgClz and 10 % glycerol. The sample was used in a proteolytic cleavage
pilot experiment with 1 U thrombin (Roche) at 4 °C for up to 16 h with samples being
collected for SDS-PAGE analysis at 5 min, 15 min, 30 min, hourly until 7 h, and at 16
h. Once the optimal cleavage time was determined (~ 6 h) the remaining IMAC elution
fraction was dialysed against buffer B1, treated with thrombin, and then applied to a
heparin-agarose affinity chromatography column to remove thrombin. Eluted protein
was dialysed (16 h, 4 °C) against buffer A1 and subjected to a second IMAC (Ni%*
resin) AKTA purification. Flow through and elution fractions were separately pooled,
dispensed into Amicon® Ultra-15 Centrifugal Filters (Merck) and centrifuged (5000 g,
10 min intervals, 4 °C) until a 1 mL concentrated volume was obtained for each.

Samples were then analysed using SDS-PAGE.

His-RepC obtained in the soluble fraction was subjected to IMAC gravity flow
purification using an Econo-Column® glass chromatography column 1.5 x 10 cm (Bio-

Rad Laboratories) with a 3 mL resin bed composed of IMAC Sepharose® 6 Fast Flow
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resin (Merck) charged with Ni?*. Pooled soluble fraction was filtered and applied to the
column after equilibration with buffer A1. The column was then washed with buffer A1
and bound protein was eluted using buffer A1 containing 500 mM imidazole.
Flowthrough, wash and elution fractions were collected and analysed using SDS-
PAGE.

Purification of His-RepC present in extracted soluble fraction using ammonium sulfate
[AS: (NH4)2S04] precipitation was conducted as an alternative method to IMAC.
Varying amounts of solid (NH4)2SO4 was added to 2 mL soluble fraction aliquots to
obtain a range of percentage saturation (10, 20, 25, 35 and 45 %). The mass of
(NHa4)2SOarequired to obtain each desired concentration was determined according to
Duong-Ly and Gabelli (2014a). Samples were mixed and incubated with gentle
rotation at 4 °C for 1 h. Samples were then centrifuged (15 000xg, 5 min, 4 °C) and
pellets (if obtained) were separated from supernatant and resuspended in buffer Al.

Supernatant and pellet samples were analysed using SDS-PAGE.

His-RepC purification was also attempted using gel filtration chromatography (gravity
flow) using an Econo-Column® glass chromatography column 1.5 x 50 cm (Bio-Rad
Laboratories) containing sepharose 6B agarose (Merck) prepared by Dr 1A Achilonu
(University of the Witwatersrand, SA). His-RepC was expressed and extracted
following protocols described in Section 3.2.6 using buffer A3 containing 50 mM Tris-
HCI (pH 8.0), 1 M NaCl, 5 mM MgClz, 1 mM DTT, 1 mM PMSF, 20 % glycerol, 1 %
TWEEN 20 and 0.1 % NaNs. Soluble fractions containing the target protein were
pooled, dispensed into dialysis tubing, and concentrated using solid sucrose until
sample volume was reduced by ~60 %. The concentrated soluble fraction was applied
to the gel filtration column equilibrated with buffer A3. Elution fractions were collected
and A280 values were immediately measured using the NanoDrop™ One
spectrophotometer (Thermo Fisher Scientific) with the 1 Abs=1 mg/mL “sample type”
setting selected for protein mixtures. Fractions were collected until A280 values were

consistently near zero. All elution fractions collected were analysed using SDS-PAGE.

MBP-RepC expressed in the soluble fraction was subjected to amylose affinity
chromatography (gravity flow) using an Econo-Column® glass chromatography
column 1.5 x 10 cm (Bio-Rad Laboratories) with a 1 mL bed consisting of amylose
resin (New England Biolabs). Pooled soluble fraction was diluted 1:6 with buffer A2
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and applied to the column equilibrated with buffer A2. The column was washed with
buffer A2, and bound protein was eluted using buffer A1 containing 10 mM maltose.
Flowthrough, wash, and elution fractions were collected and analysed using SDS-
PAGE. After confirming the presence of the target protein in the elution fraction, a
sample (~ 0.01 mg) was aliquoted and CaClz was added to a final concentration of 2
mM. A proteolytic cleavage pilot experiment was conducted by adding 0.2 ug factor
Xa (New England Biolabs) and incubating at 23 °C for up to 24 h with samples being
collected for SDS-PAGE analysis at 5 min, 30 min, 1 h, 2 h, 4 h, 8 h, 10 h, 12 h, 16 h,
and at 24 h. Once the optimal cleavage time was determined (24 h), the remaining
elution fractions containing MBP-RepC were subjected to factor Xa cleavage. Protein
was then dialysed (15t 3 h, 2"%: 3 h, 3': 10 h, 4°C) against buffer B2 containing 20 mM
Tris-HCI (pH 8.0), 1 mM DTT, and 10 % glycerol. Dialysed sample was subjected to
ion-exchange chromatography with the NGC Quest 10 Plus Chromatography System
(Bio-Rad Laboratories) using a 5 mL HiTrap DEAE FF anion exchanger column (GE
Healthcare). The sample was centrifuged and loaded onto the column equilibrated
with buffer B2. The column was washed with buffer B2 followed by a continuous NacCl
gradient elution step with buffer B2 containing 1 M NaCl. A total gradient volume of
125 mL (0-100 % elution buffer, 5 mL/min) was applied. Flowthrough, wash, and

elution fractions were collected and analysed using SDS-PAGE.

3.2.8 Comparative miniaturised recombinant RepC and RepC_14
expression

To determine the effect of the 14 aa C-terminal deletion mutation on the expression of
RepC, a comparative protein expression experiment was designed by applying
principles of miniaturisation and parallelisation. Two unmutated expression vectors
(pCold I-RepC and pMAL-c2X-RepC) and their corresponding mutant vectors (pCold
I-RepC_14 and pMAL-c2X-RepC_14) were used. Generation of these two mutants is
described in Section 3.2.2. Aliquots (100 puL) of competent E. coli T7 Express prepared
previously were separately transformed with ~100 ng each vector using heat shock
(90 s, 42 ° C water bath). Cells were kept on ice for 5 min and thereafter 800 pL pre-
warmed SOC was added. Cells were incubated at 37 °C, with shaking (200 rpm) for
1.5h.
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The induction temperatures, expression times, and IPTG concentrations applied for
small scale expression (1 mL) using the four vectors were identical to those described
for 100 mL expression with the unmutated vectors in Section 3.2.6. After growth in
SOC medium, 50 uL volumes of each transformation were used to inoculate 3 x 5 mL
LB containing carbenicillin (80 pg/mL) and 0.005 % Antifoam 204 (Merck). Cultures
were incubated at 37 °C with shaking (200 rpm) until ODeoo ~0.6 for cultures containing
pCold | with RepC/RepC_14 and ODsoo ~0.8 for cultures containing pMAL-c2X with
RepC/RepC_14. Thereafter, 1 mL aliquots were dispensed in triplicate from each of
the 3 x 5 mL cultures into sterile McCartney bottles. Bottles with cultures containing
pCold | with RepC/RepC_14 were chilled in an ice bath for 5 min and then incubated
at 15 ° C for 15 min without shaking. Bottles with cultures containing pMAL-c2X with
RepC/RepC_14 were incubated at 18 °C for 15 min without shaking. The bottles were
placed in a holding box and the appropriate volume of IPTG was added to each 1 mL
culture in triplicate for induction following the prescribed temperatures/times with
shaking at 150 rpm. Each box contained a total of three uninduced cultures, nine IPTG-
induced cultures and one non-transformed culture. After expression, cultures were
centrifuged (6000xg, 15 min, 4 °C), wet cell pellet masses were determined, and
pellets were stored at -80 °C.

Cell pellets were each resuspended in 400 uL lysis buffer A4 containing 50 mM Tris-
HCI (pH 8.0), 150 mM NaCl, 5 mM MgCI2, 2 mM B-mercaptoethanol, 1 mM PMSF,
and 10 % glycerol. After pellet resuspension, cell disruption on ice using sonication
(40 % amplitude, 20 s on/30 s off, 3 cycles) was done and 10 pL cell lysate samples
were collected and kept on ice. The remaining sample volume was centrifuged
(20 000xg, 30 min, 4 °C) to separate soluble and insoluble fractions. Fraction samples
were analysed using SDS-PAGE.

3.3 Results
3.3.1In silico analyses of African begomovirus Rep proteins reveals

conserved functional motifs typical of other viral Rep proteins.

Although the primary aim of this study was to investigate the aa sequences of several
African begomovirus Rep proteins, an analysis of the 5’ IR region of the corresponding
DNA-A sequences of these viruses was done concurrently to identify TATA-associated
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iteron-like sequence elements which may function as Rep-binding sites. These iteron-
like motifs are bound by Rep in a sequence-specific manner. Comparative analysis of
iteron-like motifs with their cognate Rep protein sequences may improve the
understanding of the role of this DNA-protein interaction in disease development.
Close inspection of the 5’ end of the IR of ToCSV variant and selected African
begomovirus sequences showed that iteron-like sequences display diverse sequence
identity as well as arrangement (Fig. 3.1). The sequence of TYLCSV, a European
begomovirus used as the outgroup in phylogenetic analysis reported in Chapter 2, was

also included in sequence analysis.

All isolates contained two to three iteron-like sequences upstream of the conserved
TATA element. The iteron motif immediately upstream of the TATA element was
designated as the “primary” direct repeat with which all other iterons present were
compared. Iterons containing a maximum of two nt mismatches were included. Nearly
all isolate sequences analysed were shown to contain a single inverted repeat iteron
immediately downstream of the TATA element. The sequence of the primary direct
repeat of both ToCSV V30 and V22 (TCGGTACCCA) was identical to that of TOLCZV
and differed by one nt with that of tomato leaf curl Sudan virus (ToLCSDV/Sha) and
tomato leaf curl Comoros virus (ToLCKMV). The iteron organisation (5’-3’: inverted,
direct, inverted) was identical for ToCSV variants and these three other begomovirus

isolates.

A multiple aa sequence alignment of the canonical Rep N-terminal domain (Fig. 3.2)
revealed that the IRD is located at the N-terminal end of Rep encompassing the first
ten residues. The IRD is a subdomain of the N-terminal domain and is believed to be
responsible for the interaction with iteron sequences in the IR. The sequence of the
IRD was not found to be highly conserved (even at 70 % consensus) and only the N-
terminal methionine and a phenylalanine at alignment position 7 were conserved at
100 % consensus (Fig. 3.2A). The IRD sequence of ToCSV was identical to that of
TbLCZV and ToLCSDV/Sha. The IRD of PepYVMLV and ToLCDiV each differed from
the ToCSV IRD by one residue. The IRD of all analysed begomovirus Rep proteins
were predicted to contain an N-terminal region of disorder 1-4 aa in length with 16 of
the proteins (including ToCSV Rep) predicted to contain regions of disorder with

protein binding potential (Fig. 3.2B).
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ToCSV ToLCGV
2. X = A T L
AF261885  CAT.0.TGGGTACCGA.30.TCGGTACCCAATATATA.1. TGGGTACLGA MN269998  CAT.s.AGGACCt.40.GGGTCCTTATTTATA.3.AGGACCC
P 4
v30 CAT.8.TGGGTACCGA.30. TCGGTACCC, .1.TGGGTACCGA ToLCNGV
V22 CAT.s . TGGGTACCGA.30. TCGGTACCCAATATATA. 1. TGGGTACCGA FJ685621 CAT.10.AgCaCCAR.31. TTGGGGTT. 1. TATATATA. 3. AgCaCCAR
TOLCDiV
DaLCV » . i s—
ME402918 CAT.5.aTTGGGTGCLC.25. TTTGGGTGCCCATTTATAT. 1 .GaGCACCCAAA AM701765 CAT.15.GGgtCTC.22. GGTCCTCTTTTATA. 2.GAGacCC
PepYVMLV
EACMV/UG SR PR P
AF126806  CAT.17.ATCGGGGG.28.ATGGGGGG.1.ATTATATAT.5.CCCCCaAT AY502935  CAT.s.TGTACCCC.42.GGGGTACAATATATA. 2. TGTACCCC
ToLCAnV TbLCZV
et —n A =t A
AM701758  CAT.21.GGGGTACH.27.GGGGTACAATATATA.3. TGTACLCC KF350330  CAT.s.TGGGTACCGA.30.TCGGTACCCAATATATA.1.TGGGTACCGA
ToLCRunV
TYLCSV ) I — Pr—
X61153 CAT.20.GGGGGa.21.GGGGGa. 3.GGEGGEG. 1 .4.CCCCCE MT045996 CAT.7.aTGGGc.25.CCCCAL.4. TTGGGG. 3. TATATATA. 5. CCCCAA
ACMYV TOLCToV
—t _—
J02057 CAT.17.GAGACAC.7.GAGACAC.26 . GAGACATTATATA. 1.gTGTCTC AM701768 CAT.3. TGTCLCCAA.30.TTGGGGACAATATATA.1.TGTCLCCAR
TbLCEKMV OYCrV/ML
—— — Py —_— P
2MT701760 CAT,14. TTGGAGACA, 24, TTGGAGAC. 1. TGTCTCCAA DR875879 CAT.20.CGGEGGGCA . 16. TCGGGGGaA. 1. TGCGGCGCAATTTATAT. 1. TGCCCCCCA
ToLCUV ToLCMLV
N > » 4
DQ127170 CAT.17.GAGACA.10.TGTCTC.10.GAGACAATATATA. 1. TGTCTC AY502936 CAT.1¢.TGGCGGGCA.16. TtGGCGGCah. 1. TGCGGEGCAATTTATAT. 1. TGCCCCCCA
SACMV TYLCMLV
e J——  R— 4 [ [P —
AF155806 CAT.21.GGGGGGC.15.CGGGGGa. 2 . GGGGG! E‘AATTTA'I‘AT .3.GCCCCCC LM651400 CAT.7.aTGTACCCC.41.GGGGTACRATTTATA.1. TTGTACCCC
ToLCSDV/Sha iy : TOLCEMV
et
AY044139 CAT.s.TGAGTACCGA.31.TCGGTACTCAATATATA. 1. TGAGTACCaA £J865340 CAT.9. TGGGTACC .TTGGTACCCATTTATA. 2. TGGGTACCTA
TOLCMGV/Men TOLCSCV " " .
AJB65338 CAT.10.TACTCCGATTG.23.CAATCGGAGTA. 9. ARTATATA. 4. TACTCCahaTG AMAS1TT8  CAT.1.TTGGTGTC.18. TTGGTGTC.1. TTGGTGTC. 2 . ATTTATA. 5. GACACCAA
ToLCNaVv ToLCMahV
AM701764 CAT.11.ACACC.24.GGTGT.3.GGTGT. 2. AATATATAGGTGTACACC MH410152 CAT.20.GGTGGaC.20.GGTGGaa.1.GGTGGGCAATATATAT . 3.GECCACC
CLCuGeV/ML
e
EU024120 CAT.10.gTACACC.34.GGTGTAT. 8 AATATATAGGTGTAC

Fig. 3.1 Organisation of iteron-like conserved repeated sequence elements present in the 5’ end of the
intergenic region (IR) of DNA-A of ToCSV V30, V22, exemplar isolate (AF261885), TYLCSV (X61153),
and selected African mono- and bipartite begomoviruses. Virion-sense italicised CAT sequence
corresponding to canonical Rep start codon. Orientations of iteron-like motifs shown using arrows.
Violet arrows indicate iterons conserved with the first iteron sequence upstream of the TATA element
in bold, grey arrows indicate iterons with mismatches when compared with the first iteron upstream of
the TATA element. Ellipses indicate spacer sequence with nt number shown. Details of all isolate

sequences used in S3 Table 3.2.

Four motifs implicated in the binding, cleavage and replication of viral DNA are present
in the N-terminal domain and their positions are highlighted in Fig. 3.2A. In the multiple
sequence alignment, Motif | had a 100 % consensus sequence of FI{T(F/Y)P, where {
is an aliphatic residue. Motif Il had a 100 % consensus of GXXH(l/L)HhLh, where X is
unconserved, and h is a hydrophobic residue. The GRS maotif contained a conserved
N-terminal 100 % consensus sequence RhFD and a C-terminal 100 % consensus
sequence of FHPNhQGAKS both separated by a series of small and polar residues.
Motif 11l had a 100 % consensus sequence of Y{(D/E)K(D/G). The N-terminal domain
was predicted to contain four consensus B-strands and two helices (confidence =5)
(Fig. 3.2B). Two additional short consensus [(-strands were predicted with low
confidence (<5). Three C-terminal IRD residues form part of a [-strand
(confidence <5). The first three residues of Motif | are located at the C-terminal end of
the second consensus B-strand. Most of the motif Il residues were predicted to be part
of the fourth consensus B-strand. The region spanning the GRS lacks consensus [3-
strands or helices and was predicted to contain short B-strands or helices in some Rep
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proteins with low confidence (<5). The second consensus helix contains the first two

residues of Motif Il (confidence =5).

A

Iteron-related ‘Geminivirus replication sequence
domain Motif | Motif Il Motif Il
1 . . . 3 . . . .120
V30 Rep [SKNYEVTYPKCSLT! L.SQLLNLETPTNKKY IKICRELHENGEPHLHVLIQFEGKFNCKNI DTLEWGEFQVDG
V22_Rep LSQLLNLETPTNKKY IKICRELHENGEPHLHVLIQ! DTLEWGEFQVDG Key:
ToCSV_AF261685_Rep LSQLLNLETPTNKKY IKICRELHENGEPHLHVLIQ)
DaLCV_MF402918_Rep SDKLFIRVAQEKHQDGS LIIHALLY: © = aloohol
EACMV/UG_AF126806_Rep QLOALSYPTIIKFIRVC
ToLCANV_AM701758_Rep AQT YPTNTKFTRVCRE 1 = aliphatic

TYLCSV_X61153_Rep
ACMV_ 302057 Rep
THLCKMV AM701760 Rep
ToLCUV_DQ127170_Rep
SACMV_AF155606_Rep

Tolics DV/Sha_AY044139_Rep

NYFTTYPKCDT TKENAL SQTTNT.QTPTRKLFTKTCRELH

a = aromatic
€ = charged
h = hydrophobic

GV/Men_AJ865338_Rep = negative
aV_AMT01764_Rep
eV/MI,_EU024120_Rep P = polar
GV_MN969998 Rep SLLONLOTPTNKKYIKICRELHENGEPHLHALIQ ol
LCNGV FJ685621 Rep EQLLKLETPTNKKYIKICRELHEDGQPHLHVLLQ DTLE’IZGEFQIDG
ToLCDiV_AM701765 Rep SQLONLNTPVNKKYIKICRELHENGEPHLHVLIQ: DTLEWGEFQVDG S = small
AY502935_Rep EQLLNLSTPTNKKFIKVCRELITNGERHLIVLYQ DTLEWGVEQVDG o
0330_Rep u = tiny
TOLCKUNV_MT045956_Rep : £ = turnlike
ToLCToV_AM701768_Rep QLLNTDTPTNKRFTKTCRE GEPHTHMILTO
OYCIV/MI_DQ875879_Rep GQLKDL.OTPTNKKY TKTCRELHENGEPHLHVL.TQ
ToLCMLV_AY502936 Rep NKKFIKICRELHEDGEHHLHVLIQFE
Consensus/100% P! SKNnF1TaPp Lt.1.thph hal+ls.EhHpsG. . HIHRLEQFCtRhphpN. .P.ppssp! SSSDVp h1phG.FQIDu
Consensus/70% R YFLTY! 1psLp IKICREL H I =
B 1
V30_Rep
v22_Rep SPNRSAHFHPNIQG)
ToCSV_AF261885_Rep NSPNRSAHFHPNTQG! Key:

DalCV_MF402918 Rep
EACMV/UG_AF126806_Rep
ToLCANV AM701758 Rep
TYLCSV _X61153 Rep
ACMV_J02057_Rep
THLCKMY_AM701760_Rep
TOLCUV_DR127170_Rep
SACMV_A®155806_Rep

ToLCSDV/Sha_AY044139_Rep
ToLCMGV/Hen AJB65338 Rep

ToLCNaV_AM701764 Rep
CLCuGeV/ML EU024120_Rep
loLCbV _MNS69998_Rep

MPRAGREQINAI
MPRAGRFKINAKNY!

M = helix (conf. 2 5)

MPRSGRESIKAKNYFL OTPTNKLFIKICRELHENGEPHLHILIQFEGK

|SLOSNPKFIKICRELHQNGE PHLHALIQFEGKI!

[ = helix (conf. < 5)
= strand (conf. 2 5)
= strand (conf. < 5)

X = disordered

LOTPTNKKY IKICRELHE DGE PHLHVLLQFEGKYQCTNN]

X = disordered, protein binding
h = helix

KKYIKICRELHENGEPHLHALIQFEGKYKCS

'J685621_Rep = strand
SPTRSTHFHPNTQ
] ] FNC PTRSAHFHPNIQG)
ToLCKuRY MT045956 Rep TPTNKKYTKVCRELHEDGE PHLHVLIQFEGKENCKNQ 'SPTRSTHFHPNVQGAKS]
ToLCToV AM701768 Rep MARPRRFKIQAKNYFLTYPKCNLT, IDTPTNKRFIKICRELHEDGEPHLHMLIQFEGKFHCTNN BT FHPNIQGAKS|
OYCrv/ML DQ875879 Rep GRFSIKAKNYFLTFPKCSLS QT PTNKKYIKICRELHENGEPHLHVLIQFEGKYNCTNQ SPSRSTHFHPNIQGAKS]
ToLCMLV_AY502936_Rep GRFSIKAKNYFLTYPQCSLY) QTPTNKKEIKICRELHEDGEHHLHVLIQFEGKYNCTNO) TRSAHFHENVQGAKS|
Consensus 53 (conf. 25) ee eeeee hhhhhhhh
Consensus ss (conf. 20) ceee eeeee  hhhhhhhhhhh eceecece ce hhhhhhhbhh  eee

Fig. 3.2 Rep N-terminal domain multiple sequence alignment for TOCSV V30, V22, TYLCSV (X61153),
and selected African mono- and bipartite begomoviruses. A, MUSCLE aa sequence alignment with 100
% and 70 % aa sequence consensus shown. Consensus residues capitalised and coloured lowercase
letter key indicates consensus residue type. Functional sequence motifs highlighted and annotated. B,
PSIPRED secondary structure (ss) and DISOPRED protein disorder prediction, with ss elements
highlighted and disordered residues coloured according to colour key. Consensus ss elements at
confidence (conf.) levels 20 and =5 indicated. Rep sequence obtained with ORF finder using the DNA-

A sequence as the input. DNA-A sequences for all isolates used in S3 Table 3.2.

The N-terminal domain of V30 Rep was modelled with Phyre2 (Fig. 3.3A) and SWISS-
MODEL (Fig. 3.3B). The homology models are herein referred to as “RepN-P” and
‘RepN-SM” respectively. The template used to model the monomeric homology
models was the structure of TYLCSV Rep (aa 4-121, PDB ID: 1L5I) which shares 81.4
% sequence identity with V30 Rep N-terminal domain. Since the solved TYLCSV
structure does not include the first three residues of Rep, these were modelled ab initio
for V30 Rep by Phyre2 only. PyMOL visualisation revealed that both RepN-P and
RepN-SM were shown to contain an antiparallel B-sheet comprised of five B-strands
(B1-B5), and two helices (h1 and h2). The first helix was situated underneath the “core”
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B-sheet whilst h2 was situated above it. RepN-P contained an additional short helical
element positioned underneath 4. RepN-SM lacked this additional helix and instead
contained two short B-strands forming a small antiparallel B-sheet situated underneath
B4 of the large core B-sheet. Interestingly, two C-terminal residues of the IRD were

mapped to the first short 3-strand of the RepN-SM structure.

The surface representation of the two models (Fig. 3.3) revealed a probable catalytic
site where residues belonging to motif I, Il, Il and the GRS were positioned close to
each other. Residues belonging to motif | were mapped to 31, motif |l to 3 and motif
Il to the C-terminal end of h2. The GRS motif was mapped to a long loop structure
and four residues in the C-terminal half of the GRS formed 4. The positions of three
important catalytic residues were shown using liquorice representation. Tyr103 of motif
[l and His57 and His59 of motif Il were more closely positioned to each other in RepN-
SM (Fig. 3.3B) than RepN-P (Fig. 3.3A).
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V30 Rep N-terminal domain
aa 1-121
(Phyre2)

Key:
= =|RD
= = motif |
= = motif Il
® =GRS motif
u = motif lll

V30 Rep N-terminal domain
aa 4-121
(SWISS-MODEL)

Key:
® =|RD
= = motif |
= = motif I
® = GRS motif
u = motif Il

Fig. 3.3 Semi-transparent surface and cartoon representation of ToCSV V30 Rep N-terminal domain
homology model monomers generated using A, Phyre2 and B, SWISS-MODEL. Positions of functional
motifs highlighted according to colour key with important IRD and IRD-associated, motif I, motif Il and
motif 11l residues depicted using liquorice representation. SWISS-MODEL structure quality assessment
outputs shown in S3 Fig. 3.4 and S3 Fig. 3.5.

Quality assessment using SWISS-MODEL was done (S3 Fig. 3.4 and S3 Fig. 3.5) and
the results revealed that RepN-SM scored better than RepN-P. The Ramachandran
favoured/outlier percentages were 92.2/0.0 and 84.0/7.6 for RepN-SM and RepN-P
respectively. The QMEAN Z-scores obtained were more favourable for RepN-SM than
RepN-P. The QMEANDIsCo Global scores obtained were 0.80 £ 0.08 for RepN-SM
and 0.57 £ 0.08 for RepN-P. Taken together, these assessment outputs indicated that
RepN-SM was of higher quality than RepN-P.
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Sequence comparison of the four N-terminal domain functional motifs of V30 Rep with
those present in the Rep protein sequences of other ssDNA viruses (Fig. 3.4A) was

done to identify conserved residues present in each motif.

A Motif | Motif 11 Geminivirus replication sequence (GRS) Motif 111
o |:Begcmow_ms |:V307Rep (15-107) FVTYP.34.GEPHLHVLI.11 .RFFDLVSPNR}—‘(SAHFHPNIQGAKS}‘ 6 . ¥IDKD
Geminiviridae TYLCSV_Rep (15-107) FLTYP.34.GEPHLHILI.11.REFDLVSPTR-SAHFHPNIOGAKS .6 .YLDKD
Mastrevirus —WDV_Rep (17-110) FLTYP.34.GSPHLHVLV.11. NALNLRMDTSPFSIFHPNIQAAKQ . 6 . NETRE
Nanovirus —FBNYV_M-Rep  (9-83) CFTLN.24.GNIHFQGYT..........00vu.. B2 s v wreTRRRT YSMKE
Circovirus —PCV2_Rep (18-100) VFTLN.31.RTPHLQGFA.......0ovvueunn B sumnena sste sxemusssues iYCSKE
Consensus/100% T p.Hhphht Y K-

B

TYLCSV Rep

‘:/_ N
p.! ‘l /ﬂu //\
B i A |

\

[

WDV Rep FBNYV M-Rep PCV2 Rep

Fig. 3.4 Comparative analysis of selected ssDNA virus Rep N-terminal domains. A, MUSCLE aa
sequence alignment of N-terminal domain functional motifs of ToCSV V30 Rep, TYLCSV Rep
(NP_620741), WDV Rep (AHZ63100), FBNYV M-Rep (CAA72209), and PCV2 Rep (AAQ94098).
Motifs highlighted and annotated, with important residues in bold. Consensus residues capitalised,
consensus hydrophobic (h), negatively charged (-), polar (p), small (s) and turnlike (t) residues indicated
with coloured lowercase letters. Hyphens indicate alignment-generated gaps, ellipses in alignment
indicate spacer sequence with aa number shown, protein sequence aa positions in brackets. B,
Structural topology of V30 Rep N-terminal domain homology model monomers generated using Phyre2
and SWISS-MODEL; and solved monomeric structures of TYLCSV Rep (PDB ID: 1L5I), WDV Rep
(PDB ID: 6Q1M), FBNYV M-Rep (PDB ID: 2HWT), and PCV2 Rep (PDB ID: 2HWO0). PyMOL-assigned
“sheet” shown as arrows, “helix” shown as cylinders, “loop” shown as thin tubes. Position of motif | in
green, motif Il in cyan, geminivirus replication sequence in navy blue, motif Il in violet. Positions of
important motif residues indicated using bold letters. Details of PyMOL-assigned ss shown in S3 Fig.

3.6.
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Motif | contained a consensus central threonine residue flanked on either side by a
hydrophobic residue. Motif Il contained a consensus Hh(H/Q)hhh with h being a
hydrophobic residue. The third residue of this consensus sequence was a histidine in
Rep of V30, TYLCSV and the related geminivirus WDV (genus Mastrevirus). The
reside at this position was glutamine in the master Rep (M-Rep) of FBNYV, a plant-
infecting nanovirus, as well as the Rep protein of PCV2 which is a pig-infecting
circovirus. The catalytic tyrosine of motif Il was conserved among all five proteins and
the motif had a consensus sequence of YXXK(D/E), where X is an unconserved
residue. The GRS motif has only been found in geminivirus Rep proteins and the C-
terminal half of the motif in WDV Rep was highly conserved with that of V30 and
TYLCSV. The GRS N-terminal arginine conserved amongst African begomovirus Rep
proteins (Fig. 3.2A) was absent in WDV Rep (Fig. 3.4A).

Topology diagrams were constructed for RepN-P, RepN-SM, and the solved
structures of the N-terminal domains of other ssDNA virus Rep proteins to compare
the ss features present (Fig. 3.4B). PyMOL-assigned three state ss (helix/sheet/loop)
was applied when constructing the diagrams (S3 Fig. 3.6). All structures were shown
to contain the core antiparallel B-sheet composed of five B-strands surrounded by two
to four helices. The relative positions of motif I, motif Il, and motif Ill were highly
analogous, and the location of key residues was consistent. The GRS motif of
TYLCSV (PDB ID: 1L5I) and WDV (PDB ID: 6Q1M) Rep proteins was unusual in that
both contained a B-hairpin loop structure just upstream of 4 that was absent in the
V30 RepN homology models. RepN-SM was the only structure which contained a

small antiparallel B-sheet situated underneath the core B-sheet.

Multiple sequence alignment of the central Rep oligomerisation domain of canonical
V30 Rep (aa 121-180) with other begomovirus Rep sequences (S3 Fig. 3.7) revealed
that this region was not highly conserved at 100 % consensus. The begomovirus
oligomerisation domain was predicted to contain several long helices (S3 Fig. 3.7). A
region of interest spanning the first nine residues of this domain was identified. This
region contained two conserved positively charged arginine residues, as well as
predicted regions of disorder for 13 out of 24 Rep proteins analysed. The Rep proteins
of V30, V22, TbLCZV, and EACMV/UG were predicted to contain disordered residues
with protein binding potential. Conserved functional motifs have not been described

for the oligomerisation domain and this central region of begomovirus Rep shares no
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significant sequence identity with central domains of other SF3 helicases.

Consequently, homology modelling of this domain was not feasible.

The helicase domain of canonical V30 Rep (aa 181-330) was aligned with that of
selected African begomovirus Rep proteins revealing a highly conserved core
sequence at 100 % consensus level, spanning four functional motifs involved in ATP

hydrolysis and helicase activity (Fig. 3.5A).

A

Walker A Walker B B' motif C motif
: : i 3 n 2 . 330
V30_Rep KVY SNDAWERVEDEVDPNYL LDEDKNTSLEARTIKK
V22 Ren CGARARPA KV SHDRK YNV DIV DDHY LKHWKE =5 SNTEYGRD KEYLDEDKNASLKAWTTRN o,
TOCEV_AF261005_Rep : DPHYI E IKN §
DALCY_MK402518_kep i DbHYLKHFRRFMGADRIMGSNTRY K | O GG B K1,CNPGPNSSYKE FILDEEKNCALKAWALKN
EACMV/UG_AF 15T DOVDEH: GKPIQIKGGIPTIFLCNEGE gy 9:=:aloohol
TOLCANV_AM701756 TSSFDQVEEELEIWVSER NYLCGHLDLS PRVYSNE muguvm:vwmu(m KEMGAOR DRGSR ¥GKP 1QTKGG PTTFLONEGRTSS YKEYLEEDKNAPLKATKN ] = alphatic
TYICeY %61153 Rep SFDQVPDZLERAVSENVHDAARRPRREVSIVE TUARSLGTHNYLOGHLDLSQK 1DDVDHYL £YLDEEKNQRLKNAATER
302057 _Rep BvA LSPKVE X LKUE F K8 a = aromatic
NVHDAAR 1V RGUSRY SPHNYL SPKVYSNOAR YNV LDV DPHY LKHFKK “MGAQRDNGSNTK Y GKP 101 - YKEYLDEDKNAPLKANATEN
EN IST HLDL VY SNDAWYNVIDOVDEH' N © = charged
TGS 1S PRVYSNONSKRUBIV DL ; ; K| KK
1 R¥NVIDOVDLH YREYLDEEKNI SLENAALEN 1 = hydrophobic
TOLCMGV/Mon_AJG635 SEWVS: v 1Y crorsvyanonni Doy ir PIQIKGGIPTIFLCNEGE NAALKQHAT - = negative
ToLCNaV AMT LEVAVSENTRDARARPRRDT IV EGDSRTGKENIARS LGP HNYLCGHL DLS DKVY SNOAK ENE IDIVDDHY L KHFKE SMCAQRDHGSNTRYGKD TQTKGG T PTT FLONDG KEYLDEEKNAPL KAAMM(
CLCuGeV/ML_EU02 WARE TvDEI KEVOTKGEIETIFLC) P = polar
TolCGY_MNSESG96_Hep 1V K PHNY1LGGH 31 SPRY YSNOANYA LIV DR Y LKH KKK EMGAQRDMGSINTK “GRP (K P11 KLCNPGPTSS YKKY LDREKNAPLKANA KN
ToLCNGY_FIe8b621 Rep : CGHLDLSPKVYSNDAWYNVIDEVDPH GKEIQTKGGIPTIFLCNEGE v L
TOLCDIV_AMT0176 TBIVVEGESRT RS LGPIINYLCGINLDLS PRV SNV DEINYLKIFKE EMGAGKDHGSNTKVGKEVOTKGGT P FLONEG KEFLDEDKNTHLKSWALKN S = small
Peprviny A¥s020 SLGPHNYLCGHLDL NDAWYRVIDOVDD) TQIKGGIPSTE: B WTLEN
L YSNDAWYNVIDD mmn KE! EE KN u =tiny
RP T8IV KGDSRIGKIMIARS LGPHNY L PKVYSNDARENVIDOVDPRY LKHFKE “MGAQRDAGSNTK YGKP 1 Q1KGG TSSYKEYLDEEKNARLKANTIRN ¢ oo
TVDER T KN
GEHNYLC EANRNVADIVOPYY i1 SYKEYLEK WATKN
GKTVAARSLGPHNYLCGH v SIARICI D LKHFKEL GKE s
JC1E. hewoNL. £ AARP.RP. sxv EG-SRoGRTHWARSLG . HNYLCGH1DLS . E.+p
Conaenana/ 708 VSPFL T 1K

M = helix (conf. 2 5)
1 = helix (conf. < 5)

= strand {conf. 2 5)

ACI"« J020:
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h = helix

© = strand
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Fig. 3.5 Rep helicase domain multiple sequence alignment for ToCSV V30, V22, TYLCSV (X61153),
and selected African mono- and bipartite begomoviruses. A, MUSCLE aa sequence alignment with 100
% and 70 % aa sequence consensus shown. Consensus residues capitalised and coloured lowercase
letter key indicates consensus residue type. Functional sequence motifs highlighted and annotated. B,
PSIPRED secondary structure (ss) prediction, with ss elements highlighted according to colour key.
Consensus ss elements at confidence (conf.) levels 20 and =5 indicated. Rep sequence obtained with
ORF finder using the DNA-A sequence as the input. DNA-A sequences for all isolates used in S3 Table
3.2.

At 100 % consensus level the WA motif had a sequence of SIVEEG(D/E)SR(S/T)GKT,
WB motif had a sequence of (F/Y)N(I/V)IDD, B’ motif had a sequence of
KEhhG(A/S)Q(K/R)DWQSNTK, and the C motif had a sequence of (S/T)IFLCNP. The
region spanning these motifs was predicted to contain four consensus B-strands and
two short helices (confidence =5) (Fig. 3.5B). An additional short helix and short strand
were predicted with low confidence (<5). Two helices were predicted outside of the

107



core domain, one in the N-terminal region and the other in the C-terminal region. Within
the core region, WA residues at motif positions two to five were predicted to form the
first B-strand. The first four residues of WB formed the second B-strand. The second
helix contained the first three residues of the B’ motif. A short B-strand was predicted
to exist at B’ motif residue positions eleven and twelve with low confidence (<5). The
fourth consensus B-strand was predicted to be composed of C motif residues two to

four.

The C-terminal domain (canonical V30 Rep aa 331-359) is the shortest Rep protein
domain and its function is unknown. Multiple sequence alignment of V30 Rep C-
terminal domain with other begomovirus Rep sequences (Fig. 3.6) showed that the
sequence and length of this domain was highly variable. The two defining features of
this domain included the presence of a consensus [3-strand containing a conserved
phenylalanine, two conserved residues at positions 339 (P) and 340 (L), as well as a

C-terminal region 10-20 aa in length predicted to be disordered with protein-binding

potential.
332 . g . ] 364
v30_Rep AVFITLNQPLYSSPNQGPASNSQEESSQA—————
V22 Rep AIFITLNQPLESSPNQGPASNSQEESSQA————— Key:
TOCSV_AF2 618 85_Rep AVFITLNQILYSSPNQGPASNSQEESSQA —————
DaLCV MF402918 Rep ATFISLEEE’ESGTNQGPTQSC ———————————— . = helix (conf. > 5)

EACMV/UG AF126806 Rep
TOLCAnV_AM701758 Rep
TYLCSV_X61153 Rep
ACMV_ J02057 _Rep
THLCKMV_AM701760_Rep
ToLCUV_DQ127170_ Rep
SACMV_AF155806 Rep ATFITLHEPLESSAHQSPTPHRED

[ = helix (conf. < 5)
= strand (conf. = 5)

= strand (conf. < 5)

X = disordered, protein binding

ToLCSDV/Sha AY044139 Rep ATFVTLYEBLESSTNQGPTQASQEETNQA-————

ToLCMGV/Men AJ865338 Rep ATFVTLHE TSANQGPTPYSEEENHTA————— 1 = aliphatic
ToLCNaV_AM701764 Rep ATFVTLHEBLESSTNQGPPPHSQEESSEA————— )
CLCuGeV/ML EU024120 Rep ATFITLSNPLYSGTNQSPASGGQEESNQETQD—— a = aromatic
TOLCGV_MN969998 Rep ATFITLYEPLYSSADQSPAPHREEESSET ————— "
ToLCNGV_FJ685621 Rep ATFVTLNEPLYSSAHQSPAPHREEESSEA————— € = charged
TOLCDiV_AM701765 Rep AVFVTLSE.LFSGSNQGSTS(:GEEESNQA ————— h = hydrophobic
PepYVMLV AY502935 Rep ATFVTLDRPLYSSTNQGHPPQSQD——————————
TbLCZV_AF350330_Rep ATFITLDRPEMSDTNQSPPPQSQDESHSP————— P = polar
ToLCKunV_MT045996 Rep AIFVTIYEPLYSGSNKGTSQNWQGESGATEED—— 8 SEri
TOLCToV_AM701768_Rep AIFVTIQOBLESSSYQGPTQSSQAEASEEEEDRP
OYCrV/ML_DQ875879 Rep ATFITLSEPLYSTTDQSPAPHSQEEGSEA————— u = tiny
TOLCMLV_AY502936 Rep ATFVTLTEPHESNANQGSPQTSQEETDQA————— s KaliE
Consensus/100% AhFlsl.pPLasSSS.PS.S...cteteerosnns
Consensus/70% AsFlTLpcPLaSusNQuPsspupEEUpps..... e = strand
Consensus ss (conf. =5) eeee h

Consensus ss (conf. =0) eeeee hhh

Fig. 3.6 Rep C-terminal domain multiple sequence alignment for ToCSV V30, V22, TYLCSV (X61153),
and selected African mono- and bipartite begomoviruses. MUSCLE aa sequence alignment with 100 %
and 70 % aa sequence consensus shown. Consensus residues capitalised and coloured lowercase
letter key indicates consensus residue type. PSIPRED secondary structure (ss) and DISOPRED protein

disorder prediction, with ss elements highlighted and disordered residues coloured according to colour
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key. Consensus ss elements at confidence (conf.) levels =0 and =5 indicated. Rep sequence obtained
with ORF finder using the DNA-A sequence as the input. DNA-A sequences for all isolates used in S3
Table 3.2.

The full helicase and C-terminal domains of V30 Rep (aa 121-359) were modelled
using Phyre2 (Fig. 3.7) and this monomeric structure is herein referred to as “RepC-
P”. Residues corresponding to canonical Rep aa 121-129 and aa 342-359 were
modelled ab initio. The partial helicase (aa 211-330) and C-terminal (aa 331-341) V30
Rep domains were also modelled using SWISS-MODEL (Fig. 3.8) with the resulting
hexameric structure being termed “RepC-SM”. The common template used to produce
the two models was the hexameric structure of the helicase domain of BPV E1
helicase (aa 423-549, PDB ID: 2GXA) which shares only 15.4 % sequence identity
with the partial V30 Rep helicase and C-terminal domains (aa 211-341).

V30 RepC helicase and
C-terminal domains

aa 181-359

(Phyre2)

Key:
m = Walker A
m = Walker B
= = B' motif
= C motif
= =aa 121-210 modelled with Phyre2 only
= aa 342-359 modelled with Phyre2 only

Fig. 3.7 Semi-transparent surface and cartoon representation of ToCSV V30 Rep helicase and C-
terminal domain homology model monomer generated using Phyre2. Positions of functional motifs
highlighted according to colour key with important Walker A, Walker B, B’ motif, B’ motif-associated
(hairpin loop), and C motif residues depicted using liquorice representation. SWISS-MODEL structure

quality assessment outputs shown in S3 Fig. 3.8.

Both structures were visualised in 3D space using PyMOL. The RepC-P structure (Fig.
3.7) was shown to contain six B-strands and eight helices. Four of the B-strands (81,
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B2, B5, B6) were arranged as a parallel B-sheet. The two remaining -strands (B3 and
4) formed a distinct B-hairpin with the long loop structure pointing away from the (3-

sheet.

Three helices (h1, h2, h8) were situated above the 3-sheet, whilst the remaining five
helices were predominantly located underneath the [(-sheet. The surface
representation of RepC-P showed that residues belonging to WA, WB and the B’ motif
were positioned closely together in a putative catalytic site. WA was mapped to 1 and
the N-terminal end of h2, whilst four WB residues were mapped to 2. The first five
residues of the B’ motif were mapped to h5 and the six C-terminal residues of the B’
motif were mapped to 33 and part of the B3-assocated associated loop structure. The
first five residues of the C motif formed B5. Important catalytic residues were shown
using liquorice representation and labelled accordingly. Key catalytic residues present
in the B’ motif and associated [(-hairpin were also depicted using liquorice

representation (Fig. 3.7).

The homohexameric ring structure of RepC-SM contained a central channel. The six
monomeric units were arranged so that the B-hairpin loop of each monomer was

positioned towards the central channel (Fig. 3.8).
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V30 Rep helicase domain (hexamer)
aa 211-341
(SWISS-MODEL)

Key:
B = Walker A
m = Walker B
B = B' motif
= C motif

V30 Rep helicase domain (monomer)
aa 211-341
(SWISS-MODEL)

Fig. 3.8 Semi-transparent surface and cartoon representation of TOCSV V30 Rep partial helicase and
C-terminal domain homology model hexamer (top) and selected representative monomer (Chain E,
bottom) generated using SWISS-MODEL. Positions of functional motifs highlighted according to colour
key with important Walker A, Walker B, B’ motif, B’ motif-associated (hairpin loop), and C motif residues
depicted using liquorice representation. SWISS-MODEL structure quality assessment outputs shown
in S3 Fig. 3.9.

The monomeric units of the RepC-SM hexamer are partial domain models and as a
result do not contain aa sequence corresponding to hl and h8 of the RepC-P model.
The consensus ss of the monomer is shown in S3 Fig. 3.10 and was comparable to
that of RepC-P, except that the consensus RepC-SM structure was predicted to
contain an additional helix between 35 and 6. The arrangement of the functional
motifs was very similar to that seen in RepC-P with some differences in the relative
position of the key catalytic residues shown using liquorice representation (Fig. 3.8).

Quality assessment of the two structures using SWISS-MODEL was done (S3 Fig. 3.8
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and S3 Fig. 3.9) and the outputs showed that although RepC-SM scored slightly better
than RepC-P, the overall quality of both structures was low. The Ramachandran
favoured/outlier percentages were 82.2/4.9 and 80.2/9.6 for RepC-SM and RepC-P
respectively. The QMEAN Z-scores obtained were more favourable for RepC-SM than
RepC-P. The QMEANDIsCo Global scores obtained were 0.39 + 0.05 for RepC-SM
and 0.37 £ 0.06 for RepC-P. Despite the low global scores, local quality estimates
revealed that the highest scoring residues included those present in the conserved
functional motifs WA, WB, and C motif; as well as residues forming 36 which is part of

the C-terminal domain.

Sequence comparison of the four functional helicase domain motifs of V30 Rep with
those present in the Rep protein sequences of other DNA viruses (Fig. 3.9A) revealed
conservation of several important residues. WA contained consensus glycine residues
at motif positions six and eleven, lysine at position twelve, and threonine at position
13. WB was shown to contain three consensus hydrophobic residues and two
negatively charged residues at positions five and six. These two residues were both
aspartic acid in the Rep proteins of V30, TYLCV, WDV, PCV2, and BPV (genus
Deltapapillomavirus). The B’ motif was found to be variable with only the last C-
terminal lysine being conserved at 100 % consensus. The first residue of this motif
was positively charged in all seven virus Rep proteins. The C motif contained three
consensus hydrophobic residues and a conserved asparagine at motif residue position
six. Interestingly, all three geminivirus Rep proteins lacked the arginine finger motif
present in the other animal-infecting virus Rep proteins. The arginine finger is typically
situated in the stretch of residues located between sequences forming 5 and B6 of
the parallel B-sheet. It is worth noting that an arginine residue was identified in this
stretch of residues in the Rep proteins of TbLCZV, tomato leaf curl Mali virus
(ToLCMLYV), tomato leaf curl Madagascar virus (ToLCMGV/Men), and ToLCUV (Fig.
3.5). The vast majority of begomovirus Rep proteins, including ToCSV Rep, contained

four highly conserved positively charged lysine residues in this region (Fig. 3.5).

The PyMOL-assigned ss of RepC-P as well as the consensus monomer ss for RepC-
SM and partial solved structures of other DNA virus helicase domains (S3 Fig. 3.10)
were used to construct protein topology diagrams (Fig. 3.9B). The region defined using
these diagrams was limited to the sequence spanning the parallel B-sheet structure.

This was done to specifically compare this conserved “core” region containing
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important functional motifs. The topology diagrams revealed that all structures
contained a parallel B-sheet surrounded by three to five helices of variable lengths
(Fig. 3.9B). The B-sheets of the solved structures contained an additional B-strand
situated adjacent to the strand formed by residues corresponding to the WB motif (32
in homology models). Interestingly, the structure of PCV2 Rep (PDB ID: 7LAR)
contained a further additional 3-strand downstream of the 3-strand corresponding to
B6 in the homology models. This additional strand was orientated antiparallel relative
to the remaining strands of the of the conserved core -sheet resulting in a mixed [3-
sheet. The relative positions of WA, WB and C motif were highly analogous although
the B-strand lengths were variable. All structures contained the B’ motif-associated [3-
hairpin loop structure. The N-terminal region of the B’ motif forming a short helix in the
homology models was found to contribute to the C-terminal end of a longer helical
element in the solved structures. The B’ motif catalytic residue was consistently
positioned at the turn region of the B-hairpin loop in all structures. The AAV2Rep
structure (PDB ID: 7JSI) contained an additional B-hairpin located downstream of the
B-strand containing C motif residues. As in the case of the B’ motif 3-hairpin loop, the
loop of the second B-hairpin was also found to be directed towards the central channel
in the solved hexameric structure of AAV2 Rep. The arginine finger motif (missing in
ToCSV Rep) was present between the C motif B-strand and the C-terminal parallel -

strand in the solved Rep structures.

113



A Walker A Walker B B' motif C motif R finger/s

BEsGHGiS V30_Rep (216-305) SIVIEGDSRSGKT.28.¥NVIDD. .9 .KEFFGAQRDWOSNTK.12.TIFLCNP
Geminiviridae |: 5 ! TYLCSV_Rep (216-305) SIVIEGDSRTGKT.28.¥YNVIDD. .9 .KEFMGAQRDWOSNTK.12.TIFLCNP
Mastrevirus —WDV_Rep (218-305) SIYICGPTRTGKT.26.YNIIDD. .9.KCFVGAQRDFTVNPK.12.CIILVNP

Dependoparvovirus —AARV2 Rep (329-444) TIWLFGPATTGKT.32.VIWWEE.11l.KAILGGS-KVRVDOK.11.VIVTSNT.21.R-
Circovirus —PCV2_Rep (169-277) VHVIVGPPGCGKS.29.VVVIDD.11.RLC-DRY-PLTVETK.10.ILITSNQ.18.RR

Deltapapillomavirus —BPV_E1 (428-538) CLAFIGPPNTGKS.33.AALVDD.13.RNALDGY-PVSIDRK.11.LLVTSNI.13.R-
Betapolyomavirus —SV40 Tag (421-540) YWLFKGPIDSGKT.35.LVVEED.23.RDYLDGSVKVNLEKK.11.GIVTMNE. .9.R-
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Fig. 3.9 Comparative analysis of selected DNA virus SF3 helicase C-terminal domains. A, MUSCLE aa
sequence alignment of helicase domain functional motifs of ToCSV V30 Rep, TYLCSV Rep
(NP_620741), WDV Rep (AHZ63100), AAV2 Rep (QDH44425), PCV2 Rep (AAQ94098), BPV E1
(NP_056739), and SV40 Tag (NP_043127). Motifs highlighted and annotated, with important residues
in bold. Consensus residues capitalised, consensus alcohol (0), aliphatic (I), hydrophobic (h), negatively
charged (-), polar (p), positively charged (+), small (s), and turnlike (t) residues indicated with coloured
lowercase letters. Hyphens indicate alignment-generated gaps, ellipses in alignment indicate spacer
sequence with aa humber shown, protein sequence aa positions in brackets. B, Structural topology of
V30 Rep partial helicase and C-terminal domain homology models generated using Phyre2 (monomer)
and SWISS-MODEL (hexamer); and solved hexameric structures of AAV2 Rep (PDB ID: 7JSI), PCV2
Rep (PDB ID: 7LAR), BPV E1 (PDB ID: 2GXA), and SV40 Tag (PDB ID 1SVM). PyMOL-assigned
“sheet” shown as arrows, “helix” shown as cylinders, “loop” shown as thin tubes. Position of Walker A
motif in magenta, Walker B motif in scarlet, B’ motif in orange, C motif in yellow, arginine finger motif in
aquamarine. Positions of important motif residues indicated using bold letters. For all hexameric
structures, consensus monomer ss is represented. Details of PyMOL-assigned ss shown in S3 Fig.
3.10.
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3.3.2 The disordered N- and C-termini of V30 Rep warrant increased

scrutiny for their role in the functionality of Rep.

Upon preliminary alignment of African begomovirus Rep protein sequences obtained
following standard code using ORF finder, it was discovered that several identified
Rep proteins were predicted to encode additional N-terminal segments. These N-
terminal extensions were situated upstream of a methionine conserved amongst all
African begomovirus Rep proteins analysed. These N-terminal extensions were only
identified in monopartite begomoviruses. These unique proteins are herein referred to
as “Rep-N”. All three ToCSV sequences were predicted to encode Rep-N proteins
each containing an additional 12 aa upstream of the conserved methionine. A
sequence alignment of several identified Rep-N proteins showed that the N-terminal
extension of TbLCZV Rep-N was identical to that of ToCSV (Fig. 3.10A).

To investigate whether the presence of this putative segment altered the predicted
ss/disorder of V30 Rep, the sequences of Rep-N and canonical Rep proteins were
analysed further. It was determined that ss predicted at medium to high confidence
levels (25) for the two proteins was nearly identical (S3 Fig. 3.11 and S3 Fig. 3.12).
Predicted disorder, however, was markedly different (Fig. 3.10 B). The canonical V30
Rep protein was predicted to contain three disordered regions with residues having
DISOPRED scores above the disorder threshold of 0.5. These included four residues
in the IRD of the N-terminal domain (alignment position 13-16), eight in the
oligomerisation domain (alignment position 134-141), and 16 in the C-terminal domain
(alignment position 356-371). All disordered residues were predicted to have protein
binding potential except for asparagine at alignment position 141. The predicted N-
terminal region disorder of Rep-N was extended to include the entire putative fragment
(alignment positions 1-12). The predicted disorder of the oligomerisation domain
region seen in canonical Rep was lost in Rep-N as the DISOPRED scores of the
corresponding residues were below the 0.5 threshold value. The length of the
disordered region present in the C-terminal domain of Rep-N was reduced by one
residue in comparison to canonical Rep. To probe for the presence of a cs strand-

derived RNA transcript corresponding to the 5 C1 N-terminal extension region, RT-
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PCR was done using Cl-specific primers. The expected product was positively
identified in plants infected with V30, but not mock-inoculated plants (Fig. 3.10C).

A

Reference sequence (1): V30_Rep-N

V30_Rep-N
TOLCKMV_AJ865340_Rep-N
ToLCSDV/sha_AY044139 Rep-N
TOLCToV_AM701768_Rep-N
TbLCZV_AF350330_Rep-N
V22_Rep-N
ToCSV_AF261885_Rep-N
TOLCAnV_AM701758_Rep-N
ToLCMahV_MH410152_Rep-N
DaLCV_MF402918 Rep-N
TOLCSCV_AM491778 Rep-N
consensus/100%

1 16 134 141 356 371
----------- -MAPD PNOGPASNSOEESSOA?
[MOFESQOSVPIDOMADD SARGGCON ONOGDPASNSOEESSOARK
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aa position
V30 Mock

M tDNA cDNA RT- c¢cDNA RT- NTC

200 bp

100 bp

V30 C1-cs (V30C1N_F/RP)

Fig. 3.10 Analysis of putative begomovirus Rep N-terminal region extension. A, Multiple Rep-N aa
sequence alignment (MUSCLE) for ToCSV V30, V22, exemplar isolate (AF261885), and selected

African monopartite begomoviruses having C1 ORF encoding putative Rep N-terminal segment

predicted by ORF finder. Residues identical to reference sequence (V30 Rep-N) highlighted. Canonical
Rep aa 1 (methionine) indicated with black arrow. Consensus aliphatic (I), hydrophobic (h), polar (p),

small (s) and turnlike (t) residues indicated with coloured lowercase letters. B, Comparative DISOPRED

analysis of canonical V30 Rep and Rep containing putative N-terminal extension (Rep-N, pink

sequence). Disordered residues boxed in blue, disordered residues with protein-binding potential boxed

in green. Disorder threshold value (0.5) demarcated with turquoise line. Residue positions indicated. C,
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Agarose gel image of V30 complementary sense (cs) putative C1 ORF 5’ extension region-derived RT-
PCR products (encoding putative Rep N-terminal extension). M, DNA ladder marker; tDNA, PCR of
total DNA extracted from plants inoculated with V30 (positive control); cDNA, RT-PCR of total RNA
extracted from plants inoculated with V30 or mock; RT-, negative reverse transcriptase enzyme control;
NTC, PCR no template control. Primers used for PCR in brackets with primer used for cDNA synthesis
highlighted in bold. Mock is RT-PCR of total RNA extracted from plants inoculated with Agrobacterium
tumefaciens C58C1 carrying empty pCAMBIA2300. Rep sequences obtained with ORF finder using the

DNA-A sequence as the input. DNA-A sequences for all isolates used in S3 Table 3.2.

To explore the role that the C-terminal domain of V30 Rep may play in viral infectivity,
two C1 deletion mutants [V30AC1-d(14) and V30AC1-d(22)] were generated. The
predicted ss and disorder of the mutated C1 proteins was compared with the wild type
V30 Rep. At medium to high confidence levels (=5) the predicted ss of the three
proteins was identical (S3. Fig. 3.11, S3 Fig. 3.13, S3 Fig. 3.14). Truncation of the Rep
protein by 22 aa resulted in the removal of a predicted helix at Rep aa 339-341,
although this helix was predicted with low confidence (<5). Predicted disorder was

substantially altered by truncation of the C-terminus (Fig. 3.11).
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Fig. 3.11 Comparative DISOPRED analysis of canonical ToCSV V30 Rep, V30AC1-d(14) Rep (orange
sequence), and V30AC1-d(22) Rep (red sequence). Disordered residues boxed in blue, disordered
residues with protein-binding potential boxed in green. Disorder threshold value (0.5) demarcated with

turquoise line. Residue positions indicated.

Truncation of Rep by 14 residues resulted in a near total loss of the C-terminal
disordered region having protein binding potential. Only the C-terminal asparagine at
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position 345 was predicted to be disordered. Deletion of 22 C-terminal Rep residues
resulted in a complete loss of the C-terminal region of disorder. The predicted disorder
present in the oligomerisation domain of V30 Rep was significantly reduced in the Rep
of V30AC1-d(14) and its predicted protein binding potential was lost. Conversely, the
Rep of V30AC1-d(22) was predicted to retain this region of disorder and was
expanded to include arginine at position 121. The protein binding potential of the
disordered residues cystine (position 127) and glutamine (position 128) in the Rep of
V30AC1-d(22) was lost. The predicted disorder in the N-terminal domain of V30 Rep

was not altered by the truncation of the C-terminus.

Infectivity trials were conducted in N. benthamiana using V30AC1-d(14) and V30AC1-
d(22) to determine whether truncation of the Rep C-terminal domain interfered with
disease development. Plants inoculated separately with the two mutants did not
develop any disease symptoms up to 36 dpi and were indistinguishable from mock-
inoculated plants (Fig. 3.12A). At ~40 dpi however, plants infected with V30AC1-d(14)
began to show slight SV symptoms in the emerging leaves. By 50 dpi the SV
symptoms increased in severity and leaf rugosity was evident. Impaired flower
development was also observed, unlike in the mock and V30AC1-d(22)-inoculated

plants which continued to grow and flower normally (Fig. 3.12B).

118



A 20 dpi 36 dpi B

severe SV
' and rugosity
=% impaired flower
é p AP devciopment
< E
g Mock V30AC1-d(14) V30AC1-d(22)
o
2
C
5,00 V30AC1~d(14)

(]

2
_— £ 4,00 l
N
S s
s 5
S > 3,00
U &
g e
o i |
A
>

2,00
12 20 28
Time (dpi)

Fig. 3.12 Infection of Nicotiana benthamiana with ToCSV V30 C1 mutant infectious clones in single
infection. A, Symptoms in plants inoculated with mock (Agrobacterium tumefaciens C58C1 carrying
empty pCAMBIA2300), V30AC1-d(14), and V30AC1-d(22) at 20 dpi (left) and 36 dpi (right). Bar = 2 cm.
B, Symptoms in plants inoculated with mock, V30AC1-d(14), and V30AC1-d(22) at ~50 dpi. Virus-like
symptoms observed only in V30AC1-d(14)-infected plants seen magnified (inset). C, Log viral fold
change at 12, 20, and 28 dpi in V30 and V30AC1-d(14)-infected plants. Bars represent mean + SD.
Student’s t-test level of significance: **, P < 0.01.

DNA was extracted from plants inoculated with V30AC1-d(14) at ~50 dpi and samples
were found to be PCR-positive (V2 region primers were used). Sanger sequencing of
the samples indicated that mutation reversion had not occurred, and that the integrity
of the mutant was retained. Repeated PCR testing of V30AC1-d(22)-inoculated plants
did not yield a positive PCR result. Despite not displaying symptoms, plants inoculated
with V30AC1-d(14) were found to contain measurable levels of viral DNA. Analysis of
viral load at 12, 20 and 28 dpi showed that V30AC1-d(14)-infected plants had a
significantly lower viral load than plants infected with V30 at all three timepoints (P <
0.01) (Fig. 3.12C). In addition, the peak in viral load observed at 28 dpi in V30-infected
plants was not evident in V30AC1-d(14)-infected plants. The viral load in mutant-
infected plants did not significantly differ between the three timepoints.
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3.3.3 Expression and purification of recombinantly expressed V30

RepC proteins —a complex puzzle with many pieces.

Although published structures of the Rep helicase domain of several animal-infecting
DNA viruses exist in the PDB, the structure of the geminivirus Rep helicase domain
has not yet been solved. To date, only geminivirus Rep N-terminal domain structures
have been published. The first step on the path to solve a particular molecular structure
is to obtain significant amounts of purified target protein. In the current study, the DNA
sequence encoding the helicase (aa 122-330) and C-terminal (aa 330-359) domains
of V30 Rep (termed “RepC”) were cloned into three E. coli expression vectors and
expression trials were conducted. The pCold TF expression vector allowed for
expression of RepC with a trigger factor (TF) chaperone tag fused to the N-terminal
end of the protein to assist in the folding of translated RepC. A map of the
recombinantly expressed protein is shown in Fig. 3.13A. The recombinant protein
contained a hexahistidine (His6) tag upstream of the TF tag to facilitate purification
using IMAC. Three protease cleavage sites were present between the TF tag and the
RepC protein to enable tag separation following purification. The theoretical pl values
of His-TF-RepC and thrombin-cleaved RepC were nearly identical whilst the predicted
instability index (Il) values for the two proteins differed (Fig. 3.14A). The recombinant
fusion was predicted to be stable in solution (II: 38.8) and the cleaved RepC protein
was predicted to be unstable because the Il value (43.4) exceeded the instability
threshold value of 40.0.

The recombinant protein (His-TF-RepC) was successfully overexpressed
predominantly in the soluble fraction using BL21(DE3)pLysS. This was confirmed
using SDS-PAGE by the presence of a distinct band at ~80 kDa corresponding to the
predicted molecular mass of the His-TF-RepC protein (79.8 kDa) (Fig. 3.13B). Basal
level expression was also observed in the absence of IPTG. The wet cell pellet yield

obtained was ~1 g per 100 mL culture.

The soluble fraction was subjected to purification using IMAC with immobilised Ni%*
resin. Fractions corresponding to the absorbance (Abs) peak obtained after application
of the elution buffer (Fig. 3.13C) were shown to contain the target protein using SDS-
PAGE (Fig. 3.13D). The apparent purity of the elution fractions was improved by

subjecting the column to detergent and high salt washes prior to target protein elution.
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Fig. 3.13 Expression and purification of His-TF-RepC protein. A, Map of recombinant His-TF-RepC as
expressed using pCold TF-RepC. Translation enhancing element (TEE) in yellow, hexahistidine (His6)
tag in blue, trigger factor (TF) chaperone tag in grey. Three cleavage sites indicated: HRV 3C protease
in aguamarine, thrombin in pink, factor Xa in orange. A 10mer linker is located upstream of RepC (red)
which includes the helicase domain (Rep aa 122-330) and the C-terminal domain (Rep aa 331-359).
Predicted Expasy ProtParam molecular mass (MM), theoretical pl, and instability index (II) parameters
for uncleaved His-TF-RepC and thrombin-cleaved RepC indicated below map. Il in green indicates
stable, Il in red indicates unstable. B, SDS-PAGE analysis of uninduced (Ul) and IPTG-induced cell
lysate (CL), insoluble (INS), and soluble (SOL) fractions extracted from E. coli BL21(DE3) pLysS liquid
culture transformed with pCold TF-RepC after overexpression at 15 °C for 24 h. Target product band
(79.8 kDa) indicated. C, Absorbance profile of one-step Ni2* IMAC AKTA purification of His-TF-RepC
showing peaks corresponding to TWEEN 20 wash, high salt wash, and target elution with buffer
containing 500 mM imidazole. D, SDS-PAGE analysis of six sequential elution fractions obtained from
one-step Niz* IMAC AKTA purification of His-TF-RepC (indicated using arrow) from soluble fraction
extracted from E. coli BL21(DE3) pLysS liquid culture transformed with pCold TF-RepC after
overexpression at 15 °C for 24 h. M, protein molecular mass marker. Details of nt and predicted aa

sequences of recombinantly expressed His-RF-RepC in S3 Fig. 3.1.
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A proteolytic cleavage experiment to separate the His-TF tag from RepC was
conducted using thrombin (Fig. 3.14A). SDS-PAGE confirmed successful tag
cleavage by the gradual decrease in the intensity of a band at ~80 kDa (His-TF-RepC)
with increasing cleavage time. An associated increase in the intensity of bands
corresponding to cleaved His-TF tag (51.4 kDa) and cleaved RepC (28.4 kDa) was
recorded with near total cleavage of the His-TF tag being obtained after ~6 h. The
presence of additional non-target cleavage products at low molecular mass (~15 kDa)
was also shown to increase over time although their sequence identity was not
determined. SDS-PAGE of flowthrough and elution fractions obtained from a second
IMAC purification of cleaved protein (Fig. 3.14B) showed a band at ~30 kDa (cleaved
RepC) as well as a non-target low molecular mass cleavage product. The elution
fraction contained a faint band at ~80 kDa (uncleaved His-TF-RepC) and a distinct
band at ~50 kDa (cleaved His-TF tag). The presence of a band at ~30 kDa (cleaved
RepC) was also identified with an apparent band intensity higher than that seen in the
flow through fraction. Low molecular mass non-target cleavage products were also

observed in the elution fraction.
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Fig. 3.14 Thrombin cleavage of His-TF-RepC and subsequent purification of RepC protein. A, SDS-
PAGE analysis of concentrated Ni2* IMAC AKTA-purified His-TF-RepC subjected to cleavage with 1 U
thrombin at 4 °C for up to 16 h. Cleavage reaction samples were analysed at indicated time intervals.
Uncleaved (UC) His-TF-RepC (79.8 kDa), cleaved His-TF (51.4 kDa) tag and RepC (28.4 kDa) bands
indicated. B, SDS-PAGE analysis of UC and thrombin-cleaved (TC) His-TF-RepC; as well as flow-
through (FT) and elution (EL) fractions obtained from one-step Ni2* IMAC AKTA purification of RepC
after thrombin cleavage for 16 h at 4 °C. UC His-TF-RepC, TC His-TF, and RepC indicated using

arrows. M, protein molecular mass marker.

The pCold | expression vector, which uses the same expression technology as pCold

TF but lacks the TF tag, was used to recombinantly express RepC in T7 Express. This
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expression strain was used since other strains transformed with this modified
expression vector did not grow correctly or did not yield any recombinant protein in
either the soluble or insoluble fractions. The recombinant protein expressed using this
vector (His-RepC) contained a His6 tag and a factor Xa cleavage site upstream of
RepC (Fig. 3.15A). The Il value of His-RepC (Fig. 3.15A) classified this protein as
unstable in solution. The His-RepC protein was expressed in the soluble fraction as
evidenced by the presence of an SDS-PAGE band at ~30 kDa corresponding to the
predicted molecular mass of His-RepC (29.5 kDa) (Fig. 3.15B). Unlike expression of
RepC using pCold TF, the expression of RepC using pCold | in the soluble fraction
was inconsistent. Additionally, wet cell pellet yield (~0.35g per 100 mL culture) was

greatly reduced in comparison.
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Fig. 3.15 Expression of His-RepC protein. A, Map of recombinant His-RepC as expressed using pCold
I-RepC. Translation enhancing element (TEE) in yellow, hexahistidine (His6) tag in blue. Factor Xa
cleavage site in orange. A 10mer linker is located upstream of RepC (red) which includes the helicase
domain (Rep aa 122-330) and the C-terminal domain (Rep aa 331-359). Predicted Expasy ProtParam
molecular mass (MM), theoretical pl, and instability index (Il) parameters for uncleaved His-RepC
indicated below map. Il in red indicates unstable. B, SDS-PAGE analysis of uninduced (Ul) and IPTG-
induced soluble (SOL) fractions extracted from E. coli T7 Express liquid culture transformed with pCold
I-RepC after overexpression at 15 °C for 24 h. Target product band (29.5 kDa) indicated. Non-
transformed (NT) soluble fraction included for comparison. M, protein molecular mass marker. Details

of nt and predicted aa sequences of recombinantly expressed His-RepC in S3 Fig. 3.2.
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Three separate methods were used in the purification of His-RepC extracted in the
soluble fraction (Fig. 3.16). IMAC using immobilised Ni?* resin was conducted, and
SDS-PAGE analysis revealed the presence of a band at ~30 kDa (His-RepC)
predominantly in the flow through and initial wash fraction obtained. The elution
fractions were not pure and appeared to contain low amounts of the target protein (Fig.
3.16A). AS precipitation was done using soluble fraction containing His-RepC to “salt
out” the target protein. SDS-PAGE analysis of supernatant and pellet samples
obtained at a range of AS concentrations (percentage saturation) is presented in Fig.
3.16B. It was found that a distinct band at ~30 kDa (His-RepC) was present in the
pellet fraction at 35 % saturation with this sample having improved purity in
comparison to that of the sample at 0 % saturation. The third purification method
utilised was gel filtration chromatography with sepharose 6B agarose. SDS-PAGE of
all collected elution fractions revealed the presence of a distinct band at ~30 kDa (His-
RepC) in elution fractions 7-11 with significantly improved purity being evident (Fig.
3.16C).
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Fig. 3.16 Purification of His-RepC protein. A, SDS-PAGE analysis of pooled unfiltered (uf.) and filtered
(f.) extracted soluble fraction; as well as flow-through (FT), six sequential wash, and six sequential
elution fractions obtained from Ni?* IMAC gravity flow purification of His-RepC (indicated using arrow)
from filtered soluble fraction extracted from E. coli T7 Express liquid culture transformed with pCold I-
RepC after overexpression at 15 °C for 24 h. B, SDS-PAGE analysis of supernatant (s) and
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resuspended pellet (p) fractions obtained from AS purification of His-RepC (indicated using arrow) from
filtered soluble fraction extracted from E. coli T7 Express liquid culture transformed with pCold I-RepC
after overexpression at 15 °C for 24 h. Varying AS final concentrations (percentage saturation) used
indicated. C, SDS-PAGE analysis of 41 sequential elution fractions obtained from sepharose 6B
agarose gel filtration gravity flow purification of His-RepC (indicated using arrow) from filtered soluble
fraction extracted from E. coli T7 Express liquid culture transformed with pCold |-RepC after

overexpression at 15 °C for 24 h. M, protein molecular mass marker.

The pMAL-c2X expression vector allowed for expression of RepC with a maltose
binding protein (MBP) tag fused to the N-terminal end of RepC to improve solubility
and facilitate purification using amylose affinity chromatography. A map of the
recombinantly expressed protein (MBP-RepC) is shown in Fig. 3.17A. The MBP-RepC
protein contained a factor Xa cleavage site between the MBP tag and RepC to allow
for tag removal after purification. The theoretical pl values of MBP-RepC and factor
Xa-cleaved RepC were nearly identical whilst the predicted Il values for the two
proteins differed (Fig. 3.17A). The recombinant fusion was predicted to be stable in
solution (II: 29.3) whilst the cleaved RepC protein was predicted to be unstable (I
43.4). Overexpression of the recombinant MBP-RepC protein in the soluble fraction
was successfully obtained using T7 Express. A distinct band at ~70 kDA
corresponding to the molecular mass of MBP-RepC (69.7 kDa) was observed in the
extracted soluble fraction (Fig. 3.17B). Basal level expression in the absence of IPTG

was also obtained. The wet cell pellet yield was ~0.6 g per 100 mL culture.
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Fig. 3.17 Expression and purification of MBP-RepC protein. A, Map of recombinant MBP-RepC as
expressed using pMAL-c2X-RepC. Maltose binding protein (MBP) tag in grey. Factor Xa cleavage site
in orange. A 6mer linker is located upstream of RepC (red) which includes the helicase domain (Rep
aa 122-330) and the C-terminal domain (Rep aa 331-359). Predicted Expasy ProtParam molecular
mass (MM), theoretical pl, and instability index (II) parameters for uncleaved MBP-RepC and factor Xa-
cleaved RepC indicated below map. Il in green indicates stable, Il in red indicates unstable. B, SDS-
PAGE analysis of uninduced (Ul) and IPTG-induced soluble (SOL) fractions extracted from E. coli T7
Express liquid culture transformed with pMAL-c2X-RepC after overexpression at 18 °C for 16 h. Target
product band (69.7 kDa) indicated. Non-transformed (NT) soluble fraction included for comparison. C,
SDS-PAGE analysis of 25 sequential elution fractions obtained from amylose resin gravity flow
purification of MBP-RepC (indicated using arrow) from filtered soluble fraction extracted from E. coli T7
Express liquid culture transformed with pMAL-c2X-RepC after overexpression at 18 °C for 16 h. M,
protein molecular mass marker. Details of nt and predicted aa sequences of recombinantly expressed
MBP-RepC in S3 Fig. 3.3.

Amylose affinity chromatography with gravity flow was used to purify MBP-RepC
present in the soluble fraction. An SDS-PAGE band at ~70 kDa (MBP-RepC) was

identified in the fractions obtained after elution with buffer containing 10 mM maltose
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(Fig. 3.17C), although other non-target proteins were also present at lower relative

amounts.

Despite the presence of these contaminants, a tag cleavage trial using factor Xa was
conducted (Fig. 3.18A). SDS-PAGE analysis of cleavage samples collected at specific
time points showed that tag cleavage was successful as evidenced by the decreasing
intensity of the band at ~70 kDa (uncleaved MBP-RepC) over time. Concurrently, the
intensity of bands corresponding to cleaved MBP tag (42.5 kDa) and cleaved RepC
(27.2 kDa) increased over time. Near total tag cleavage was observed after 24 h.

Cleaved protein was subjected to ion-exchange chromatography using a DEAE FF
anion exchanger column with a continuous NacCl gradient elution. During elution, two
absorbance (A280) peaks were recorded (Fig. 3.18B). SDS-PAGE analysis (Fig.
3.18C) of elution fractions corresponding to the first absorbance peak obtained at ~120
mM NacCl (elutions 6-16) revealed the presence of a band at ~40 kDa (cleaved MBP
tag). Elution fractions associated with the lower second peak obtained at ~240 mM
NaCl (elutions 17-25) contained bands at ~70 kDa (uncleaved MBP-RepC) and ~28
kDa (cleaved RepC). An additional faint band at ~58 kDa was also observed although

the identity of this band was not determined.
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Fig. 3.18 Factor Xa cleavage of MBP-RepC and subsequent purification of RepC protein. A, SDS-
PAGE analysis of amylose resin gravity flow-purified MBP-RepC subjected to cleavage with 2 % w/w
factor Xa at 23 °C for up to 24 h. Cleavage reaction samples were analysed at indicated time intervals.
Uncleaved (UC) MBP-RepC (69.7 kDa), cleaved MBP (42.5 kDa) tag, and RepC (27.2 kDa) bands
indicated. B, Absorbance profile of ion-exchange chromatography purification of factor Xa-cleaved
RepC showing peaks corresponding to continuous gradient elution with increasing NaCl concentration.
C, SDS-PAGE analysis of 22 elution fractions obtained from ion-exchange chromatography purification
of RepC after factor Xa cleavage at 23 °C for 16 h. Uncleaved MBP-RepC, cleaved MBP, and RepC

indicated using arrows. M, protein molecular mass marker.

3.3.4 Miniaturised expression of truncated RepC proteins — a

practical approach to improve yield and solubility.

Recombinant protein expression often requires optimisation especially in the case of
proteins such as RepC which are not easily expressed/purified in large quantities and
are predicted to be unstable in solution. One useful method of enhancing recombinant

expression is to truncate the target protein to remove disordered regions that could

128



contribute to overall instability in solution. The C-terminal domain containing
disordered residues was selected as a target for truncation of recombinantly
expressed RepC. The mutated expression vectors pCold I-RepC_14 and pMAL-c2X-
RepC_14 were generated to express a mutant protein lacking the 14 C-terminal
residues (protein termed “RepC_14"). A miniaturised expression system using 1 mL
expression culture volumes was designed to allow rapid and repeated comparison of

the expression of wild type and mutant recombinant proteins.

The miniaturised expression trials were conducted using T7 Express because the
BL21(DE3) and BL21(DE3)pLysS strains transformed with pCold I-RepC_14 did not
grow correctly. SDS-PAGE analysis showed that both His-RepC and His-RepC_14
were expressed in the insoluble fraction (Fig. 3.19A, B), although the observed
intensity of the SDS-PAGE band corresponding to the predicted molecular mass of
His-RepC_14 (28.1 kDa) was significantly greater than that of His-RepC.
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Fig. 3.19 Comparative miniaturised expression trials of His-RepC and His-RepC_14 proteins. A, SDS-
PAGE analysis of uninduced (Ul) and IPTG-induced cell lysate (CL) and soluble (SOL) fractions
extracted from E. coli T7 Express liquid culture transformed with pCold I-RepC after overexpression at
15 °C for 24 h. Target product band (29.5 kDa) indicated. B, SDS-PAGE analysis of Ul and IPTG-
induced cell lysate CL and SOL fractions extracted from E. coli T7 Express liquid culture transformed
with pCold I-RepC_14 (encoding RepC truncated by 14 C-terminal residues), after overexpression at

15 °C for 24 h. Target product band (28.1 kDa) indicated. Non-transformed (NT) CL and SOL fractions
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included for comparison. M, protein molecular mass marker. C, Predicted Expasy ProtParam molecular
mass (MM), theoretical pl, and instability index (II) parameters for uncleaved His-RepC_14. Il in red
indicates unstable. D, Predicted XtalPred crystallisability classification using random forest classifier

(RF) method for uncleaved His-RepC (left) and His-RepC_14 (right) expressed using pCold I.

Basal level expression in the absence of IPTG was observed for His-RepC_14 but not
His-RepC. Average cell pellet yield was 20 mg/mL for cultures expressing His-RepC,
and 40 mg/mL for cultures expressing RepC_14. The predicted Il value of uncleaved
His-RepC_14 (40.9) was lower than the Il value for uncleaved His-RepC (44.6).
Despite having an improved score, His-RepC_14 was still predicted to be unstable in
solution (Fig. 3.19C). No change was observed in the predicted XtalPred
crystallisability scores for the two proteins (Fig. 3.19D). Both proteins obtained a score

of 10, indicating that the chances of crystallisation were very low.

Expression levels of MBP-RepC and MBP-RepC_14 using pMAL-c2X in T7 Express
were compared using SDS-PAGE (Fig. 3.20A, B). Both MBP-RepC and MBP-
RepC_14 were expressed in the soluble fraction as evidenced by the presence of a
distinct band corresponding to the predicted molecular mass of the two proteins. The
apparent intensity of the target protein bands was identical. Average cell pellet yield
was identical for cultures expressing either protein (40 mg/mL). The predicted Il value
of factor Xa-cleaved RepC_14 (39.3) was lower than the Il value for factor Xa-cleaved
RepC (43.4). As a result, the cleaved RepC_14 protein was predicted to be stable in
solution (Fig. 3.20C). The predicted XtalPred crystallisability score for factor Xa-
cleaved RepC_14 was also predicted to be improved in comparison to factor Xa-
cleaved RepC (score 8 versus 9) (Fig. 3.20D). Despite this improvement, both proteins

were predicted to be unlikely to crystallise.
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Fig. 3.20 Comparative miniaturised expression trials of MBP-RepC and MBP-RepC_14 proteins. A,
SDS-PAGE analysis of uninduced (Ul) and IPTG-induced cell lysate (CL) and soluble (SOL) fractions
extracted from E. coli T7 Express liquid culture transformed with pMAL-c2X-RepC after overexpression
at 18 °C for 16 h. Target product band (69.7 kDa) indicated. B, SDS-PAGE analysis of uninduced Ul
and IPTG-induced CL and SOL fractions extracted from E. coli T7 Express liquid culture transformed
with pMAL-c2X-RepC_14 (encoding RepC truncated by 14 C-terminal residues), after overexpression
at 18 °C for 16 h. Target product band (68.3 kDa) indicated. Non-transformed (NT) CL and SOL
fractions included for comparison. M, protein molecular mass marker. C, Predicted Expasy ProtParam
molecular mass (MM), theoretical pl, and instability index (Il) parameters for uncleaved MBP-RepC_14
and cleaved RepC_14. Il in green indicates stable, Il in red indicates unstable. D, Predicted XtalPred
crystallisability classification using random forest classifier (RF) method for cleaved RepC (left) and
RepC_14 (right) expressed using pMAL-c2X.

3.4 Discussion

3.4.1 In silico analyses of African begomovirus Rep proteins reveals

conserved functional motifs typical of other viral Rep proteins.

The present study was aimed at characterising and comparing the domain
organisation of the Rep proteins of TOCSV V30 and related African mono-and bipartite
begomoviruses and comparing identified sequence motifs with that of distantly related
viral Rep proteins. The well-characterised Rep protein sequence of TYLCSV was
included for comparison. The DNA binding activity of Rep is mediated by sequence
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specific interaction of Rep with cognate repeat sequence (iteron) motifs present in the
5" IR situated in the vicinity of the TATA box core promoter sequence (Arguello-
Astorga et al., 1994). The iteron sequences identified for several African
begomoviruses were shown to vary greatly in their length, sequence identity and
arrangement. This was expected since iteron sequences are known to differ even
amongst closely related geminiviruses or strains of a particular species (Chatterji et
al., 1999; Fontes et al., 1994; Hanley-Bowdoin et al., 2000; Lazarowitz et al., 1992).
This variation allows for specific sequence recognition by Rep to ensure that binding
and subsequent replication of a specific genome is mediated by its cognate Rep
protein. A comparative study of two strains of TOLCNDV sharing 94% sequence
identity revealed that although their iteron sequences only differ by two nt, the Rep of
one strain is unable to efficiently bind the iteron of the other strain (Chatterji et al.,
1999).

It may therefore seem contradictory that in some cases the iteron sequences of distinct
species are identical. The iteron sequence of the exemplar isolate of TOCSV has been
previously reported to be identical to that ToLCSDV/Sha with the sequence being
reported as GGTAC (Pietersen et al., 2008). The current study expanded the length
of the identified iteron to TCGGTACCCA which is identical to the iteron of TbLCZV
and nearly identical to that of ToLCSDV/Sha and ToLCKMV (one nt mismatch).
Whether the Rep of ToCSV can replicate the DNA of these two other viruses is
unknown. Although iteron sequence identity plays a major role in defining replication
specificity, it is not the sole determining factor involved in the process (Londofio et al.,
2010). The presence of iteron motifs flanking the TATA box promoter on either side
has also been implicated in the sequence-specific repression of the transcription of
the C1 gene and other viral cs genes by Rep (Eagle et al., 1994; Sunter et al., 1993).
This Rep-mediated repression could occur with viruses sharing iteron sequence
identity but not arrangement (Argtello-Astorga et al., 1994). It would be worthwhile to
determine if TOCSV Rep is able to repress the expression of heterologous Rep
proteins by binding to identical iteron sequences found in the genomes of related
begomoviruses such as TbLCZV which exist in the same geographic location. The
presence of additional distinct cis-acting elements in the IR could also determine
sequence specificity and warrant further investigation in the case of African

begomoviruses as this has implications for their evolution in the field.
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A broad region of the Rep N-terminal domain has been implicated in the sequence-
specific DNA-binding activity both in vitro and in vivo (Jupin et al., 1995; Orozco et al.,
1997, 1998). Multiple sequence analysis of a wide range of geminivirus iteron
sequences in a heuristic manner has reduced the size of the presumed iteron-binding
region to a stretch of eight to ten N-terminal residues termed the IRD (Arguello-Astorga
and Ruiz-Medrano, 2001). Geminiviruses such as ToCSV that display a core iteron
sequence of GGTAC contain a predicted IRD motif having the aa sequence PKRFQI
(Arguello-Astorga and Ruiz-Medrano, 2001). This aa sequence motif was identified in
all three ToCSV variant Rep proteins as well as in the Reps of TbLCZV and
ToLCSDV/Sha. The IRD motif of TOLCKMV contained a lysine instead of an arginine
at IRD aa position three. The presence of identical Rep IRDs in these three viruses
lends further support to the notion that their Rep proteins could modulate each other’s
replication cycle. It was previously reported that a single residue difference in the IRD
in combination with two nt mismatches in the iterons of two strains of TOLCNDV were
responsible for the differing mild and severe disease phenotypes (Chatterji et al.,
1999). The two wild type Rep proteins were strictly dependent on their respective
cognate sequences for successful replication. Mutagenesis to alter the sequence
identity of the mild strain to that of the severe strain resulted in a change to severe
disease phenotype and vice versa (Chatterji et al., 1999). This suggests that even
slight changes to the sequences involved in Rep-binding activity can result in
differences in binding specificity with significant consequences for disease
development. The differing symptom phenotypes observed in ToCSV V30 (severe)
and V22 (mild) cannot be attributed to this phenomenon since both variants have
identical iteron and Rep IRD sequences. An additional specificity determinant (SPD)
element comprised of two discrete residues implicated in sequence-specific binding
and replication has been identified a few residues downstream of N-terminal domain
motif Il (Londofio et al., 2010). In both ToCSV variant sequences the SPD motif
(Asn69, Lys71) was shown to be identical to that of TOLCZV but not TOLCSDV/Sha
(Lys69, GIn71) or ToLCKMV (Arg70, Thr72). It would be interesting to conduct
mutagenesis to determine if modification of the SPD results in altered Rep binding,
and whether heterologous binding of TOCSV Rep to ToLCSDV/Sha or ToOLCKMYV is
impaired by the differing SPD motifs.
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The endonuclease domain of Rep (ToCSV Rep aa 1-120) is responsible for the DNA
cleavage activity of geminivirus Rep (Orozco et al., 1997). Three functional motifs
implicated in this activity have been described (llyna and Koonin, 1992; Koonin and
llyna, 1992; Orozco and Hanley-Bowdoin, 1998). Using alanine substitution, important
residues present in motif | (Phel6, Tyrl19), motif Il (His58, L59, His60), and motif 1lI
(Tyrl04) of TGMV Rep were identified. Mutation abolished the dsDNA binding,
cleavage and ligation activities of Rep with DNA replication being impaired as a result
(Orozco and Hanley-Bowdoin, 1998). In the present study, the phenylalanine of motif
| was highly conserved whilst the tyrosine of motif | was found in 18/23 African
begomovirus Rep proteins. In the remaining Reps a phenylalanine (also aromatic) was
present at this position. A conserved threonine was also identified at the third residue
position of motif I. High sequence conservation of these residues has been shown in
Rep proteins of other geminiviruses and distantly related virus Rep proteins involved
in RCA (Nash et al., 2011; Vadivukarasi et al., 2007). The HLH sequence of motif I
was conserved in 21/23 African begomovirus Rep proteins whilst two Rep sequences
contained an isoleucine (also hydrophobic) between the two histidine residues. The
presence of the histidine residues of motif Il separated by a hydrophobic residue
classifies these Rep proteins as HUH endonucleases (Kazlauskas et al., 2019;
Tarasova and Khayat, 2022; Venkataraman and Selvarajan, 2019). The tyrosine of
motif Il was conserved in 23/23 Rep sequences. The catalytic tyrosine of motif Il and
lysine at motif Ill aa position four is highly conserved in the Rep proteins of
geminiviruses and other ssDNA viruses including circoviruses and nanoviruses
(Tarasova and Khayat, 2022). The sequence analysis conducted herein confirms that
that ToCSV and related African begomovirus Rep proteins contain the functional

motifs necessary for the predicted catalytic function of the endonuclease domain.

The GRS motif was identified as an additional Rep sequence motif containing several
residues necessary for endonuclease function. The consensus GRS sequence 1-
RXFDXXXXXXXXXFHPNIQXAKX-23 has been shown to be conserved amongst
diverse geminivirus genera (Nash et al., 2011). GRS sequence position X indicates
consensus residue not conserved amongst diverse genera. Sequence comparison of
ToCSV and African begomovirus Reps with the GRS consensus sequence showed
matching consensus sequence except for isoleucine at position 18 (present in 20/23

Rep proteins). African begomovirus Rep proteins thus display the highly conserved
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GRS motif residues found in other geminiviruses and therefore this region of V30 Rep
is implicated in GRS-mediated endonuclease activity.

Homology modelling of the N-terminal domain of V30 Rep using the solved structure
of TYLCSV Rep (PDB ID 1L5I) as the template was conducted to visualise and
compare the arrangement of the important endonuclease sequence motifs. Topology
mapping served to provide a useful 2-dimensional visual comparison of homology
models with solved ssDNA virus Rep structures. Two monomeric homology models
were generated, and structure quality assessment found the RepN-SM structure to be
more energetically favourable and so this structure will be discussed herein. Two
residues of the V30 Rep IRD (lle9 and GIn10) and Asn69 of the SPD motif were closely
associated and formed part of two B-strands of an antiparallel B-sheet. The side chains
of these residues were directed towards the solvent-exposed surface suggesting a
possible region for DNA contact to occur. This compares favourably with published
homology models of the Rep protein of two strains of TYLCSV which display an
identical ss feature (Londofio et al., 2010). The positions of key IRD and SPD motif
residues (as per Londofio et al., 2010) were mapped to the solved structures of other
virus Reps (data not shown). It was found that in both WDV and TYLCSV structures
(Campos-Olivas et al., 2002; Everett et al., 2019), these key residues were located on
the curved N- and C-termini of extended [B-strands containing motif | and I
respectively. These residues were also shown to be solvent-exposed providing
evidence for the role of this region in DNA binding. The observed ss of the modelled
V30 Rep DNA binding-associated residues (lle9, GIn10 and Asn69) agreed with the
PSIPRED-predicted consensus ss of these regions obtained for the Rep proteins of

African begomoviruses.

The arrangement of key residues belonging to motif I, motif 1l and motif Il was
consistent with that of solved structures of other viral Rep N-terminal domains
(Campos-Olivas et al., 2002; Everett et al., 2019; Vega-Rocha et al., 2007a, 2007b).
V30 Rep residues belonging to motif | and motif Il were predominantly located on the
first and third B-strands of an antiparallel B-sheet respectively. The catalytic tyrosine
of motif 11l was located on a helix positioned above the 3-sheet. The proximity of the
key residues of these motifs illustrated using liquorice representation suggests the
presence of a catalytic site in this region of RepN-SM. The structures of WDV and

PCV2 Rep N-terminal domains complexed with their respective ssSDNA
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nonanucleotide sequences (containing Ori), and the manganese ion (Mn?*) cofactor
have been described (Tompkins et al., 2021). The authors showed that key residues
present in the three motifs engage in protein-DNA contact. In addition, the two histidine
residues of WDV motif Il and the His57 and GIn59 of PCV2 motif Il are involved in
coordinating of Mn?* at the cleavage site (Tompkins et al., 2021). Further V30 Rep N-
terminal domain homology modelling in conjunction with molecular docking of a
ssDNA template is necessary to determine whether the catalytic residues present in
the putative active site adopt a similar conformation to that present in the WDV Rep
structure. The PSIPRED-predicted consensus ss for African begomovirus Rep
proteins agreed with that observed for the homology model of V30 Rep endonuclease

domain, suggesting that these proteins are likely to adopt similar tertiary structure.

In WDV and TYLCSV Rep, most of the GRS motif residues are located on a B-hairpin
loop containing two antiparallel B-strands (Campos-Olivas et al., 2002; Everett et al.,
2019) although the B-hairpin structure was not described in the published report of the
WDV structure (Everett et al., 2019). Surprisingly, these B-strands are absent in the
RepN-SM homology model although the long loop structure is present. The predicted
ss for this region of the GRS in African begomovirus Rep proteins did not contain
predicted consensus strands or helices which implies that this region may have a
variable ss. In the RepN-SM homology model, GRS motif residues 17 to 20 (Asn90,
l1e91, GIn92, Gly93) form 4 of the antiparallel B-sheet adjacent to strands containing
key residues implicated in endonuclease activity. The corresponding GRS motif
residues of TYLCSV (Asn90, 1le9l, GIn92, Gly93) and WDV (Asn93, 1le94, GIn95,
Ala96) also form 34 in their respective structures (Campos-Olivas et al., 2002; Everett
et al.,, 2019). A novel “ssDNA bridging motif” (sDBM) was recently described
encompassing the ten C-terminal aa of the GRS (containing f4). The sDBM of WDV
has been shown to bind the ssDNA nonanucleotide via sequence-specific protein-
ssDNA contacts and stabilise the nonanucleotide structure to adopt a conformation
that facilitates cleavage (Everett et al., 2019). Although PCV2 Rep does not contain a
GRS motif, Tompkins et al. (2021) identified the corresponding PCV2 sDBM motif
sequence and confirmed that residues present in this region serve the same function

described for geminivirus Rep sDBM.

The oligomerisation domain was not modelled for V30 Rep (aa 121 to 180) since no

homologues with sufficient sequence identity were identified in the PDB. The
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sequence of the oligomerisation domain is not conserved amongst SF3 helicases
(Clérot and Bernardi, 2006). The oligomerisation domain of African begomovirus Reps
was predicted to contain four consensus helices at high confidence. This PSIPRED
prediction correlates with the observed ss solved structures of other DNA virus Reps.
The monomeric units of the oligomerisation domains of PCV2, BPV and AAV2 Reps
each contain four helices arranged in a small bundle. In oligomeric form, these bundles
are organised into a rigid collar-like structure that is situated adjacent to the helicase
domain oligomeric ring structure (Enemark and Joshua-Tor, 2006; James et al., 2003;
Sanders et al., 2007; Tarasova et al., 2021). It is anticipated that the oligomerisation
domain of begomovirus Rep forms a similar collar-like structure, since oligomerisation
is required for helicase activity in both geminivirus and other viral helicases
(Choudhury et al., 2006; James et al., 2003; Tarasova et al., 2021). The N-terminal
oligomerisation domain sequence RSARGG (V30 aa positions 121 to 126) was shown
to be conserved in 20/23 African begomovirus Rep proteins. Additionally, this region
was predicted to contain a series of disordered residues in some of the Rep sequences
analysed including V30 Rep. This sequence has previously been shown to be highly
conserved amongst begomoviruses and it was demonstrated that the RGG sequence
of TYLCSV Rep (Rep aa 124 to 126) is involved in regulating the transcription of its
own C1 ORF (Sardo et al., 2011). This region also contains residues implicated in
ATPase/helicase activity (Choudhury et al., 2006). In context of the predicted disorder,
this could involve interaction of this region with viral and/or host factors, although the
exact mechanism by which this short region is able to execute this function is yet to
be described. Since the oligomerisation domain of geminivirus Rep is known to
facilitate binding of Rep to itself as well as several other viral and host proteins (Krenz
et al., 2011; Rizvi et al., 2015), the role that these specific residues could play in Rep-
protein binding should be investigated further.

The ATPase/helicase domain of geminivirus Rep (ToCSV Rep aa 181-330) is
responsible for the ATP hydrolysis and coordinated DNA unwinding (helicase) activity
during viral genome replication (Choudhury et al., 2006; Clérot and Bernardi, 2006;
Desbiez et al., 1995; Hickman and Dyda, 2005). Four functional motifs which are
necessary for this activity are present in all SF3 helicases (Hickman and Dyda, 2005).
A lysine residue in WA motif and an aspartate in WB motif of tomato leaf curl New

Delhi (ToLCNDV) and ToLCGuV Rep proteins were shown to be indispensable for
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helicase activity in vitro and viral replication in vivo (George et al., 2014; Ruhel et al.,
2021). The lysine in WA is also critical for helicase activity in TYLCSV Rep (Clérot and
Bernardi, 2006). These two residues were 100% conserved in the WA and WB motifs
of V30 Rep and other African begomovirus Rep proteins (V30 Rep Lys227, Asp261).
A conserved asparagine was also found in the C motif of V30 and other Rep proteins
and this residue is known to be conserved in the C motif of other viral SF3 helicases
as well (Gai et al., 2004; James et al., 2003; Sanders et al., 2007; Tarasova et al.,
2021). The B’ motif is unique to SF3 family helicases and contains either a lysine or
arginine at the first sequence position whilst a lysine at B’ motif aa position 15 is known
to be highly conserved amongst all SF3 helicases (James et al., 2003, 2004; George
et al., 2014; Yoon-Robarts et al., 2004). Lysine residues at both positions were
identified in the B’ motif of all begomovirus Rep proteins analysed in this study. The
confirmed presence of sequences corresponding to important helicase domain
functional motifs supports the classification of these African begomovirus Rep proteins
as SF3 helicases. One key feature missing in previously described geminivirus Rep
proteins is the arginine finger motif located downstream of the C motif of other DNA
virus Rep proteins including BPV E1, PCV2 Rep, SV40 Tag, and AAV2 Rep (Clérot
and Bernardi, 2006; George et al., 2014; Hickman and Dyda, 2005; James et al., 2003;
Sanders et al., 2007; Tarasova et al., 2021). Interestingly, in the current analysis, 4/23
African begomovirus Rep proteins were found to contain an arginine residue
downstream of the C motif. Whether this apparently rare arginine functions as an
arginine finger motif in these selected Rep proteins requires further study. Several
conserved lysine residues are present in this region in African begomovirus Reps.
Despite both having a positive charge, lysine and arginine are significantly different in
terms of their chemical features and lysine typically does not function as an efficient
substitute for arginine in the arginine finger motif (Yukawa et al., 2015). How
geminivirus Rep is able to execute ATP hydrolysis without an arginine finger is an
intriguing mystery which will likely remain so until a high-resolution structure of
oligomeric geminivirus Rep is solved. The C-terminal domain spanning the 29 C-
terminal residues of Rep is discussed further in Section 3.4.2.

Homology modelling of the partial helicase and C-terminal domains of V30 Rep was
done. Unfortunately, no solved monomeric or oligomeric structure of any geminivirus

Rep helicase domain exists in the PDB and the most relevant template identified was
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the solved hexameric structure of BPV E1 (PDB ID 2GXA). A monomer (RepC-P) and
a hexamer (RepC-SM) were obtained. The N- and C-termini of RepC-P were modelled
via ab initio methods which is known to provide unreliable results (Kelley et al., 2015).
Topology mapping was conducted as for RepN models to evaluate and compare of
the arrangement of important helicase functional motifs in V30 Rep with that of other
SF3 helicases. Structure quality assessment showed that although the overall quality
of both structures was low, the RepC-SM hexamer scored better than the monomer.
The ss features corresponding to 31 to B4 (parallel B-sheet) and the first helix obtained
higher local quality estimate scores indicating that these regions were modelled more
favourably. Although many SF3 helicases generally exist as functional hexameric
structures, AAV2 Rep is known to form heptamers and a heptamer/hexamer mixture
upon binding ATPyS (Santosh et al., 2020). More importantly, the Rep proteins of
begomoviruses have been shown to form oligomers ranging from hexamers up to
dodecamers and even higher order oligomers including 24-mer structures (Choudhury
et al., 2006; Clérot and Bernardi et al., 2006; George et al., 2014). It is critical to note
that the oligomeric conformation required for helicase activity was determined to be at
least dodecameric for TYLCSV Rep (Clérot and Bernardi, 2006) and approximately
24-meric for MYMIV Rep (Choudhury et al., 2006). This implies that the biologically
active form of begomovirus Rep may display a unique arrangement that could render
at least part of the modelled hexameric form obsolete once the molecular structure is
solved in future. Nevertheless, the hexameric V30 RepC-SM model is described

herein.

The structure of the monomeric units of RepC-SM was consistent with that of other
SF3 helicases including BPV E1 (Enemark and Joshua-Tor., 2006; Hickman and
Dyda, 2005) containing a parallel B-sheet with a few helices located above and below
it. Instead of containing five B-strands however, the B-sheet contained four B-strands,
missing the second N-terminal B-strand present in other SF3 helicase structures. The
arrangement of key helicase domain motifs was consistent with that of the published
structures of other SF3 helicases (Enemark and Joshua-Tor., 2006; Gai et al., 2004;
Santosh et al., 2020; Tarasova et al., 2021). Despite the somewhat rudimental fold of
the RepC-SM monomer, the V30 Rep structure displayed the hallmarks of an SF3
helicase. The WA motif was located to B1 up to the C-terminal end of the first helix.

WB and C motif were mapped to two B-strands adjacent to 1. Important RepC-SM
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WA (Gly221, Gly226, Lys227, Thr228), WB (D261, D262), and C motif (Asn304)
residues were shown using liquorice representation and were found to closely
associate together, forming a probable catalytic site. In SV40 Tag, WA lysine and
threonine, WB aspartate, and C motif asparagine residues interact with the phosphate
groups of ATP (Gai et al., 2004). Residues on the adjacent (trans-) monomer that
coordinate with WA and WB on the cis-monomer include the arginine finger as well as
selected B’ motif residues (Enemark and Joshua-Tor, 2006; Gai et al., 2004; Tarasova
and Khayat, 2022). The close association of the WA, WB and C-motif residues in
RepC-SM suggest a similar ATP binding site. Molecular docking of RepC-SM with
ATP/ATP analogues could provide more mechanistic details of this interaction. The
PSIPRED-predicted consensus ss of regions spanning these motifs in African
begomovirus Reps corresponded with that observed for the V30 Rep homology model

suggesting high structure similarity amongst different begomovirus Rep proteins.

The lysine present at B’ motif position 15 is conserved in SF3 helicases and has been
shown to be essential for helicase activity in AAV2 Rep (Yoon-Robarts et al., 2004).
Using alanine substitution, the role of selected B’ motif and B-hairpin loop aa (Lys272,
Arg279, Asp280, Lys286, Lys289 and Pro290) in the activities of TOLCNDV and
ToLCGV Rep in vitro has been examined (George et al., 2014; Ruhel et al., 2021).
These residues are not required for ATP hydrolysis, but Lys272 and Lys289 are
required for DNA binding and helicase activity. Interestingly the P290A mutant did not
display impaired DNA binding but helicase activity was abolished. Mutant Rep proteins
lacking Arg279, Asp280, and Lys286 displayed significantly reduced helicase activity
(George et al., 2014; Ruhel et al., 2021). In V30 RepC-SM the B’ motif is partially
located to a B-hairpin loop which extends into the central channel of the hexamer. This
positioning confirms that like TOLCNDV and ToLCGV Rep, this region of V30 Rep is
likely also involved in the binding and unwinding of DNA. In addition, the sequence

identity of these key residues are identical for the three Rep proteins.

Structural data for other SF3 helicases demonstrates that this region is highly dynamic
and is integral in coupling of ATP hydrolysis with DNA binding to coordinate helicase
activity (James et al., 2004; Yoon-Robarts et al., 2004). In the current study, the key
residues identified by George et al. (2014) and Ruhel et al. (2021) were mapped to the
V30 RepC-SM structure. The location of RepC-SM Lys286, Lys289 and Pro290 on the
loop present between the two B-strands corresponded with that observed for modelled
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structures of TOLCNDV and ToLCGV Reps (George et al., 2014; Ruhel et al., 2021).
Homology modelling carried out in this study was useful to determine the predicted
positions of key functional motifs present in the N- and C-terminal domains of Rep.
Additional structure refinement is necessary before more detailed molecular modelling
studies of ToCSV Rep are undertaken. Such studies will serve to improve the
understanding of the molecular intricacies that define an evidently fine-tuned and

highly coordinated enzymatic process necessary for viral replication.

3.4.2 The disordered N- and C-termini of V30 Rep warrant increased

scrutiny for their role in the functionality of Rep.
The C1 ORFs of V30, V22 and the exemplar isolate of ToCSV (AF261885) were

predicted to contain a 5 extension encoding a putative N-terminal Rep protein
segment 12 aa in length. Putative 5° ORF extensions were also identified in the C1
ORFs of eight other African monopartite begomovirus isolates. The C1 of ToCSV and
these other begomovirus isolates all contained the “bona-fide” C1 start codon
encoding the canonical Rep aa 1 (methionine) located 14 to 15 residues upstream of
the conserved phenylalanine of Rep endonuclease domain motif I. This meant that
canonical Rep was encoded regardless of whether these 5’ extensions were spurious
or not. The existence of C1 ORF 5’ extensions has not been addressed in published
literature although the annotated GenBank Rep protein sequence descriptions of
Datura leaf curl virus (DaLCV: MF402918), tomato leaf curl Seychelles virus
(TOLCSCV: AM491778), TOLCKMV (AJ865340), ToLCToV (AM701768), and tomato
leaf curl Anjouan virus (ToLCANnV: AM701758) each display the predicted Rep N-
terminal extensions. The references for these sequences do not mention these
unusual Rep sequence extensions (Delatte et al., 2005; Lefeuvre et al., 2007a, 2007b;
Mohammed et al., 2018). Isolates belonging to two distinct Mozambican ToCSV
variant groups (ToCSV-Chok | and ToCSV-Chok-1l) (Sande et al., 2021) were
analysed in the current study using ORF finder. It was found that isolates belonging to
the Chok-1 group were predicted to encode the 12 aa Rep N-terminal extension,
whereas those in Chok-1l encoded canonical Rep without the extension (data not
shown). Whether this is merely a coincidental artefact of in silico translation of two

divergent sequence clusters, or a biologically relevant feature resulting from their
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evolution is up for debate. More sequence information is required to determine if this
5" extension is observed in the C1 ORF of ToCSV variant/strain groups present

elsewhere in Southern Africa.

Transcript mapping of the DNA-A of several begomoviruses showed that the C1 ORFs
of the begomovirus sequences analysed did not contain putative C1 ORF &’
extensions and the bona-fide start codon was recognised as the true C1 ORF start
(Akbar et al., 2012; Mullineaux et al., 1993; Shivaprasad et al., 2005). It is possible
that these seemingly rare C1 ORF &’ extensions may represent spurious artefacts.
Transcript mapping of CLCuBuV however, revealed the presence of an atypical C4
ORF (Akbar et al., 2012). In most begomoviruses the small C4 ORF (~258 nt) is nested
within the C1 ORF (Zerbini et al., 2017). In CLCuBuV, C4 is longer than normal (181
aa), and the C4 ORF start codon is located upstream of both the C1 ORF start codon
as well as the iteron motif-associated TATA box promoter. Additionally, two in-frame
start codons are present within the C4 ORF which could result in two shorter protein
products (Akbar et al., 2012). Due to the confirmed presence of a long (~1.7 kb)
transcript encompassing the long C4 ORF, the authors speculated that multiple
proteins including the longer C4 may be translated and that additional experiments
were necessary to determine whether this was the case. Since begomovirus genomes
are known to be a source of long RNA transcripts (Pooggin, 2013) it is possible that
multiple products could be translated from ORFs containing 5’ terminal extensions
albeit at a lower frequency than canonical proteins. In the present study, a transcript
spanning the putative C1 ORF 5 segment into the canonical C1 region was detected
using RT-PCR with sequence-specific primers. Additional experiments are necessary
to determine the true length of the C1 ORF transcript and whether this extended Rep

protein is translated.

If both canonical and N-terminally extended Rep (Rep-N) proteins are translated, it is
reasonable to argue that these two proteins would likely exhibit differing activities that
could benefit the virus. Comparative analysis of the predicted disorder for V30 Rep
and Rep-N showed that the 12 aa N-terminal segment of Rep-N was predicted to be
disordered with protein-binding potential. Rep-N aa 13 to 22 contains the IRD motif
involved in sequence-specific binding of Rep to the IR (Arguello-Astorga and Ruiz-
Medrano, 2001). Due to their proximity, it is possible that the N-terminal segment

present in Rep-N may alter the functionality of the IRD by altering its binding affinity to
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DNA and/or other proteins. Comparative binding assays using Rep and Rep-N should
be conducted to investigate this possibility. The predicted disordered region with
protein-binding potential present in the oligomerisation domain of Rep was lost in Rep-
N which may have consequences for the functioning of this domain since it is known
to be involved in protein-protein binding (Rizvi et al., 2015; Sardo et al., 2011).
Prediction of intrinsic protein disorder can provide useful clues as to which
proteins/protein regions may potentially behave in a manner that could ultimately serve
to regulate their biological activities (Jones and Cozzetto, 2015). Such predictions
require experimental validation and conclusions cannot be drawn from this predictive
data alone. This is especially true for proteins such as Rep-N which contain putative
regions that have not yet been verified to exist. Nevertheless, such unique sequence
features provide an excellent opportunity to gain a better understanding of the more

“neglected” regions of the Rep protein such as the oligomerisation domain.

Another begomovirus Rep domain region for which little published information exists
is the short C-terminal domain spanning V30 Rep aa 331 to 259. This domain was first
annotated in TYLCSV Rep (Clérot and Bernardi, 2006). The authors did not elaborate
on the parameters used to delineate the N-terminal boundary of this domain, but the
boundary positions for TYLCSV Rep (aa 331 to 359) were applied when identifying C-
terminal domains in African begomovirus Reps. The precise function of this domain is
unknown (Clérot and Bernardi, 2006). Removal of 39 aa from the C-terminal end of
the Rep of TGMV resulted in a loss of viral DNA replication in vivo (Orozco et al.,
1997). To investigate the region deleted by Orozco et al. (1997), the aa sequence of
TGMV Rep was aligned with that of TYLCSV and it was found that the C-terminal
domain of TGMV is only 18 aa long (data not shown). The remaining region deleted
by the authors included 21 aa of the helicase domain C-terminus. It is possible that
removal of this portion of the helicase domain was responsible for the observed loss
of replicative ability rather than due to the loss of the C-terminal domainas implied by
Cléerot and Bernardi (2006). James et al. (2003) reported that removal of the 46 C-
terminal residues of AAV2 Rep did not alter its helicase activity in vitro in comparison

to full length Rep protein.

The predicted consensus B-strand of the C-terminal domain of begomovirus Rep (V30
Rep aa 332 to 335) was mapped to the final B-strand forming the parallel B-sheet of
the putative catalytic ATPase site in both RepC-P and RepC-SM homology models.

143



This final B-strand was located adjacent to the 31 containing partial WA motif in the
homology models as well as in the helicase domain of the other SF3 helicase
structures (Gai et al., 2004; James et al., 2003; Sanders et al., 2007; Tarasova et al.,
2021). This implies that the demarcation of the N-terminal boundary of the
begomovirus Rep C-terminal needs to be revised. The final 3-strand is too intimately
linked to the remaining helicase domain core (3-strands to be assigned to a separate
domain. One characteristic feature of the C-terminal domain shared by all the
begomovirus Rep proteins analysed is the presence of a C-terminal disordered region
(10-20 aa in length) predicted to have protein-binding potential. This disordered region
contained two to six acidic residues (Asp/Glu). The predicted disorder of other SF3
helicases was compared with begomovirus Rep proteins (data not shown). It was
discovered that BPV E1 helicase was also predicted to contain a C-terminal disordered
region (27 aa) containing ten acidic residues. This region of BPV E1 has been
previously termed the C-terminal acidic tail (C-tT) and is known to be a highly flexible
region as a result of its intrinsic disorder (Chaban et al., 2015; Whelan et al., 2012).
The C-tT has been implicated in stabilising the hexameric structure of BPV E1 to
ensure processivity of the helicase activity and is required for replication activity in vivo
(Whelan et al., 2012). Incredibly, the structure of the BPV E1 C-tT region has recently
been defined using cryo-EM (Javed et al., 2021) and each monomeric subunit was
shown to exist as a loop extending from the helicase domain into cleft regions that
exist between adjacent oligomerisation domain subunits (Javed et al., 2021). Such a
region has not been described for any geminivirus Rep protein, but acidic tails are
known to exist in other helicases including SV4 Tag and bacteriophage T7 helicase-
primase (Sawaya et al., 1999; Javed et al., 2021). The role (if any) that this putative

acidic tail region plays in helicase activity of V30 Rep should be investigated further.

Two C-terminal domain deletion mutants of ToCSV V30 were obtained: a 14 aa
deletion mutant (V30AC1-d(14) and a 22 aa deletion mutant (V30AC1-d(22). Both
mutant Rep proteins were predicted to have lost their C-terminal disorder and in the
case of V30AC1-d(14), a significant reduction in predicted oligomerisation domain
disorder. Infectivity assays revealed that plants infected with the V30AC1-d(14) mutant
had significantly reduced viral load whilst V30AC1-d(22) was not able to infect N.
benthamiana despite repeated inoculation attempts. It can be concluded from these

observations that removal of the 14 C-terminal residues encompassing the disordered
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region does not completely abolish infectivity and that the mutant Rep protein must
retain some level of helicase activity which is necessary for successful viral replication
in vivo (Choudhury et al., 2006; George et al., 2014). Whether the delay in symptom
expression is due to reduced Rep enzymatic activity as a consequence of structural
changes or due to disrupted/altered Rep protein-protein interactions remains to be
determined. The inability of V30AC1-d(22) to successfully infect N. benthamiana
suggests that the residues located at Rep aa positions 338 to 345 are of substantial
importance in the normal functioning of Rep. This does not necessarily mean that Rep
ATPase/helicase activity was abolished in this mutant. It is possible that truncation of
22 C-terminal residues resulted in disruption of important protein-protein interactions
necessary for infection instead of abolishing ATPase/helicase activity by disrupting the
native structure of Rep. In vitro enzymatic assays using C-terminally truncated or C-
terminal domain mutant Rep proteins will provide greater insight into the role that these
residues may contribute to the key enzymatic activities of Rep that are necessary for

successful infection.

3.4.3 Expression and purification of recombinantly expressed V30

RepC proteins —a complex puzzle with many pieces.

Structural studies of a particular protein undertaken to reveal the intricacies of their
enzymatic activities at the atomic level, or to probe their interactions with other
molecules requires sufficient quantities of a pure target protein. In the current study,
recombinant expression of TOCSV V30 Rep in E. coli was done. This well-studied host
is favoured since it is readily transformed with various expression vectors, can be
grown rapidly using simple media to produce high quantities of target proteins (Rosano
and Ceccarelli, 2014). Several E. coli strains are available with differing properties
that are advantageous to recombinant protein expression (Sgrensen and Mortensen,
2005). The BL21(DE3) strain has been used previously in other studies of partial/full-
length geminivirus Rep proteins (Choudhury et al., 2006; George et al., 2014;
Kushwaha et al., 2017; Nash et al., 2011; Ruhel et al., 2021). The reported difficulties
experienced in transformation and expression of pCold I-RepC in the present study
suggested that this modified expression vector or the recombinant protein product was

inherently toxic to these strains.
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All three E. coli strains used in this study employ an expression system using
bacteriophage T7 RNA polymerase (T7RNAP) to yield high quantities of recombinant
protein (Angius et al., 2018; Studier and Moffatt, 1986). The ADE3 lysogenic prophage
harbours the gene encoding T7TRNAP. Expression of T7RNAP is under control of the
lacUV5 promoter element with induction using IPTG although BL21(DE3) has been
reported to have some level of basal T7RNAP expression which results in “leaky”
expression of target protein-encoding genes (Samuelson, 2011). In cases where leaky
expression of toxic proteins occurs, cell growth may be arrested early prior to induction
due to the recombinant proteins interfering with normal host cell processes. In addition,
the selection of cells displaying lower expression levels may occur (Pan and Malcolm,
2000; Samuelson, 2011). The pLysS plasmid (encoding T7 lysozyme to decrease
levels of basally expressed T7RNAP) ensures stricter regulatory control to minimise
basal expression of toxic proteins which could be detrimental to cell growth prior to
induction (Francis and Page, 2010; Miroux and Walker, 1996; Pan and Malcolm,
2000). BL21(DE3)pLysS is often used to express proteins exhibiting toxicity in
BL21(DE3) (Hoffman et al., 1995; Francis and Page, 2010; Samuelson, 2011). The
impaired growth and lack of recombinant expression seen in BL21(DE3)pLysS when
transformed with pCold I-RepC suggests that even this stricter level of expression
regulation was insufficient to negate the inherent toxicity of His-RepC expressed using
pCold I. Expression of His-TF-RepC was successful using BL21(DE3)pLysS which
suggests that the presence of the His-TF tag may have reduced the inherent
cytotoxicity of Rep. The pCold TF vector has been previously used to improve the
expression and solubility of other proteins with the N-terminal His-TF tag presumably
facilitating correct folding and shielding regions of the recombinantly expressed protein
which would otherwise interfere with the host (Hu et al., 2009; Saini et al., 2014). This
strongly suggests that expression of V30 Rep with a large chaperone tag may be
necessary in future to inhibit the cytotoxic effects of untagged Rep in BL21 strains of

E. coli.

His-RepC was obtained in the soluble fraction using the T7 Express strain which
contains the T7RNAP gene in the chromosomal lac operon ensuring significantly less
basal expression than that seen in strains containing ADE3. In addition, this strain is
more suited to expression of proteins that interact with DNA and has greater stress

tolerance (Fomenkov et al., 2017; Samuelson, 2011). The pCold vector series utilises
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the E. coli cold shock protein A (cspA) promoter system (induction via low
temperature) which is also prone to leaky expression (Francis and Page, 2010). To
mitigate this issue, the creators of pCold expression vector series have included the
lac operon to prevent basal expression prior to the addition of IPTG at low temperature
(Qing et al., 2004). Whilst T7 Express was successfully used to express His-RepC in
the soluble fraction, future expression trials of RepC could also be conducted using
other E. coli strains that have been developed for expression of highly toxic proteins
such as E. coli C41(DE3) and C43(DE3) (Dumon-Seignovert et al., 2004; Miroux and

Walker, 1996). This could be done with the aim of improving yield of soluble protein.

The pMAL-c2X vector has been used previously to express partial begomovirus Rep
proteins (Clérot and Bernardi, 2006; George et al., 2014). This vector allows for tac
promoter-driven expression of high quantities of MBP-tagged protein in the cytoplasm
(Riggs, 2000). In the current study, the pMAL-c2X vector yielded consistent levels of
soluble MBP-RepC using T7 Express although the oligomeric state of MBP-RepC was
not determined. Clérot and Bernardi (2006) reported that partial TYLCSV Rep (aa 120-
359) expressed as an MBP fusion formed hexamers in solution and that removal of
MBP was required for the formation of higher order oligomers that displayed helicase
activity. Higher order oligomerisation has also been reported for other begomovirus
Rep proteins showing helicase activity (Choudhury et al., 2006; George et al., 2014).
These studies suggest that tag removal (at least in the case of MBP) is required for
Rep activity in vitro. On the contrary, His- and glutathione S-transferase (GST)-tagged
MYMIV Rep was shown to have ATPase/helicase activity in vitro and the formation of
functional higher order oligomers was apparently not impeded by the presence of
these tags (Choudhury et al., 2006). This may in part explain the proposed cytotoxicity
of V30 His-RepC expressed in BL21 strains using pCold I. Basal expression of
biologically active His-RepC (which would form higher order oligomers unhindered)
may have resulted in host cell death by inducing DNA damage via direct (DNA-binding)
and indirect (host-Rep protein interaction) mechanisms. Additional experiments are
necessary to determine the oligomeric states of the recombinant RepC proteins

expressed in this study which could provide clues to their activity as tagged fusions.

Removal of both MBP and His-TF tags was successful using Factor Xa and thrombin
respectively. The cleaved RepC as well as uncleaved His-RepC were all predicted to

be unstable in solution due to their Il values (240). The statistical methods used to
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predict the Il value of a protein rely on their primary structure (aa sequence) and does
not consider their higher-order structural features (Guruprasad et al., 1990). An
additional factor to consider is the surrounding environment which is known to affect
the stability of a protein (Gamage et al., 2019) and therefore these predicted values
should not be regarded as absolute indicators of instability. In the present study the
formation of white precipitate after tag cleavage and/or sample dialysis was observed
and was associated with decreased cleaved RepC band intensity on SDS-PAGE
suggesting that cleaved proteins were prone to aggregation. Such precipitation was
not observed in purified uncleaved MBP-Rep and His-TF-RepC stored on ice at 4 °C
for several days. Additional studies to determine the stability of recombinantly-
expressed RepC under various conditions including a range of storage temperatures
and buffer compositions are required to better understand the conditions which reduce

the propensity of the protein to precipitate.

Purification of cleaved MBP-RepC using DEAE anion-exchange chromatography
showed that V30 RepC eluted at a NaCl concentration comparable to that reported for
DEAE chromatography purification of cleaved TYLCSV Rep (Clérot and Bernardi,
2006). Additional contaminants were reported in the present study (including
uncleaved MBP-RepC) indicating that further optimisation of tag cleavage and ion
exchange chromatography is required to improve purity of fractions containing cleaved
RepC. Despite successful cleavage of His-TF-RepC using thrombin, RepC was found
to associate with His-TF as evidenced by co-elution during the second IMAC
purification. Despite attempts to disrupt this interaction using 20 mM CHAPS, the two
proteins continued to associate (data not shown). Use of alternative affinity tags at
either the N- or C- termini should be considered in future expression experiments as
several options have been previously described (Kimple et al., 2013; Lichty et al.,
2005; Zhao et al., 2013).

Even in the absence of large tags, purification of recombinantly expressed His-RepC
was also problematic. Results of IMAC purification using gravity flow revealed that His-
RepC did not bind the column despite attempts at optimising buffer conditions. Given
that His-RepC may be able to form higher order oligomers in solution, it is possible
that the His-tag was positioned in a manner that obscured it and prevented interaction
with the immobilised Ni?* present in the resin (Kielkopf et al., 2020). It is possible to

improve accessibility by moving the His tag to the C-terminus where it might be more
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exposed to the solvent, or by extending the His tag using either a linker sequence or
additional histidine residues (Kielkopf et al., 2020). AS precipitation is an alternative
purification method that can be used to purify proteins with tags that may be hidden
(Duong-Ly and Gabelli, 2014a). In the present study, AS purification was shown to
improve the purity of soluble fraction containing RepC (precipitation at 35 % AS) which
may prove useful as an inexpensive preliminary purification step prior to subsequent
purification using column chromatography methods (Duong-Ly and Gabelli, 2014a;
Wingfield, 1998). Gel filtration chromatography was also shown to enhance the
apparent purity of His-RepC present in the soluble fraction. The fractionation range of
Sepharose 6B is reported to be 10-4,000 kDa (O’Fagain et al., 2011). Gel filtration was
conducted in this study as a preliminary experiment and conclusions regarding the
molecular weight of His-RepC could not be drawn. Column testing with a high
molecular weight marker such as blue dextran 2000 to determine the column void
volume, and construction of a suitable calibration curve using several standard
proteins of known molecular weight is necessary for further interpretation (O’Fagain et
al., 2011; Stanton, 2004). This will assist to determine if the early elution of His-RepC
was due to the presence of higher order oligomers or protein aggregation. Elution of
His-RepC at the void volume would be indicative of aggregation which is highly
unfavourable (Duong-Ly and Gabelli, 2014b).

It is obvious that recombinant expression of V30 RepC requires further optimisation at
various stages of expression and purification. The evident cytotoxicity and instability
of V30 RepC makes this protein a challenging target for recombinant expression.
Although the characterisation of RepC was hampered by the setbacks experienced
over the course of this study it is hoped that these preliminary results will guide future

expression studies of begomovirus Rep proteins.

3.4.4 Miniaturised expression of truncated RepC proteins — a

practical approach to improve yield and solubility.

Infectivity trials in N. benthamiana with V30 Rep deletion mutants (Section 3.4.2) were
conducted to investigate the role of the disordered C-terminal region in infectivity and
symptom development. Truncation of the C-terminal domain of Rep by 14 residues
did not completely abolish Rep functionality in vivo suggesting that this region is not

essential for the ability of Rep to perform key enzymatic activities required for infection.
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Since the V30AC1-d(14) mutant was able to infect N. benthamiana, this indicates that
some level of native molecular structure required for these activities was preserved in
the Rep of this mutant. The results of in vivo infectivity trials using C1 deletion mutants
proved useful as a guide to modify the recombinant V30 Rep expression vectors. This
was done with the aim of improving the predicted stability of recombinantly expressed
RepC by reducing the amount of disordered residues present at the C-terminal end
presumably without abolishing enzymatic activity of the helicase domain. The
intrinsically disordered region spanning the 14 C-terminal residues of RepC was
selected for deletion because it likely contributes to the in vitro instability of the protein.
Targeted removal of disordered terminal regions of proteins can be used to increase
their stability to make them more amenable to structural studies (Deller et al., 2016;
Dosztanyi et al., 2007; Ferron et al., 2006; Kamarudin et al., 2014). Large amounts of
pure protein that remains stable in a buffered solution is a strict requirement for
crystallisation trials and therefore removal of flexible disordered regions that impeded
the crystallisation process could be targeted for removal (Deller et al., 2016;
Pantazatos et al., 2004).

A miniaturised expression experiment was designed to compare the apparent yield
and solubility of recombinantly expressed C-terminally truncated and full length RepC
proteins in parallel using a range of IPTG concentrations for induction. Miniaturisation
facilitated rapid screening of multiple expression clones whilst significantly reducing
the amounts of chemical reagents used for expression trials. Miniaturisation and
parallelisation have gained considerable attention in exploratory recombinant protein
expression. Application of these principles is particularly useful for the expression of
novel or difficult proteins. A broad range of expression parameters can be tested to
identify promising conditions which could be applied to large scale downstream
expression experiments (Hunt, 2005). In the current miniaturised expression trial, it
was evident that truncation of His-RepC significantly improved cell pellet yield and
protein expression levels. Both proteins were predicted to be unstable and were
expressed in the soluble fraction. This was not expected since His-RepC was
expressed in the soluble fraction in previous large scale expression trials. It is possible
that some extrinsic factors including, but not limited to, heating during sonication of
smaller sample volumes may have negatively impacted solubility (Kramer et al., 2012).

Large scale expression of His-RepC_14 is recommended to ascertain if expression
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levels are increased accordingly when scaling up expression culture volumesWhilst
expression levels of MBP-RepC and MBP-RepC_14 did not appear to differ, the
RepC_14 protein was predicted to be stable after tag cleavage. Although additional
downstream purification and activity assays are necessary to determine if truncation
of RepC will affect its activity in vitro it is vital to consider that the predicted
crystallisability of RepC remains low despite efforts to improve yield and stability.
Although X-ray crystallography is considered the gold standard of protein structure
characterisation, it is not without its limitations particularly for highly dynamic proteins
such as RepC (McPherson and Gavira, 2014). It has been established that for
begomovirus Rep to display helicase activity in vitro it must display at least a
dodecameric conformation (Choudhury et al., 2006; Clérot and Bernardi, 2006). As a
result, the biologically relevant structure of this protein may display a degree of
complexity exceeding that of other characterised viral helicases. The recent
demonstration of the complex conformational shifts in the Rep protein of AAV2 using
cryo-EM (Santosh et al., 2020) further emphasise that attempts to crystallise an
extremely dynamic protein such as begomovirus Rep may prove to be a challenging
endeavour. Recent advances in cryo-EM technology which have resulted in
significantly enhanced structure resolution (Assaiya et al., 2021; Kuhlbrandt, 2014;
Rivera-Calzada and Carroni, 2019) may provide the perfect opportunity to structurally
characterise this intriguing protein. This study highlights only a few of the expression
parameters that require ample optimisation steps to achieve consistent results.
Despite these challenges, the unique characteristics of begomovirus Rep make this

protein a worthwhile target for structural studies of viral helicases.

The present study was the first to identify the functional motifs of the Rep protein of
ToCSV V30 and analyse the predicted structure using in silico prediction methods and
homology modelling. The V30 Rep protein was shown to contain the conserved
functional motifs characteristic of the HUH endonuclease and ATPase/SF3 helicase
domains of related viral Rep proteins. The arginine finger motif was absent in V30 Rep
which is in agreement with other structural studies of geminivirus Rep proteins that
were shown to lack this motif. This study also demonstrated that the V30 C1 putative
5" extension region was transcribed in vivo which suggests that an N-terminally
extended Rep protein may be produced but further studies are needed to confirm the

existence of multiple forms of Rep and the biological relevance thereof. It was
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established that Rep aa 346 — 359 are not required for viral infectivity in vivo although
it is hypothesised that the delay in disease symptom development was due to impaired
function of Rep lacking this region. Additional experiments are required to assess the
in vitro ATPase and helicase activity of C-terminal deletion mutants. Further deletion
of Rep aa 347 — 338 resulted in abolished infectivity which indicates that these
residues are indispensable to infection although the specific activity of Rep that was
disrupted by this truncation remains to be determined. This study was also the first to
report the successful expression of V30 RepC in the soluble fraction using pCold
expression vectors in E. coli. Tag cleavage was successfully conducted, and
purification experiments showed some success although further optimisation is
necessary to improve purity. Through small scale expression trials of truncated RepC
proteins, a promising modification to increase protein yield and predicted stability was
identified. Targeted removal of disordered regions may greatly improve the chances
of obtaining larger quantities of purified Rep for future structural studies.
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Chapter 4: Concluding remarks

4.1 Brief rationale and primary aims of the study

Cultivated plant crops such as tomato are important to the commercial and
subsistence farming economies of Africa. The continued development of agriculture
on the continent is threatened by virus diseases spread by hemipteran insect pests.
The reported diversity of whitefly-transmitted geminiviruses present in both cultivated
and wild plant species in Africa is a serious cause for concern and evidence of their
continued evolution warrants increased study of these viruses (Lefeuvre et al., 2007a;
Leke et al., 2015; Mivedor et al., 2017; Rey et al., 2012). Surveys of tomato growing
regions of Southern Africa have identified ToCSV as an important pathogen in this
region (Esterhuizen, 2012; Moodley et al., 2019; Sande et al., 2021). Two ToCSV
variant groups have been identified in SA (ToCSV-l and ToCSV-Il) and are
differentiated by the presence of a recombinant fragment in the IR and V2 regions of
ToCSV-Il group isolates and by the differing severity of disease symptoms induced in
tomato (Esterhuizen, 2012). To investigate the differing pathologies further in the
present study, infectivity assays were conducted for the first time in the experimental
host plant Nicotiana benthamiana using swap mutant chimeras. The ToCSV Rep was
included in this study since it is a multifunctional protein that is crucial for successful
replication in the host (Hanley-Bowdoin et al., 2013; Rizvi et al., 2015). No previous
studies of the ToCSV Rep protein are available and this pioneering study of African
begomovirus Rep proteins was conducted with the hope of inspiring greater study of

Rep in Africa.

The primary aims of the current work were to explore and compare the coding capacity
of ToCSV and related African begomoviruses in silico, examine the role that sequence
differences exert in the pathogenicity of two variants in N. benthamiana, and
investigate the structure and function of the ToCSV Rep protein using various
techniques.
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4.2 Major study findings

Based on the observations and data obtained in the present study, the major findings

are summarised as follows:

1.

Five novel putative ORFs encoding proteins 240 aa were identified in V30, V22
and related mono- and bipartite African begomoviruses. The C5/AC5 and
C6/AC6 ORFs were the most commonly identified putative ORFs. The C7 ORF
was found in monopartite begomoviruses only.

The symptom phenotypes induced by V30 and V22 in N. benthamiana were
distinguished in two ways. Firstly, V22 induced moderate to severe ULR which
was largely absent in plants infected with V30. Secondly, a recovery phenotype
in V22-infected plants was observed as a decrease in ULR and SV symptom
severity between 24 and 36 dpi, whereas SV symptom severity in V30-infected
plants did not decrease over this period.

A peak in viral titre was recorded at 20 dpi in plants infected with either V30 or
V22, and viral load was significantly higher in V30-infected plants than V22-
infected plants at peak and late infection timepoints.

RNA transcripts derived from both the vs and cs strands were identified in V30-
infected N. benthamiana using RT-PCR with strand-specific primers. These
transcripts spanned multiple ORFs including all putative C5, C6, C7, V3 and V4
ORFs. In addition, IR-derived vs and cs transcripts crossing the Ori and
transcripts derived from putative V2 and C1 5 ORF extensions were also
positively identified.

Agroinoculation of N. benthamiana with V30 IR swap mutant chimeras
demonstrated that sequence differences present in the 3’ IR are responsible for
the differing symptom phenotypes induced by V30 and V22. The 3’ IR sequence
between the TATA box promoter and the V2 start codon is particularly
important. The presence of the V22 sequence spanning this short region in V30
was sufficient to result in significantly increased ULR symptom development.
Through agroinoculation of N. benthamiana with V30 and V22 V2 ORF swap
mutant chimeras, it was determined that sequence differences present in the
canonical V2 ORF are responsible for the modulating both viral titre, disease

symptom severity and V22-specific disease recovery phenotype.

154



7. Using multiple aa sequence sequence alignment, a novel putative domain
termed the NLHr which was predicted to contain a transmembrane domain was
identified in the C5/AC5 proteins of African monopartite and bipartite
begomoviruses. A novel putative C6/AC6 domain designated the C6cd was
also identified.

8. Agroinoculation of N. benthamiana with a C6 ORF deletion mutant revealed
that the 35 C-terminal aa of V30 C6 are not required for successful infection
although this region may contribute to influencing SV symptom severity through
an unknown mechanism. The positive identification of an RNA transcript
derived from the C6 coding region is evidence that this putative ORF is
transcribed in infected N. benthamiana.

9. The positions of important HUH endonuclease motifs (motif I, II, 1ll) and
ATPase/SF3 helicase motifs (WA, WB, B’ motif, C motif) were mapped for the
Rep proteins of ToCSV and other African begomoviruses. Additionally, the GRS
and IRD sequence motifs were also identified. The arginine finger motif was
absent.

10.Homology modelling of ToCSV Rep showed that the N-terminal endonuclease
domain was predicted to contain an antiparallel B-sheet (five B-strands) whilst
the C-terminal ATPase/helicase domain contained a parallel B-sheet (four -
strands), and the arrangement of functional motifs was similar to that present
in the solved structures of other DNA virus Rep proteins. The ATPase/helicase
domain was modelled as a homohexamer.

11. Agroinoculation of N. benthamiana with V30 C1 deletion mutants revealed that
removal of 14 C-terminal residues (aa 346 — 359) did not abolish infectivity but
resulted in significantly reduced viral titre and delayed symptom development.
C1 deletion mutants encoding a Rep protein lacking 22 C-terminal residues (aa
338 — 359) were unable to infect N. benthamiana.

12.ToCSV V30 RepC (aa 122 - 359) was successfully expressed as a
recombinant fusion in the soluble fraction using pCold I, pCold TF, and pMAL-
c2X expression vectors in Escherichia coli. Tag cleavage and partial purification
was achieved. Miniaturised expression trials of RepC truncated by 14 C-

terminal residues resulted in an improved apparent protein yield.
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4.3 Implications

A recent study of small putative ORFs present in TYLCV (Gong et al., 2021) suggests
that small non-canonical proteins have diverse subcellular localisations and may
contribute to modulating virus infection. This important research highlights that the
coding capacity of geminiviruses has been underappreciated and the putative ORFs
identified in the current study deserve serious attention. Since the C5/AC5, C6/ACS6,
and C7 proteins identified in this study aligned with putative proteins identified by Gong
et al. (2021) it is proposed that these putative ORFs are unlikely to be spurious
artefacts. The role of C5/AC5 as a suppressor of RNA silencing has been established
(Lietal., 2015; Li et al., 2021b) although the precise function of the AC5-2 domain has
not been determined. The predicted TMH in the NLHr region of C5/AC5 may further
modulate C5/ACS5 activity by altering subcellular localisation. This study was the first
to identify a putative domain in the C6/AC6 protein and regions of sequence
conservation suggest that this protein may serve a key function in diverse
begomovirus isolates. It is proposed that the presence of internal methionine codons
in the C5/AC5 and C6/AC6 ORFs could result in the expression of multiple forms of
these proteins. Should this be the case, the variety of potential functions attributed to
these proteins will undoubtedly increase. Since the C7 ORF was found in monopartite
begomoviruses only, this suggests that it may be involved in activity related to viral
movement that is associated with BV1 and/or BC1 in bipartite begomoviruses. This is
further supported by the observation that the C7 homologue of TYLCV was predicted
to contain a transmembrane domain and localised to the ER (Gong et al., 2021).
Another component related to monopartite begomovirus movement is therefore

suggested to exist.

The current study has also determined that there is an urgent need to develop a
system of nomenclature for putative begomovirus ORFs especially since not all
begomovirus isolates examined in this study contained both C5/AC5 and C6/AC6
ORFs and some encoded multiple C5/AC5 protein segments. These phenomena have
resulted in inconsistent putative ORF designations in previous studies (mentioned in
Chapter 2). Continued inconsistency in assigning names to putative ORFs present in
the V1/V2 coding region will inevitably result in further confusion. It is proposed that
the cs ORF in frame with V1/AV1 is designated C5/AC5 and the cs ORF in frame with
V2/AV2 is designated C6/AC6. Additional sequence analysis is necessary to confirm
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subsequent ORF designations. Regardless of their nomenclature, the presence of
small putative ORFs signify that several interaction pathways remain to be described
and the competitive advantage that these ORFs may serve in mixed infection adds
another layer of complexity to the puzzle. Perhaps these ORFs are remnants from the
evolution of these viruses in wild non-cultivated hosts? Until their role in infection is
better understood, one can only speculate as to how begomoviruses have evolved to

contain these diverse and seemingly inconspicuous ORFs.

The importance of the recombinant fragment present in V22 was demonstrated in the
present study. Sequence differences in this region were responsible for differentiating
symptom phenotype, severity, and recovery in infected N. benthamiana. The recent
discovery of a conserved geminivirus TACE (Cantu-Iris et al., 2019) suggests that this
novel element requires consideration when investigating the expression of vs ORFs.
The observed changes in disease symptom phenotype induced by IR swap mutants
were linked to sequence differences present in a short IR region containing the TACE.
Since the V30 TACE does not conform to the arrangement described for OW
begomoviruses (Cantu-Iris et al., 2019) it provides an opportunity to study the role of
this element in disease symptom phenotype determination. The results of the present
study and that conducted by Brigden (2022) indicate that sequence differences in the
N-terminal region of the V2 protein are responsible for modulating disease recovery in
N. benthamiana infected with V22. Residues present in this region that were previously
determined to be important in the RNA silencing suppression activity of V2 (Li et al.,
2021a) were conserved between the two ToCSV variant V2 proteins. The sequence
difference at V2 aa position 27 was shown to be critical to altered disease severity and
recovery (Brigden, 2022). Although no studies investigating this residue have been
previously published, Basu et al. (2021) hypothesised that sequence differences
outside of known conserved motifs may exert a significant influence on the activity of
closely related V2 proteins (Basu et al.,, 2021). This strongly suggests that more
studies are necessary to determine the role that other residues present in this region
play in pathways linked to RNA silencing suppression. The atypical serine present in
the putative PKC phosphorylation motif of V30 which was rarely found in African
begomovirus V2 proteins serves as an exception to the previously described PKC
consensus sequence (Chowda-Reddy et al., 2008; Mubin et al., 2010; Saeed et al.,

2018). This finding implies that the threonine of the PKC motif is not a strict
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requirement for V2 function and substitution of this residue with serine in the PKC motif
of V22 V2 resulted in delayed symptom development but no change in viral titre or
recovery levels (Brigden, 2022). Additional studies are needed to determine how the
function of this motif could be regulated by deviations from the consensus sequence.
The positive detection of long RNA transcripts in ToCSV-infected N. benthamiana is
evidence of possible readthrough transcription which is an important event in the
production of SIRNAs which are integral to RNA silencing pathways in plants (Pooggin,
2013).

Although the Rep of ToCSV was modelled as a hexamer, it is important to consider
that begomovirus Rep proteins that previously displayed helicase activity in vitro
adopted a range of higher order oligomeric conformations (dodecamer to 24-mer)
(Choudhury et al., 2006; Clérot and Bernardi, 2006). Although homology modelling
may provide important information regarding the arrangement of conserved functional
motif residues, it must be acknowledged that geminivirus Rep helicase domain might
adopt a unique fold not present in other solved SF# helicase structures. This is relevant
especially since geminivirus Rep lacks the arginine finger motif which is implicated in
the coordination of adjacent trans-monomers in the oligomeric structures of other SF3
helicases (Enemark and Joshua-Tor, 2006; Gai et al., 2004). This highlights the need
to solve the structure of geminivirus Rep to obtain a more biologically relevant model
of how these unique SF3 helicases function. The investigation of the C-terminal
domain in this study has two important implications. Firstly, the results of in vivo
experiments suggest that the predicted disordered region spanning 14 C-terminal
residues of Rep is not a strict requirement for enzymatic activity required for infection.
Secondly, targeted removal of this disordered region may significantly improve yield
of recombinantly expressed protein. The boundaries of the C-terminal domain may
need to be redefined. The N-terminal part of this domain is predicted to form part of
the parallel B-sheet of the helicase domain whilst the C-terminal end is evidently
distinct from this catalytic core region. It is possible that the C-terminal end may
function as a flexible C-terminal tail especially since it contains a series of acidic
residues. The C-tT is present in other SF3 helicases and has been shown to function
in stabilising the oligomeric helicase structure (Javed et al., 2021). How this region
could be involved in stabilising a higher order oligomeric structure of geminivirus Rep

remains to be determined.
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4.4 Challenges and Limitations

One of the significant limitations encountered in this study was the inability to mutate
residues of interest present in the putative ORFs due to considerable sequence
overlap present in the V1/V2 coding region. A comprehensive assessment of the C6
ORF revealed that mutagenesis of the ORF region encoding conserved residues of
interest in the C6cd was not possible without introducing inadvertent mutations to
overlapping ORFs. This issue was also encountered when investigating mutation of
the ToCSV C5 ORF region encoding the AC5-2 domain. Furthermore, the presence
of multiple methionine codons in the C6 ORF prevented the generation of a full C6
ORF deletion mutant. The presence of significant ORF overlap was a confounding
factor in interpretation of the results of pathogenicity trials involving the V30 and V22
V2 ORF swap mutants. This issue was partly addressed by Brigden (2022) via
generation of V2 substitution mutants without inadvertent mutation to overlapping
ORFs. It was also determined by Brigden (2022) however, that certain sequence
differences present in the V2 could not be targeted for substitution because of
introduction of inadvertent mutations to the putative C6 ORF which overlaps with the

5’ region of V2.

Although quantitative assessment of vs ORF transcript levels would have been a
beneficial addition to this study, reference gene validation has not been previously
conducted for N. benthamiana infected with ToCSV. Since a range of reference genes
should be validated prior to quantitative RT-PCR (Bokhale et al., 2020; Liu et al., 2012)
it was not possible to conduct this experiment due to funding and time constraints.
Deep sequencing of siRNAs in the present study could also not be investigated due
to funding constraints. Conducting infectivity trials in tomato using the mutant chimeras
was not possible due to the lack of adequate growth facility space for tomato which
requires significantly more space than N. benthamiana. It is however recognised that
future studies should be conducted in the natural host of this virus to determine the

impact of sequence differences on pathology and infectivity in tomato.

It is acknowledged that the homology modelling of the helicase domain of TOCSV Rep
was impeded by the lack of homologues in the PDB. The templates identified shared
low sequence identity with ToOCSV Rep (<20 %). This was especially true for the
regions outside of the conserved functional motifs which were highly divergent in both

length and sequence identity. In the case of Phyre2-generated homology model, some
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regions of the C-terminal and helicase domains were modelled using ab initio methods
which are not particularly reliable. This further emphasises the need to solve the
structure of geminivirus Rep helicase domain. Experiments aimed at recombinant
expression of TOCSV RepC were met with challenges at various stages. Inconsistent
levels of protein expression were obtained particularly with the pCold | expression
vector. The inherent toxicity of RepC gene and/or protein prevented the use of E. coli
expression strains that are used to express high levels of target protein. Access to
liquid chromatography systems necessary for purification was interrupted throughout
the study due to several unforeseen circumstances. Reliance on gravity flow
purification was detrimental to the present study due to lower processing volumes and
extended purification times. The lack of an automated purification system impeded the
range of optimisation allowed in the time frames allocated to this component of the

study.

4.5 Questions and future work

Some important questions that have arisen as a result of this study include:

What role do the identified putative ORFs play in infection and why are some rarer

than others?

Why are the lengths of C5/AC5 and C6/AC6 ORFs highly variable whilst the lengths
of C7, V3/AV3 and V4/AV4 are less so?

Are these putative ORFs found in the DNA-A of other geminivirus genera and if so,
how prevalent are they?

What is the specific function of the conserved NLHr identified in C5/AC5 proteins and
the C6cd identified in C6/AC6 proteins?

Is the protein encoded by the C7 ORF present in monopartite begomoviruses involved
in virus movement? Does it function as a homologue of MP encoded by DNA-B of

bipartite begomoviruses?

What is the relevance of the identified vs and cs strand-derived RNA transcripts in

infection?
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What is the specific mechanism which is responsible for the different symptom
phenotypes induced by the IR swap mutants?

What is the role of the atypical TACE present in the 3’ IR of V30? Why is ToCSV the
only African begomovirus identified in this study with such a unique TACE sequence?

What function do specific aa sequence differences present in the N-terminal region of

V30 and V22 V2 have that modulate disease severity and recovery?

How does the atypical serine present in the PKC motif of V30 V2 modify its presumed

function and/or activity in RNA silencing suppression?
What is the role of the putative V2 and C1 ORF 5’ extensions and are they translated?

What sequence motif carries out the function of the missing arginine finger motif in the

geminivirus helicase domain?

What is the specific role of the disordered region of the C-terminal domain in ToCSV

pathogenicity in N. benthamiana?

The present study has provided several avenues for future work and various
experiments are recommended to expand on the results obtained herein. In silico
searches of putative ORFs should be extended to include other OW and NW
begomoviruses to increase the number of genomes investigated. By including more
diverse geminiviruses, the prevalence and diversity of these ORFs can be better
understood. To identify the ends of the putative ORF transcripts, 5" and 3' RACE
assays are recommended (Akbar et al., 2012). This will allow precise mapping of the
transcripts identified in this study. In conjunction with promoter mapping techniques
(Khan et al., 2015; Shivaprasad et al., 2005), the likelihood that these putative ORFs
are translated could be evaluated. Ribosome profiling could prove extremely useful in
revealing the various translation events that take place in begomovirus-infected plants
especially in the absence of information regarding putative ORF promoter elements
(Brar and Weissman, 2015; Stern-Ginossar, 2015).

Deep sequencing would be useful to compare the vsRNA profiles of the two variants
in infected N. benthamiana at timepoints of interest such as peak infection (20 dpi), or
late infection (36 dpi) when recovery is evident in V22-infected plants. By comparing
these profiles, the significance of “hotspot” regions (which contain sequence
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differences) can be assessed (Miozzi et al., 2013; Piedra-Aguilera et al., 2019). To
quantify viral gene expression, quantitative RT-PCR is suggested. This is particularly
relevant in the case of plants infected with V30 IR swap mutants which are
hypothesised to have differential late vs gene promoter activity influenced by
sequence differences present in the vicinity of rightward promoters. Prior to
guantitative RT-PCR assays, validation of reference genes is required to ensure
normalisation of data. Although this has been previously done for tomato infected with
ToCSV (Bokhale et al., 2020) reference gene validation remains to be done for N.

benthamiana infected with ToCSV.

Due to considerable sequence overlap of putative cs ORFs in the V1/V2 coding region,
site-directed mutagenesis of these ORFs in the V30 and V22 infectious clones may
not be possible without introducing inadvertent mutations to overlapping ORFs. It will
be worthwhile to investigate the functional characteristics of each putative ORF. The
subcellular localisation of each protein can be determined by transient expression as
green fluorescent protein (GFP)-fusions (Gong et al., 2021; Zhan et al., 2018). This
may provide insight into the potential function of each protein. To establish whether
the putative proteins act as pathogenicity determinants in N. benthamiana, PVX-vector
based expression could be conducted (Sharma and lkegami, 2010; Zhan et al., 2018).
The ability of the putative ORFs to suppress PTGS in the GFP-transgenic N.
benthamiana 16c line could be assessed using the methods described by Yang et al.
(2018) and Zhan et al. (2018). These techniques can be extended to evaluate V2 and
C1 ORFs containing putative 5’ extensions and putative ORF mutants to investigate
the role of selected residues in these activities. It is imperative that additional infectivity
trials with ToCSV wild type infectious clone and mutant chimeras are conducted in
different cultivars of tomato. Viral load determination using gPCR will allow for
guantitative assessment of viral load in tomato infected with V30 and V22 which
remains to be determined. Of particular interest is whether the IR swap mutants induce

altered symptom phenotypes in tomato.

Future experiments aimed at recombinant expression and structural characterisation
of ToCSV RepC require significant optimisation. Alternative expression systems using
different tags and tag cleavage sites should be considered (Kimple et al., 2013; Lichty
et al., 2005; Zhao et al., 2013). Tag cleavage should be conducted at low temperatures

to limit protein aggregation and precipitation. Expression of RepC in alternative E. coli
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strains that are more suited for expression of toxic proteins such as C41(DE3) or
C43(DE3) may improve yield and/or solubility (Dumon-Seignovert et al., 2004; Miroux
and Walker, 1996). The results obtained in this study suggest that removal of
disordered regions in the C-terminal domain may significantly improve yield and
stability of the recombinantly expressed protein. Enzymatic activity assays should be
conducted to confirm that truncated proteins retain functionality in vitro. Since RepC
is predicted to be unlikely to crystallise and forms higher order oligomers, it is
recommended that cryogenic electron microscopy (cryo-EM) should be seriously
considered as a technique to solve the structure of the Rep helicase domain. This
method has recently proved particularly useful to investigate multiple protein domains,
flexible regions, and conformational variability of other DNA virus Rep proteins (Javed
et al., 2021; Santosh et al., 2020; Tarasova et al., 2021). It is hoped that the present
study will serve to provide several avenues for future research into begomovirus

infection of tomato.
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Appendix (A) 1
ToCSV Infectious clone construct nt sequences

>pCAMBIA2300 V30

catgccaaccacagggttcccctcgggatcaaagtactttgatccaaccceccteccgetgectatagtgeca
gtcggcttctgacgttcagtgcagccgtcttctgaaaacgacatgtcgcacaagtcctaagttacgceg
acaggctgccgccctgcececttttectggegttttecttgtegegtgttttagtcgcataaagtagaata
cttgcgactagaaccggagacattacgccatgaacaagagcgccgccgctggectgetgggetatgec
cgcgtcagcaccgacgaccaggacttgaccaaccaacgggccgaactgcacgecggcecggctgcaccaa
gctgttttccgagaagatcaccggcaccaggcgcgaccgecccggagctggeccaggatgcecttgaccacce
tacgccctggcgacgttgtgacagtgaccaggctagaccgcctggecccgcagcacccgcgacctactyg
gacattgccgagcgcatccaggaggccggcgcgggectgegtagectggcagagecgtgggeccgacac
caccacgccggccggceccgcatggtgttgaccgtgttcgecggcattgecgagttcgagegttecctaa
tcatcgaccgcacccggagcgggcgcgaggceccgccaaggeccgaggecgtgaagtttggeeccecegecect
accctcaccceccggcacagatcgecgcacgeccgegagectgatcgaccaggaaggcecgcaccgtgaaaga
ggcggctgcactgcttggcgtgcatcgctcgaccctgtaccgecgcacttgagecgcagcgaggaagtga
cgcccaccgaggccaggcggcgeggtgecttecgtgaggacgcattgaccgaggecgacgecctggeg
gccgccgagaatgaacgccaagaggaacaagcatgaaaccgcaccaggacggccaggacgaaccgttt
ttcattaccgaagagatcgaggcggagatgatcgcggeccgggtacgtgttcgageccgececgcgecacgt
ctcaaccgtgcggctgcatgaaatcctggeccggtttgtctgatgeccaagetggecggectggecggcca
gcttggccgctgaagaaaccgagcgceccgceccgtctaaaaaggtgatgtgtatttgagtaaaacagcettyg
cgtcatgcggtcgctgcgtatatgatgcgatgagtaaataaacaaatacgcaaggggaacgcatgaag
gttatcgctgtacttaaccagaaaggcgggtcaggcaagacgaccatcgcaacccatctagcececcgegce
cctgcaactcgccggggceccgatgttectgttagtcgattceccgatecceccagggcagtgececgegattggg
cggccgtgcgggaagatcaaccgctaaccgttgtecggcatcgaccgeccgacgattgaccgecgacgtyg
aaggccatcggccggcgcgacttecgtagtgatcgacggagcgeccccaggcggecggacttggetgtgte
cgcgatcaaggcagccgacttcgtgctgattccggtgcageccaageccttacgacatatgggeccaccyg
ccgacctggtggagctggttaagcagecgcattgaggtcacggatggaaggctacaagcggectttgte
gtgtcgcgggcgatcaaaggcacgcgcatcggecggtgaggttgeccgaggecgectggeccgggtacgaget
gcccattcttgagtccecgtatcacgcagecgecgtgagctacccaggcactgeccgecgeccggcacaaccyg
ttcttgaatcagaacccgagggcgacgctgcccgcgaggtccaggecgectggecgctgaaattaaatcea
aaactcatttgagttaatgaggtaaagagaaaatgagcaaaagcacaaacacgctaagtgccggceccgt
ccgagcgcacgcagcagcaaggctgcaacgttggccagcectggcagacacgccagceccatgaagecgggt
caactttcagttgccggcggaggatcacaccaagctgaagatgtacgcggtacgccaaggcaagacca
ttaccgagctgctatctgaatacatcgcgcagctaccagagtaaatgagcaaatgaataaatgagtag
atgaattttagcggctaaaggaggcggcatggaaaatcaagaacaaccaggcaccgacgceccgtggaat
gccccatgtgtggaggaacgggcggttggccaggecgtaagecggctgggttgtcectgecggecctgcaat
ggcactggaacccccaagcccgaggaatcggecgtgacggtcgcaaaccatccggeccggtacaaateg
gcgcggcgctgggtgatgacctggtggagaagttgaaggccgecgcaggceccgcecccagecggecaacgeatce
gaggcagaagcacgccccggtgaatcgtggcaagcggccgctgatcgaatccgcaaagaatccececggea
accgccggcagccggtgecgecgtcgattaggaagccgcccaagggcgacgagcaaccagatttttteg
ttccgatgctctatgacgtgggcacccgcgatagtcgcagcatcatggacgtggecgttttecgtectyg
tcgaagcgtgaccgacgagctggcgaggtgatccgctacgagecttccagacgggcacgtagaggttte
cgcagggccggccggcatggccagtgtgtgggattacgacctggtactgatggecggtttecccatctaa
ccgaatccatgaaccgataccgggaagggaagggagacaagcccggeccgegtgttecgtceccacacgtt
gcggacgtactcaagttctgccggcgagccgatggcggaaagcagaaagacgacctggtagaaacctg
cattcggttaaacaccacgcacgttgccatgcagcgtacgaagaaggccaagaacggccgcectggtga
cggtatccgagggtgaagccttgattagccgctacaagatcgtaaagagcgaaaccgggcggceccggag
tacatcgagatcgagctagctgattggatgtaccgcgagatcacagaaggcaagaacccggacgtgcet
gacggttcaccccgattactttttgatcgatccecggecatecggecgttttctectaccgectggecacgec
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gcgccgcaggcaaggcagaagccagatggttgttcaagacgatctacgaacgcagtggcagcgecgga
gagttcaagaagttctgtttcaccgtgcgcaagctgatcgggtcaaatgacctgccggagtacgattt
gaaggaggaggcggggcaggctggcccgatcecctagtcatgcgctaccgcaacctgatcgagggcgaag
catccgccggttcctaatgtacggagcagatgctagggcaaattgccctagcaggggaaaaaggtcga
aaaggtctctttcctgtggatagcacgtacattgggaacccaaagccgtacattgggaaccggaaccce
gtacattgggaacccaaagccgtacattgggaaccggtcacacatgtaagtgactgatataaaagaga
aaaaaggcgatttttccgcctaaaactctttaaaacttattaaaactcttaaaacccgcecctggectgt
gcataactgtctggccagcgcacagccgaagagctgcaaaaagcgcectaccctteggtcecgetgegcetce
cctacgcccecgcecgcttecgegteggectatcgecggecgetggecgctcaaaaatggectggectacgge
caggcaatctaccagggcgcggacaagccgcgceccgtecgecactcgaccgecggegeccacatcaagge
accctgcctcecgcegegtttecggtgatgacggtgaaaacctctgacacatgcagctcecccggagacggtcea
cagcttgtctgtaagcggatgccgggagcagacaagcccgtcagggegecgtcagegggtgttggeggg
tgtcggggcgcagccatgacccagtcacgtagcgatagecggagtgtatactggettaactatgecggcea
tcagagcagattgtactgagagtgcaccatatgcggtgtgaaataccgcacagatgcgtaaggagaaa
ataccgcatcaggcgctcttceccgecttectecgectcactgactecgectgegeteggtegttecggetgegge
gagcggtatcagctcactcaaaggcggtaatacggttatccacagaatcaggggataacgcaggaaag
aacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgcgttgectggegttttteca
taggctccgecccececctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaacccgacag
gactataaagataccaggcgtttccccctggaagctceccecctegtgegectectectgtteccgaccectgecg
cttaccggatacctgtccgecctttctececcttecgggaagegtggegectttetcatagectcacgetgtag
gtatctcagttcggtgtaggtcgttcgctccaagctgggectgtgtgcacgaaccccececgttcageeccg
accgctgcgccttatccggtaactatcgtcttgagtccaacccggtaagacacgacttatcecgeccactg
gcagcagccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttcttgaagtyg
gtggcctaactacggctacactagaaggacagtatttggtatctgecgectctgctgaagccagttacct
tcggaaaaagagttggtagctcttgatccggcaaacaaaccaccgctggtagecggtggtttttttgtt
tgcaagcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgatcttttctacggggtce
tgacgctcagtggaacgaaaactcacgttaagggattttggtcatgcattctaggtactaaaacaatt
catccagtaaaatataatattttattttctcccaatcaggcttgatccccagtaagtcaaaaaatagce
tcgacatactgttcttccccgatatcctceccecctgatcgaccggacgcagaaggcaatgtcataccactt
gtccgcccectgcececgettcectcecccaagatcaataaagccacttactttgeccatectttcacaaagatgttge
tgtctcccaggtcgccgtgggaaaagacaagttcectettecgggettttecgtctttaaaaaatcatac
agctcgcgcggatctttaaatggagtgtcttcttcccagttttcgcaatccacatcggccagategtt
attcagtaagtaatccaattcggctaagcggctgtctaagctattcgtatagggacaatccgatatgt
cgatggagtgaaagagcctgatgcactccgcatacagctcgataatcttttcagggetttgttcatcect
tcatactcttccgagcaaaggacgccatcggcctcactcatgagcagattgectccagceccatcatgecg
ttcaaagtgcaggacctttggaacaggcagctttccttccageccatagcatcatgtectttteecegtt
ccacatcataggtggtccctttataccggctgtccgtcatttttaaatataggttttcattttctece
accagcttatataccttagcaggagacattccttcecgtatcttttacgcagecggtatttttcgatcag
ttttttcaattccggtgatattctcattttagccatttattattteccttectecttttectacagtattt
aaagataccccaagaagctaattataacaagacgaactccaattcactgttccttgcattctaaaacc
ttaaataccagaaaacagctttttcaaagttgttttcaaagttggcgtataacatagtatcgacggag
ccgattttgaaaccgcggtgatcacaggcagcaacgctctgtcatcgttacaatcaacatgctaccect
ccgcgagatcatccgtgtttcaaacccggcagecttagttgececgttctteccgaatagcatecggtaacat
gagcaaagtctgccgccttacaacggctctceccecgectgacgecgtececcggactgatgggctgectgtat
cgagtggtgattttgtgccgagctgccggtcggggagctgttggectggectggtggcaggatatattgt
ggtgtaaacaaattgacgcttagacaacttaataacacattgcggacgtttttaatgtactgaattaa
cgccgaattaattcgggggatctggattttagtactggattttggttttaggaattagaaattttatt
gatagaagtattttacaaatacaaatacatactaagggtttcttatatgctcaacacatgagcgaaac
cctataggaaccctaattcccttatctgggaactactcacacattattatggagaaactcgagecttgt
cgatcgactctagctagaggatcgatccgaaccccagagtceccgectcagaagaactcgtcaagaaggce
gatagaaggcgatgcgctgcgaatcgggagcggcgataccgtaaagcacgaggaagcggtcageccat
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tcgccgccaagcectcecttcagcaatatcacgggtagccaacgctatgtecctgatagecggtcececgecacacce
cagccggccacagtcgatgaatccagaaaagcggccattttccaccatgatattcggcaagcaggecat
cgccatgtgtcacgacgagatcctcgeccgtcgggcatgecgegecttgagectggcgaacagttecgget
ggcgcgagcccctgatgcectecttcecgtccagatcatcctgatcgacaagaccggcttceccateccgagtacyg
tgctcgctcgatgcgatgtttcecgettggtggtcgaatgggcaggtageccggatcaagecgtatgcagec
gccgcattgcatcagccatgatggatactttctcggcaggagcaaggtgagatgacaggagatcecctge
cccggcacttcgcecccaatagcagccagtcececttceccecegettcagtgacaacgtcgagcacagectgegeca
aggaacgcccgtcgtggccagceccacgatagecgcegcectgectegtectggagttcattcagggcaccgg
acaggtcggtcttgacaaaaagaaccgggcgcccctgcecgctgacageccggaacacggecggcatcagag
cagccgattgtctgttgtgcccagtcatagccgaatagcectctceccacccaagecggecggagaacctge
gtgcaatccatcttgttcaatccccatggtcgatcgacagatctgcgaaagctcgagagagatagatt
tgtagagagagactggtgatttcagcgtgtcctctccaaatgaaatgaacttcecttatatagaggaag
gtcttgcgaaggatagtgggattgtgcgtcatcccttacgtcagtggagatatcacatcaatccactt
gctttgaagacgtggttggaacgtcttctttttccacgatgectecctecgtgggtgggggteccatectttyg
ggaccactgtcggcagaggcatcttgaacgatagcctttcectttatcgcaatgatggecatttgtaggt
gccaccttceccttttctactgtceccttttgatgaagtgacagatagctgggcaatggaatccgaggaggt
ttcccgatattaccctttgttgaaaagtctcaatagececctttggtecttectgagactgtatectttgata
ttcttggagtagacgagagtgtcgtgctccaccatgttatcacatcaatccacttgectttgaagacgt
ggttggaacgtcttctttttccacgatgctcecctecgtgggtgggggtccatectttgggaccactgtegg
cagaggcatcttgaacgatagcctttcecctttatcgcaatgatggcatttgtaggtgccacctteettt
tctactgtceccttttgatgaagtgacagatagctgggcaatggaatccgaggaggttteccecgatattac
cctttgttgaaaagtctcaatagccctttggtcttctgagactgtatctttgatattcttggagtaga
cgagagtgtcgtgctccaccatgttggcaagctgctctagccaatacgcaaaccgectectcececccgege
gttggccgattcattaatgcagctggcacgacaggtttcecccgactggaaagcgggcagtgagecgcaac
gcaattaatgtgagttagctcactcattaggcaccccaggctttacactttatgectteccggctegtat
gttgtgtggaattgtgagcggataacaatttcacacaggaaacagctatgacatgattacgaattcga
gctccaaagcggccatccgattaatattaccggatggcecgtgeccccaaaaaaaactagtceccccacge
actattttatgtcgaccaatcagaatgtcgccttatcgecttagttatctgectattttgtectttatatg
ggaaacttcgcggaagttaccattgtcaagatgtgggatccactgttaaacgaattcccagactcecegt
ccacggttttcgttgtatgcttgctgttaaatatctgcagtccgttgaagccacatacgagcccaaca
cattgggccacgatcttatacgggatctgattctggttattagggcaaaagattatgtcgaagcgtcce
cgccgatataatcatttccacgcccgectcgaaggtgecggagaaggctgaacttcgacageccegtteca
ccagccgtgctgttgtceccccattgeccccaggcacaaacaagcgacgatcatggacgtacaggeccatg
tatcgaaagcccaagatgtacagaatgtatagaagccctgatgtccctcgaggttgtgaaggeccatg
taagatccagtcgtatgaacagcgcgatgatgtgaagcacaccggtatagttaggtgtatcagtgaca
ttacaaagggtcctggtctgacccatcgcacgggtaaaaggttcgtggtgaagtctgtctatatactce
ggtaaggtatggatggatgagaacatcaagaagcagaaccacactaacaatgttatgtttttcctagt
ccgagatagaaggccctatggaacaagcccaatggactttgggcaggtgtttaacatgtttgataacg
agcccagtacagccacggtgaagaacgatcttcgtgatcgattccaggtgttgegcaagtttacagec
accgttgttggtggtccctectggtcttaaggagcaggctcttgtgaagegtttettcaggttaaacag
ccatgtaacctataaccatcaggaagcagccaagtacgagaaccataccgagaatgcgttgttgttgt
atatggcatgtactcatgcctctaatcctgtgtatgccacattaaaaatacgtgtatatttttatgac
tcagtgatgaattaataaatattaaattttatttcatgtgtctcaacaacattgatagtgtttacaag
tacattataaagtacatgatcaactgctctaattacattgttaattgaaattacacctaatacatcta
aatacttaaaaacttgaaatttaaatacgcttaagaaacgaccagtctgaggctgtaaggtcgtccag
acttggaagttgagaaaacatttgtgaatccccagttccttccggaggttgtggttgaaccgtatcectyg
gatcgatatgatgtcgtggttcgtgtggaacggtctgctgtcecgtggttgataatcttgaaatagaggg
gatttgttatctcccaaatatagacgccattctgggecctgatgagcagtgatgagttecccecggtgegt
aaatccatggttgatgcagtcgatgtggaggtaatatgtacacccgcaatcaagatcaactcgectac
gcctgactactctcecttecttggctattcgatgctggaccttgattgggacttgagtacagtggectggtt
gagggtgatgaagaccgcattctttatagtccaagccttcagggatgtattcttatcctcatcgagat
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attctttatatgaggatgttgggcctggattgcagaggaagatagtgggaatgccgcctttaatttga
attggtttcccgtacttcecgtgttgcectttgccagtcecectttgggeccccaaagaattcectteccagtgett
taggtaatgcggatctacgtcatcaatgacgttataccaagcgtcattagaatatacctttggactta
agtctaaatgaccacataagtaattatgtggccctaatgatctagcccaaatagttttgeccggaacga
ctatcgccctctattacaatactattaggtctccaaggeccgecgcagcggcaccacacacattcectcaga
gacccactcttcaagttcctcagggacttgatcaaaagaagaagaagaaaagggagaaatataaggcect
ctgggggagcctggaaaatcctatctaaattggtctttaaattatgatactgaaaaataaaatcttta
gggagtttttccctaataatagccatagcggcttcagecggaatctgegtttaaagecgtcggecgecatge
gtcgttagcattttggcagcecctcctctagcacttctgececgtcgacctggaattectcececccattcaagtyg
tgtctccgtceccecttgtcgatgtaggacttgacgtcggagectcgatttagectececctgaatgtttggatgg
aaatgtgctgacctgtttggggataccaggtcgaagaatcggtgattcttgcagttgaattttcecccete
gaactgaataagcacgtggagatgaggttccccattttcgtgtagctctctgcagattttgatgtatt
ttttattggtgggtgtttcaaggtttaataattgagagagtgactcttcctttgtgagagagcatttt
ggatatgtgacgaaatagtttttggaatttatttgaaagcgcttcggaggagccatttggtcaatggg
taccgattgactctcaaattgcattctcctggtatatcggtacccaatatatagtgggtaccgaatgg
cacaattgtaatttgtggcaaagtaattggcatttcaaaattcaaactcctaaagcggccatccgatt
aatattaccggatggccgtgcccccaaaaaaaactagtaaaaaagcttggatcctctagagtcgacct
gcaggcatgcaagcttggcactggccgtcgttttacaacgtcgtgactgggaaaaccctggcgttacce
caacttaatcgccttgcagcacatccceccctttecgeccagetggecgtaatagcgaagaggecccgcaccga
tcgcceccttceccaacagttgegcagectgaatggecgaatgctagagcagecttgagettggatcagattyg
tcgtttceccgecttcagtttaaactatcagtgtttgacaggatatattggecgggtaaacctaagagaa
aagagcgtttattagaataacggatatttaaaagggcgtgaaaaggtttatccgttcecgtccatttgta
tgtg

>pCAMBIA2300 V22

catgccaaccacagggttcccecctcgggatcaaagtactttgatccaaccceccteccgetgetatagtgea
gtcggcttctgacgttcagtgcagccgtcttctgaaaacgacatgtcgcacaagtcctaagttacgeg
acaggctgccgccctgcececcttttectggegttttecttgtegegtgttttagtcgcataaagtagaata
cttgcgactagaaccggagacattacgccatgaacaagagcgccgccgctggectgetgggetatgece
cgcgtcagcaccgacgaccaggacttgaccaaccaacgggccgaactgcacgecggeccggctgecaccaa
gctgttttccgagaagatcaccggcaccaggcgcgaccgcecccggagctggeccaggatgcecttgaccacce
tacgccctggcgacgttgtgacagtgaccaggctagaccgcctggecccgcagcacccgecgacctactyg
gacattgccgagcgcatccaggaggccggcgcgggectgegtagectggcagagecgtgggeccgacac
caccacgccggccggceccgcatggtgttgaccgtgttcecgecggcattgecgagttcgagegttecctaa
tcatcgaccgcacccggagcgggcgcgaggccgceccaaggeccgaggecgtgaagtttggeecececegecct
accctcacccecggcacagatcgegcacgeccgecgagectgatcgaccaggaaggecgecaccgtgaaaga
ggcggctgcactgcttggcgtgcatcgctcgaccctgtaccgecgecacttgagcgcagcgaggaagtga
cgcccaccgaggccaggcggcecgeggtgectteecgtgaggacgcattgaccgaggccgacgceccctggeg
gccgccgagaatgaacgccaagaggaacaagcatgaaaccgcaccaggacggccaggacgaaccgttt
ttcattaccgaagagatcgaggcggagatgatcgcggccgggtacgtgttcgageccgececgcgcacgt
ctcaaccgtgcggctgcatgaaatcctggeccggtttgtctgatgccaagectggecggectggecggeca
gcttggccgctgaagaaaccgagcgccgceccgtctaaaaaggtgatgtgtatttgagtaaaacagettyg
cgtcatgcggtcgctgcgtatatgatgcgatgagtaaataaacaaatacgcaaggggaacgcatgaag
gttatcgctgtacttaaccagaaaggcgggtcaggcaagacgaccatcgcaacccatctagccecgegce
cctgcaactcgccggggceccgatgttctgttagtcgatteccgatccccagggcagtgeccgegattggg
cggccgtgcgggaagatcaaccgctaaccgttgtcggcatcgaccgecccgacgattgaccgecgacgtyg
aaggccatcggccggcgcgacttcecgtagtgatcgacggagcgecccaggcggecggacttggetgtgte
cgcgatcaaggcagccgacttcgtgctgattccggtgcagccaagcecccttacgacatatgggccaccg
ccgacctggtggagctggttaagcagcgcattgaggtcacggatggaaggctacaagcggectttgte

gtgtcgcgggcgatcaaaggcacgcgcatcggcggtgaggttgeccgaggecgectggeccgggtacgaget
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gcccattcttgagtccecgtatcacgcagecgegtgagectacccaggcactgeccgecgceccggcacaaccyg
ttcttgaatcagaacccgagggcgacgctgcecccgcgaggtccaggecgectggecgectgaaattaaatceca
aaactcatttgagttaatgaggtaaagagaaaatgagcaaaagcacaaacacgctaagtgccggceccgt
ccgagcgcacgcagcagcaaggctgcaacgttggccagectggcagacacgccagccatgaagecgggt
caactttcagttgccggcggaggatcacaccaagctgaagatgtacgcggtacgccaaggcaagacca
ttaccgagctgctatctgaatacatcgcgcagctaccagagtaaatgagcaaatgaataaatgagtag
atgaattttagcggctaaaggaggcggcatggaaaatcaagaacaaccaggcaccgacgccgtggaat
gccccatgtgtggaggaacgggcggttggccaggecgtaagecggctgggttgtctgecggecctgcecaat
ggcactggaacccccaagcccgaggaatcggecgtgacggtcgcaaaccatceccggeccggtacaaatceg
gcgcggcgctgggtgatgacctggtggagaagttgaaggccgcgcaggceccgceccagecggecaacgeatce
gaggcagaagcacgccccggtgaatcgtggcaagcggceccgctgatcgaatccgcaaagaatcceccggea
accgccggcagccggtgecgecgtcgattaggaagccgcccaagggcgacgagcaaccagatttttteg
ttccgatgctctatgacgtgggcacccgcgatagtcgcagcatcatggacgtggecgtttteegtetyg
tcgaagcgtgaccgacgagctggcgaggtgatccgctacgagecttccagacgggcacgtagaggttte
cgcagggccggccggcatggccagtgtgtgggattacgacctggtactgatggecggtttecccatctaa
ccgaatccatgaaccgataccgggaagggaagggagacaagcccggeccgegtgttecgteccacacgtt
gcggacgtactcaagttctgccggcgagccgatggcggaaagcagaaagacgacctggtagaaacctg
cattcggttaaacaccacgcacgttgccatgcagcgtacgaagaaggccaagaacggccgcecctggtga
cggtatccgagggtgaagccttgattagccgctacaagatcgtaaagagcgaaaccgggcggeccggag
tacatcgagatcgagctagctgattggatgtaccgcgagatcacagaaggcaagaacccggacgtgcet
gacggttcaccccgattactttttgatcgatcccggecatcggecgttttctectaccgectggecacgec
gcgccgcaggcaaggcagaagccagatggttgttcaagacgatctacgaacgcagtggcagcgecgga
gagttcaagaagttctgtttcaccgtgcgcaagctgatcgggtcaaatgacctgccggagtacgattt
gaaggaggaggcggggcaggctggcccgatcctagtcatgcgctaccgcaacctgatcgagggcgaag
catccgccggttecctaatgtacggagcagatgctagggcaaattgccctagcaggggaaaaaggtcga
aaaggtctctttcctgtggatagcacgtacattgggaacccaaagccgtacattgggaaccggaaccce
gtacattgggaacccaaagccgtacattgggaaccggtcacacatgtaagtgactgatataaaagaga
aaaaaggcgatttttccgcctaaaactctttaaaacttattaaaactcttaaaacccgcecctggectgt
gcataactgtctggccagcgcacagccgaagagctgcaaaaagcgcecctacecctteggtecgetgegetce
cctacgccccecgcecgcttegegteggectatcgeggecgetggecgctcaaaaatggetggectacgge
caggcaatctaccagggcgcggacaagccgcgceccgtcecgeccactcgaccgecggegeccacatcaagge
accctgcctcecgcegegtttecggtgatgacggtgaaaacctctgacacatgcagctecccggagacggtcea
cagcttgtctgtaagcggatgccgggagcagacaagcccgtcagggegegtcagegggtgttggeggg
tgtcggggcgcagccatgacccagtcacgtagcgatagcggagtgtatactggecttaactatgecggcea
tcagagcagattgtactgagagtgcaccatatgcggtgtgaaataccgcacagatgcgtaaggagaaa
ataccgcatcaggcgctcttceccgettectegectcactgactecgectgegetecggtegttecggetgegge
gagcggtatcagctcactcaaaggcggtaatacggttatccacagaatcaggggataacgcaggaaag
aacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgcgttgetggegttttteca
taggctccgcccecceccecctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaacccgacag
gactataaagataccaggcgtttccccecctggaagctcecctecgtgegcectetectgtteccgacecectgecg
cttaccggatacctgtccgectttcteccttecgggaagegtggegectttectcatagetcacgetgtag
gtatctcagttcggtgtaggtcgttcgctccaagctgggectgtgtgcacgaaccceccececgttcagececg
accgctgcgcecttatccggtaactatecgtcttgagtccaacccggtaagacacgacttatcgecactyg
gcagcagccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttcttgaagtyg
gtggcctaactacggctacactagaaggacagtatttggtatctgecgectctgctgaagccagttacct
tcggaaaaagagttggtagctcttgatccggcaaacaaaccaccgctggtagecggtggtttttttgtt
tgcaagcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgatcttttctacggggtce
tgacgctcagtggaacgaaaactcacgttaagggattttggtcatgcattctaggtactaaaacaatt
catccagtaaaatataatattttattttctcccaatcaggcttgatccccagtaagtcaaaaaatagce
tcgacatactgttcttcccecgatatcecctceccecctgatcgaccggacgcagaaggcaatgtcataccactt
gtccgccctgceccecgettcectcecccaagatcaataaagccacttactttgeccatectttcacaaagatgttge
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tgtctcccaggtcgccgtgggaaaagacaagttcectettecgggecttttecgtctttaaaaaatcatac
agctcgcgcggatctttaaatggagtgtcttcttcccagttttcgcaatccacatcggccagategtt
attcagtaagtaatccaattcggctaagcggctgtctaagctattcgtatagggacaatccgatatgt
cgatggagtgaaagagcctgatgcactccgcatacagctcgataatcttttcagggetttgttcatct
tcatactcttccgagcaaaggacgccatcggcctcactcatgagcagattgectccagceccatcatgecg
ttcaaagtgcaggacctttggaacaggcagctttccttccageccatagcatcatgteccttttecegtt
ccacatcataggtggtccctttataccggctgtccgtcatttttaaatataggttttcattttctece
accagcttatataccttagcaggagacattccttccgtatcttttacgcagecggtatttttcgatcag
ttttttcaattccggtgatattctcattttagccatttattattteccttectecttttctacagtattt
aaagataccccaagaagctaattataacaagacgaactccaattcactgttccttgcattctaaaacc
ttaaataccagaaaacagctttttcaaagttgttttcaaagttggcgtataacatagtatcgacggag
ccgattttgaaaccgcggtgatcacaggcagcaacgctctgtcatcgttacaatcaacatgectaccect
ccgcgagatcatccgtgtttcaaacccggcagcecttagttgecgttcectteccgaatagcatcggtaacat
gagcaaagtctgccgccttacaacggctctcececcgcectgacgecgtecccggactgatgggetgectgtat
cgagtggtgattttgtgccgagctgccggtcggggagctgttggectggectggtggcaggatatattgt
ggtgtaaacaaattgacgcttagacaacttaataacacattgcggacgtttttaatgtactgaattaa
cgccgaattaattcgggggatctggattttagtactggattttggttttaggaattagaaattttatt
gatagaagtattttacaaatacaaatacatactaagggtttcttatatgctcaacacatgagcgaaac
cctataggaaccctaattcccttatctgggaactactcacacattattatggagaaactcgagecttgt
cgatcgactctagctagaggatcgatccgaaccccagagtcccgectcagaagaactcgtcaagaagge
gatagaaggcgatgcgctgcgaatcgggagcggcgataccgtaaagcacgaggaagcggtcagceccat
tcgccgccaagcectcettcagcaatatcacgggtagccaacgctatgtecctgatagecggtcececgeccacacce
cagccggccacagtcgatgaatccagaaaagcggccattttccaccatgatattcggcaagcaggecat
cgccatgtgtcacgacgagatcctcgceccgtcgggcatgecgegecttgagectggcgaacagttecgget
ggcgcgagcccctgatgcectcecttcecgtccagatcatcctgatcgacaagaccggcttceccatccgagtacyg
tgctcgctcgatgcgatgtttcecgettggtggtcgaatgggcaggtageccggatcaagecgtatgcagec
gccgcattgcatcagccatgatggatactttctcggcaggagcaaggtgagatgacaggagatcctge
cccggcacttcgcecccaatagcagccagtcececcttececcgettcagtgacaacgtcgagcacagetgegea
aggaacgcccgtcgtggccagccacgatageccgcecgcetgectegtectggagttcattcagggcaccgg
acaggtcggtcttgacaaaaagaaccgggcgcccecctgcgctgacageccggaacacggecggcatcagag
cagccgattgtctgttgtgcccagtcatagccgaatagcectctceccacccaagecggeccggagaacctge
gtgcaatccatcttgttcaatccccatggtcgatcgacagatctgcgaaagctcgagagagatagatt
tgtagagagagactggtgatttcagcgtgtcctctccaaatgaaatgaacttccttatatagaggaag
gtcttgcgaaggatagtgggattgtgcgtcatcccttacgtcagtggagatatcacatcaatccactt
gctttgaagacgtggttggaacgtcttctttttccacgatgectcecctecgtgggtgggggtccatetttg
ggaccactgtcggcagaggcatcttgaacgatagcctttcectttatcgcaatgatggcatttgtaggt
gccaccttceccttttctactgtcecttttgatgaagtgacagatagctgggcaatggaatccgaggaggt
ttcccgatattaccctttgttgaaaagtctcaatagecctttggtecttctgagactgtatctttgata
ttcttggagtagacgagagtgtcgtgctccaccatgttatcacatcaatccacttgectttgaagacgt
ggttggaacgtcttctttttccacgatgctcectecgtgggtgggggtccatectttgggaccactgtcgg
cagaggcatcttgaacgatagcctttcectttatcgcaatgatggcatttgtaggtgccaccttecttt
tctactgtceccttttgatgaagtgacagatagctgggcaatggaatccgaggaggtttecccgatattac
cctttgttgaaaagtctcaatagccctttggtcttctgagactgtatctttgatattcttggagtaga
cgagagtgtcgtgctccaccatgttggcaagctgctctagccaatacgcaaaccgectctcececececgege
gttggccgattcattaatgcagctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaac
gcaattaatgtgagttagctcactcattaggcaccccaggctttacactttatgectteccggctegtat
gttgtgtggaattgtgagcggataacaatttcacacaggaaacagctatgacatgattacgaattcga
gctccaaagcggccatccgattaatattaccggatggccgtgeccccaaaaaaaactagtceccecccacge
actattttatgtcgaccaatgaaattgaggcgttaaagcttatttatttgtttgtttgtctttatata
cttctttagcaagtagtgcggatgtcataatgtgggatccactgttaaacgagttcccagactctgtt
catgggtttcgttgtatgcttgctataaaatacttgcaggttattgagtccacttatgagcccaatac
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tttgggccacgatttaattcgagatcttatttctgttattagagcccgggattatgtcgaagcgaccce
gccgatataatcatttccacgcecccgectcgaaggtgecggagaaggctgaacttcgacageccgttcecac
cagccgtgctgttgtccccattgtcccaggcacaaacaagcgacgatcatggacgtacaggeccatgt
atcgaaagcccaggatgtacagaatgtacagaagccctgatgtccctcgaggttgtgaaggcecccatgt
aagatccagtcgtatgaacagcgcgatgatgtgaagcacaccggtatagttaggtgtatcagtgacat
tacaaagggtcctggtctgacccatcgcacgggtaaaaggttcgtggtgaagtctgtctatatactceg
gtaaggtatggatggatgagaacatcaagaagcagaaccacactaacaatgttatgtttttcttagtc
cgagatagaaggccctatggaacaagcccaatggactttgggcaggtgtttaacatgtttgataacga
gcccagtacagccacggtgaagaacgatcttcgtgatcgattccaggtgttgecgcaagtttacageca
ccgttgttggtggtceccecttcectggtcttaaggagcaggctecttgtgaagegtttettcaggttaaatage
catgtaacctataaccatcaggaagcagccaagtacgagaaccataccgagaatgecgttgttgttgta
tatggcatgtacccatgcctctaatcctgtgtatgccacgttaaaaatacgtgtatatttttacgact
cagtatcgaattaataaatattaaattttatttcatgattctccttaacttggatagtgtttacaatt
acatcgtaaagtacatgatccactgctcgaattacattgttaattgaaattacacctaatacatctaa
aaacttaagaacttgggtcctaaatacgcttaagaaacgaccagtctgaggctgtaaggtcgtccaga
cttggaagttgagaaaacatttgtgaatccccaattcctteccggaggttgtggttgaaccgtatectgg
atcgatatgatgtcgtggttcgtgtggaatggccgtttctcgtggttgataatcttgaaatatagggg
atttgttatctcccaaatatagacgccattctgggcctgatgagcagtgatgagttceccecggtgegta
aatccatggttgctgcagttgatatggagataatatgtacacccgcaatcaagatcaactcgecctacg
cctgactactctcttecttggctattcgatgctggaccttgattgggacttgagtacagtggectggttg
agggtgatgaagatcgcattctttatagtccaagccttcagggatgcattcttatcctcatcgagata
ttctttatatgaggatgttgggcctggattgcagaggaagatagtgggaatgccgcecctttaatttgaa
ttggcttcccgtacttegtgttgetttgeccagteccctttgggecccaaagaattectteccagtgettt
aggtaatgcggatctacgtcatcaatgacgttataccaagcgtcattagaatatacctttggacttaa
gtctaaatgaccacataagtaattatgtggccctaatgatctagcccaaatagttttgeccggaacgac
tatcgccctctataacaatactattaggtctccaaggccgcgcagcggcaccacacacattctcagag
acccactcttcaagttcctcagggacttgatcaaaagaagaagaagaaaagggagaaatataaggcett
tgggggagcctggaaaatcctatctaaattggtctttaaattatgatactgaaaaataaaatctttag
ggagtttttcccttataatagccatagcggcttcagecggaatctgegtttaaagecgtecggegcatgeg
tcgttagcatttttgcagcctcecctctagcacttctgecgtcgacctggaattcteccecattcaagtgt
gtctccatccttgtcgatgtaggacttgacgtcggagctcgatttagetcecctgaatgtttggatgga
aatgtgctgacctgtttggggataccaggtcgaagaatcggtgattcttgcagttgaattttcecteg
aactgaataagcacgtggagatgaggttccccattttcgtgtagectctctgcagattttgatgtattt
tttattggtgggtgtttcaaggtttaataattgagagagtgactcttcctttgtgagagagcattttyg
gatatgtgacgaaatagtttttggaatttatttgaaagcgcttcggaggagccatttggtcaatgggt
accgattgactctcaaattgcattctcctggtatatcggtacccaatatatagtgggtaccgaatggce
acaattgtaatttgtggcaaagtaattggaatttcaaaattcaaactcctaaagcggccatccgatta
atattaccggatggccgtgcccccaaaaaaaactagtaaaaaagcttggatcctctagagtcgacctyg
caggcatgcaagcttggcactggccgtcgttttacaacgtcgtgactgggaaaaccctggcgttaccce
aacttaatcgccttgcagcacatcccectttecgecagcectggegtaatagcgaagaggecccgcaccgat
cgcccttcecccaacagttgcecgcagectgaatggecgaatgectagagcagettgagettggatcagattgt
cgtttcccgecttcagtttaaactatcagtgtttgacaggatatattggcgggtaaacctaagagaaa
agagcgtttattagaataacggatatttaaaagggcgtgaaaaggtttatccgttcgtccatttgtat

gtg
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Appendix (A) 2

Sequencing chromatograms

V30AIR-s

Key: | =V30sequence [ =V22sequence

A2 Fig. 1 Sanger sequence chromatograms generated for V30AIR-s, V30AIR-s| and V30AIR-sr IR
swap mutants used in this study. Partial 3’ IR sequence shown with sequence identity highlighted

according to colour key. Expected sequence identities were confirmed.

V30AC6-d

GCCACGATCTAATACGGG ATC

A2 Fig. 2 Sanger sequence chromatogram generated for V30AC6-d C6 deletion mutant used in this
study. Partial sequence shown with mutated sequence highlighted in magenta. Expected sequence

mutation was confirmed.
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V30AC1-d(14)

GCTGGACCTTH AATTGGGACTT

300 310

V30AC1-d(22)

TACAGTGGC TAGTTGAGGGTG

/A

100 S0

A2 Fig. 3 Sanger sequence chromatogram generated for V30AC1-d(14) and V30AC1-d(22) C1 deletion
mutants used in this study. Partial sequence shown with mutated sequences highlighted in magenta.

Expected sequence mutations were confirmed.

pCold I-RepC_14

GCCGGACCTTAGTTCGGGCTG

110 100

pMAL-c2X-RepC 14

GCCGGACCTTAGTTCGGGCTG

110 100

A2 Fig. 4 Sanger sequence chromatogram generated for pCold I-RepC_14 and pMAL-c2X-RepC_14
expression vector deletion mutants used in this study. Partial sequence shown with mutated sequences

highlighted in magenta. Expected sequence mutations were confirmed.
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Supplementary 2 (S2) Figures

A GAPDH

Standard Curve

Log Starting Quantity

O Sunca
X Unknown
—— SYBR  E=109,5% R"2%0,936 Siope=-3,105 y-int=31.634

V2

Standard Curve

Cq

+ + + +

2 3 4 5
Log Starting Quantity
O Standard
X Unknown

—— SYBR  E=101.5% R*2=0.999 Siope=3.286 y-int=28.865

-d(RFU)/AT

~d(RFU)MT

GAPDH

Melt Peak

65 70 7% €0 85 0 95
Temperature, Celsius

Melt Peak

65 70 75 80 85 920 95
Temperature, Celsius

S2 Fig. 2.1 qPCR primer testing. A, standard curves generated for internal control glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) and viral V2 ORF (V2) primers using a 10-fold dilution series of

100ng total DNA extracted from Nicotiana benthamiana inoculated with ToCSV V30. B, corresponding

gpCR melting curves showing single peaks for both products.

Unconserved El“gs GiHI.Conserved
v30_CP 1
v22_CP 1

Consistency

V30_CP 101
v22_CP 101
Consistency

v30_CP 201

v22_CP 201
Consistency

Consensus ss

v3o0_CpP 1MSKRPADIIISTPASKVRRRLNFDSPFTSRAVVPIAPGTNKRRSWTYRPMYRKPKMYRMYRSPDVPRGCEGPCKIQSYEQRDDVKHTGIVRCISDITKGP
v22_CP 1MSKRPADIIISTPASKVRRRLNFDSPFTSRAVVPIVPGTNKRRSWTYRPMYRKPRMYRMYRSPDVPRGCEGPCKIQSYEQRDDVKHTGIVRCISDITKGP

Consensus ss

Vv30_CP 101 GLTHRTGKRFVVKSVYILGKVWMDENIKKQNHTNNVMFFLVRDRRPYGTSPMD)
v22_CP 101 GLTHRTGKRFVVKSVY ILGKVWMDENIKKQONHTNNVMFFLVRDRRPYGT SPMD

Consensus ss -

<% )4

FNMFDNEPSTATV

v3o0_CP 201 VKRFFRLNSHVTYNHQEAAKYENHTENALLLYMACTHASNPVYATLKIRVYFYDSVMN
v22_CP 201 VKRFFRLNSHVTYNHQEAAKYENHTENALLLYMACTHASNPVYATLKIRVYFYDSVSN

B = hetix = strand

FNMFDNEPSTATV. [(RDREFQVLRKFTATVVGGPSGLKEQAL
[(RDRFQVLRKFTATVVGGPSGLKEQAL

S2 Fig. 2.2 ToCSV V30 and V22 coat protein (CP) aa sequence pairwise alignment. A, PRALINE aa

sequence alignment with colour key indicating aa conservation. B, PSIPRED secondary structure (ss)

prediction with ss elements highlighted and consensus elements shown as cartoons.
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A Unconserved[Jf[B845 6 788 conserved

v30_v2 1
v22_v2 1 s
Consistency 6 6| 5|

v30_v2 101 - -
v22_v2 101 OKP)
Consistency 000|

B Consensus ss m m w v
V30_v2 1MWDPLLNEFPDS YEPNT) KD NHFHARLEGAE| LRQPVHQPCCCPHCPRHKQATIMDV
v22_v2 1MWD PLLNEE‘PDS_!E PNT_:RD“NHEHARLEGAE.LRQPVHQPCCCPHC PRHKQATIMDV
Consensus ss ”
V30_v2 101QA QDVQONV---
v22 V2 lolquQNVQKP
I =nheix
S2 Fig. 2.3 ToCSV V30 and V22 V2 aa sequence pairwise alignment. A, PRALINE aa sequence
alignment with colour key indicating aa conservation. B, PSIPRED secondary structure (ss) prediction

with ss elements highlighted and consensus elements shown as cartoons.

Unconserved E“l§§ GEHI.Conserved

V30_Rep 1
V22_Rep 1
Consistency

V30 _Rep 101
V22 Rep 101
Consistency 5|

V30 _Rep 201
V22_Rep 201
Consistency
Hl i

V30_Rep 301
V22 _Rep 301

= 10
UIIH

-ETPTNKKYIKICRELHENGEPHLHVLIQFEGKFNCKNHRFFDLVSPNRSAHFHPNIQGAKS.

V22_Rep 1MAPPKRFQINSKNYFVTYPKCSLT] [ETPTNKKY IKICRELHENGEPHLHVLIQFEGKEFNCKNHRFFDLVSPNRSAHFHPNIQGAKS)

Consensus ssw j m m m M
V30_Rep 101 DKDGDTLEWGE FQVDGRSARGGCQNAI DS L FQAPPEPYISPFSSSSFDQVP

V22 Rep 101 KDGDTLEWGEFQVDGRSARGGCKNAI S L FQAPPKPYISPFSSSSFDQVP

V30_Rep 201 CGAAARPWRPNSIVIEGDSRSGKTI CGHLDLSPKVYSNDAWYNVIDDVDPHYLK FGAQRDWQSNTKYGKPIQIKGGIPTI
V22 _Rep 201 'VCGAAARPWRPNSIVIEGDSRS GPHNYLCGHLDLS PKVYSNDAWYNVIDDVD.YLK GAQRDWQSNTKYGKPIQIKGGIPTI
Consensus ss_ | w v m v

V30 _Rep 301FLCNPGP

vormer soimanor - o e gen e son
S2 Fig. 2.4 ToCSV V30 and V22 replication-associated protein (Rep) aa sequence pairwise alignment.
A, PRALINE aa sequence alignment with colour key indicating aa conservation. B, PSIPRED secondary

Consensus ss = -
V30_Rep 1MAPPKRFQINSKNYFVTYPKCSLT,

Consensus SS‘

structure (ss) prediction with ss elements highlighted and consensus elements shown as cartoons.
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A v
Unconserved Elllg 56 le. Conserved

V30_TrAP 1 la
v22 TrAP 1 INES
Consistency 582

Consistency

Consensus ss m 3 : B

V30_TrAP 1MRSSSPSTSHCTQVP) KRVVRRRRVDLDCGCTYYLHID-HGFTHRGTHHCSSGPEWRLYLGDNKSPLEQDYQPRQQTVPHEPRHHIDPDT
Vv22_TrAP 1MRSSSPSTSHCTQVP, KRVVRRRRVDLDCGCTYYLHINCSNHGFTHRGTHHCS SGPEWRLYLGDNKSPIFQDYQPRETAIPHEPRHHIDPDT

Consensus ss

V30_TrAP 101 VQPQPPEGTGDSQMFSQLPSLDDLT] RT
V22_TrAP 101 VQPQPPEGIGDSQMFSQLPSLDDLT, RI

Il = heix = strand

S2 Fig. 2.5 ToCSV V30 and V22 transcriptional activator protein (TrAP) aa sequence pairwise
alignment. A, PRALINE aa sequence alignment with colour key indicating aa conservation. B, PSIPRED
secondary structure (ss) prediction with ss elements highlighted and consensus elements shown as

cartoons.

A
Unconserved E.II&S GEII-Conserved

V30_REn 1
V22 _REn 1]
Consistency

V30_REn 101

v22_REn 101
Consistency

BConsensusss w [rosif pEFmE . ” i m
V30_REn 1MDLRTGELI GVYIWEITNPLYFKIINHDSRPFHTNHDIISIQIRFNH G IHKCFLNFQVWTTLQPQT, LGVl
v22_REn  1MDLRTGEL I;-:GVY IWEITNPLYFKIINHEKRPFHTNHDIIS IQIRFNH_GIHKCFLNFQWTTLQ PQ T_LGVI
Consensus ss m =i > o
V30_RED 101 NTINVVETHEIKFNIY
v22_REn 101 ‘NTIQVKENHE IKFNIY

I = helix = strand

S2 Fig. 2.6 ToCSV V30 and V22 replication enhancer protein (REn) aa sequence pairwise alignment.
A, PRALINE aa sequence alignment with colour key indicating aa conservation. B, PSIPRED secondary

structure (ss) prediction with ss elements highlighted and consensus elements shown as cartoons.

A
Unconserved EIII@ 56 ZH.. Conserved

v30_c4 1
v22_c4 1]
Consistency

Consensus ss ] m

V30_cC4 1MGNLISTCLFSSRENSTARITDSSTWYPQTGQHISIQTFRELNRAPTSSPTSTRTETHLNGENSRS LTTHAPTL
Vv22_Cc4 1MGNLISTCLFSSRENSTARITDSSTWYPQTGQHISIQTFRELNRAPTSSPTSTRMETHLNGENSRS LTTHAPTL
I = helix = strand

S2 Fig. 2.7 ToCSV V30 and V22 C4 aa sequence pairwise alignment. A, PRALINE aa sequence
alignment with colour key indicating aa conservation. B, PSIPRED secondary structure (ss) prediction

with ss elements highlighted and consensus elements shown as cartoons.
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Unconserved[Jfll2345 67 8Ell Conserved
V30 V3

v22 v3
Consistency

B Consensus ss J = ' ” = v

Vv30_V3 1 MSSPV DAVDVEVICTPAIKINSPTPDY LGYSMLDLDWD VAG
V22_V3 1 MSSP DMEIICTPAIKINSPTPDY LGYSMLDLDWD VAG
I = helix = strand

S2 Fig. 2.8 ToCSV V30 and V22 V3 aa sequence pairwise alignment. A, PRALINE aa sequence
alignment with colour key indicating aa conservation. B, PSIPRED secondary structure (ss) prediction
with ss elements highlighted and consensus elements shown as cartoons.

A Unconserved[Jf[2345 6788l conserved

V30_V4
V22 V4
Consistency

B

Consensus ss m
v3 0_V4 1 MKT SSRY G
V22_V4 1 MKI SSRYS G

S2 Fig. 2.9 ToCSV V30 and V22 V4 aa sequence pairwise alignment. A, PRALINE aa sequence

VGMPPLTI
VGMPPLI

b

alignment with colour key indicating aa conservation. B, PSIPRED secondary structure (ss) prediction

with ss elements highlighted and consensus elements shown as cartoons.

A Unconserved EIIHS SEHI. Conserved

Vv30_C5
v22_c5
Consistency

Consensus ss m ”

V30_C5 1 MGQTRTLCNVTDTPNYTG DLTWAFTT IHSVHLGLSIHGPVRP

V22_C5 1 MGQTRTLCNVTDTPNYTG DLTWAFTT SVHSVHPGLSIHGPVRP
B = helix

S2 Fig. 2.10 ToCSV V30 and V22 C5 aa sequence pairwise alignment. A, PRALINE aa sequence

alignment with colour key indicating aa conservation. B, PSIPRED secondary structure (ss) prediction

with ss elements highlighted and consensus elements shown as cartoons.
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Unconserved E“§ 5 BEHI.Conserved

v30_cé 1
v22_cé 1
Consistency

V30_Cé 101 , 12 KIVAQCVGLVCGFNGLQIFNSKHTTKTVDGVWEF
v22_cé  101NRNKES
Consistency £1:1:00000000000000000000000000000000000

Consensus ss == : == m m n_ ; = =zl
V30_Cé 1MSLIHLTIPVCFTSSRCSYDWILHGPSQPR FVPG: GLSEESLLRTFEAGVEMIISAGRFDIIFCP
v22_Cé 1MSLIHLTIPVCFTSSRCSYDWILHGPSQPRI FVPGT GLSEESLLRTFEAGVEMIISAGRFDIIPGS
Consensus ss

V30_C6 101 NNONOQI PEREVAPEUEHY CGFNGLOIFNSKHT TKTVDGIRBEY
V22 C6 101 NNRNKISN- === oo mmmmmmmmm oo

. = helix = strand

S2 Fig. 2.11 ToCSV V30 and V22 C6 aa sequence pairwise alignment. A, PRALINE aa sequence
alignment with colour key indicating aa conservation. B, PSIPRED secondary structure (ss) prediction

with ss elements highlighted and consensus elements shown as cartoons.

A
Unconserved Ell 45 GEHI. Conserved

V30 _C7
V22 C7

1
1
Consistency
Consensus ss v v

v3 0_C7 1 MGLHNLEGHQG

FD HGW
v22 C7 1 MGLHNLEGHQGFC T D HGW

B = helix

S2 Fig. 2.12 ToCSV V30 and V22 C7 aa sequence pairwise alignment. A, PRALINE aa sequence

B

alignment with colour key indicating aa conservation. B, PSIPRED secondary structure (ss) prediction

with ss elements highlighted and consensus elements shown as cartoons.
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Key: Host:
= bipartite genome
EACMV/UG_AF126806_AV3

S EACMZV AF422174_AV3
52] IEACMKV_AJT17572_AV3
1| L EACMVIKE AJT17542_AV3

= — EACMMV_AJ006460_V3
68 L"" SACMV_AF155806_AV3
ToLCAV_EF194760_V3
5 V22 V3 ¢

= |_r ToCSV_AF261885_V3

541 V30_V3 Vg

CLCuGeV/Ca_AJ542539_V3
60 1 CLCUGEV/SD_AF260241_V3
CLCuGeV/Ok_FJ868828_V3
CLCuGeV/BF_FN554540_V3 cotton
52|, CLCUGEV/EG_AF155064_V3

CLCuGeV/ML_EU024120_V3
CLCuGeV/NE_EU432373_V3

cassava

tomato

100

34

s |
01

S2 Fig. 2.13 Phylogenetic tree constructed using full length V3/AV3 aa sequences of ToCSV V30, V22,
and selected African mono- and bipartite begomoviruses sharing 275 % DNA-A sequence identity with
ToCSV. Alignment done using the neighbour-joining method (1,000 replications). V30 and V22

indicated using stars. Details of all isolate sequences used in S2 Table 2.3.

A

Unconserved [Jf[2845 67 88l conserved
ToCSV AF261885 V3

v22 V3

v30 V3

ToLCArV_EF194760 V3
Consistency

B Cconsensus ss J L ﬁ —_ v
ToCSV_AF261885 V3 1 MSSPV AAVDVEVICTPAIKINSPTPDYSELGYSMLDLDWD A-G-
DMEIICTPAIKINSPTPDYSELGYSMLDLDWD A-G-

DAVDVEVICTPAIKINSPTPDYSHLGYSMLDLDWD A-G-

v22_v3 1 MSSP
ROVVRAPAIKVYPLPPLKPLFGCSVLDLDGNLSTMAVGW

V30 Vv3 1 MSSPV
ToLCArV EF194760 V3 1 MSSPV.

I = helix = strand

S2 Fig. 2.14 V3 multiple aa sequence alignment for ToCSV V30, V22, exemplar isolate (AF261885),
and ToLCArV (EF914760). A, PRALINE aa sequence alignment with colour key indicating aa
conservation. B, PSIPRED secondary structure (ss) prediction with ss elements highlighted and

consensus elements shown as cartoons.
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A Unconserved [JflB845 6 7 BBl conserved

=

EACMKV_AJ717572_AV3
EACMZV AF422174 AV3
EACMMV_AJ006460 V3
EACMV/UG AF126806 AV3
EACMV/KE_AJ717542_AV3
SACMV AF155806 AV3
ToCSV_AF261885 V3

V22 V3

v30_V3

Consistency

RRRERRRRRBRR

F
is
F
E
F
B
L
L
L
i

NSRRI R R

B Consensus ss m-- =S

FEVYPPTSDGPGLRCAVLDFDGH---------

EACMKV AJ717572 AV3 p

EACMZV AF422174 AV3 1 FEVYPPTSDGPGLRCAVLDFDGH---------—
EACMMV_AJ006460_V3 1. FEVYPPTSECPVLHGAVLD
EACMV/UG_AF126806 AV3 1 FEVYPPTSDGPGLRCAVLDFD

EACMV/KE AJ717542 AV3 1 FEVYPPTSDGPGLRCAVLDFD

SACMV AF155806 AV3 1 FEVYPPTSEGPSLRGAVLDFD
ToCSV_AF261885 V3 1 AAVDVEVICTPAIKINSPTPDYSELGY SMLDLDWD

V22 V3 1 DMEIICTPAIKINSPTPDYSELGY SMLDLDWD A-G--
V30_V3 1 DAVDVEVICTPAIKINSPTPDYSHELGY SMLDLDWD A-G--

= helix = strand

S2 Fig. 2.15 V3/AV3 multiple aa sequence alignment for ToCSV V30, V22, exemplar isolate
(AF261885), and selected African cassava-infecting begomoviruses sharing 275 % DNA-A sequence
identity with ToCSV. A, PRALINE aa sequence alignment with colour key indicating aa conservation.
B, PSIPRED secondary structure (ss) prediction with ss elements highlighted and consensus elements

shown as cartoons. Details of all isolate sequences used in S2 Table 2.3.

A Unconserved [JflB845 ¢ 7Bl conserved

CLCuGeV/SD_AF260241 V3 1 YRATTRD NF|
CLCuGeV/BF FN554540 V3 1 YRATTRD DF|
CLCuGeV/Ca_AJ542539 V3 1 YRATTRD DF
CLCuGeV/EG AF155064 V3 1 YRATTRD DF|
CLCuGeV/ML_EU024120 V3 1 RATTRD DF|
CLCuGeV/NE_EU432373 V3 1 YRATTRD DF
CLCuGeV/Ok_FJ868828 V3 1 YRATTRD NF|
ToCSV_AF261885 V3 1 ICTPAI DL
v22 V3 1 ICTPAI DL
V30 _v3 1 DVEVICTPAT DL,
Consistency 8 : 6576756 87

B Consensus ss N = B

CLCuGeV/SD AF260241 V3 1 MSSP SAREGYVYRATTRDVNPASPDCSLLRLPMLNFDWYLS

CLCuGeV/BF FN554540 V3 1 MSSP SAREGYVYRATTRDVNPASPDCSLLRLPMLDFDWYLS

CLCuGeV/Ca_AJ542539 V3 1 MSSPV. SARDGYVYRATTRDVNPASPDCSLLGLPMLDFDWYLS RG
CLCuGeV/EG_AF155064_V3 1 MSsSP SAREGYVYRATTRDVNPASPDCSLLGLPMLDFDWYLS RG
CLCuGeV/ML EU024120 V3 1 MSSP SAREGYVYRATTRDVNPASPDCSLLGLPMLDFDWYLS RG
CLCuGeV/NE EU432373 V3 1 MSSP SAREGYVYRATTRDVNPASPDCSLLGLPMLDFDWYLS| RG
CLCuGeV/Ok_FJBGBGZB_V3 1 MSsP SAREGYVYRATTRDVNPPSPDCSLLRLPMLNFDWYLSTADLRW
ToCSV_AF261885 V3 1 MSSPV. AAVDVEVICTPAIKINSPTPDYSELGYSMLDLDWD --VAG

V22 V3 1 MSSP DMEIICTPAIKINSPTPDYSHLGYSMLDLDWD) --VAG
V30 V3 1 MSSPV! DAVDVEVICTPAIKINSPTPDYSHRLGYSMLDLDWD --VAG

= helix = strand

S2 Fig. 2.16 V3 multiple aa sequence alignment for ToCSV V30, V22, exemplar isolate (AF261885),

and selected African cotton-infecting begomoviruses sharing 275 % DNA-A sequence identity with
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ToCSV. A, PRALINE aa sequence alignment with colour key indicating aa conservation. B, PSIPRED

secondary structure (ss) prediction with ss elements highlighted and consensus elements shown as
cartoons. Details of all isolate sequences used in S2 Table 2.3.

Key:
= bipartite genome

75 — ToLCTZV_DQ519575_V4
63 ToLCToV_AM701768_V4

16

ToLCAV_EF194760_V4
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51

ToLCBFV_KX853168_V4

ToLCKunV_MT045996_V4

43

10 47

77

ToLCGV_EU350585_V4
ToLCGV_KT382326_V4

— ToLCGV_MN369998_V4

ToLCGV_MH794632_V4

76

3

—— ToLCGV_MH734633_V4

ToLCSCV_AM431778_V4

68

TYLCMLV_LM651400_V4

20

TYLCMLV/ET_DQ358913_V4

DMV_KT878823_AV4
ToLCKMV_AJ865340_V4

g1, ToCSV_AF261885_V4
£l |v30 78 k¢

— CLCuGeV/Ca_AJ542539 V4

27

38 L— CLCuGeV/NE_EU432373_V4

57

WAAV2_JF694486_V4

EACMZV_AF422174_AV4

—
0.02

35
24

EACMV/UG_AF126806_AV4
EACMKV_AJ717572_AV4

15— EACMMV_AJ006460_V4

33

SACMV_AF155806_AV4

S2 Fig. 2.17 Phylogenetic tree constructed using full length V4/AV4 aa sequences of ToCSV V30, V22,

and selected African mono- and bipartite begomoviruses sharing 275 % DNA-A sequence identity with

ToCSV. Alignment done using the neighbour-joining method (1,000 replications). V30 and V22
indicated using stars. Details of all isolate sequences used in S2 Table 2.3.
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A Unconserved mlllié 6 ﬁ“.Conserved

CLCuGeV/Ca_AJ542539_V4
CLCuGeV/NE_EU432373 V4
EACMKV_AJ717572_AV4
EACMV/UG_AF126806_AV4
EACMZV_AF422174_AV4
EACMMV_AJ006460_V4
SACMV_AF155806_AV4
WAAV2_JF694486_V4
ToLCKMV_AJ865340_V4
DMV_KT878829_AV4
ToCSV_AF261885_V4
v30_v4 -

v22_v4
ToLCGV_EU350585_V4
ToLCGV_KT382326_V4
ToLCGV_MN969998 V4
ToLCGV_MH794632_V4
ToLCGV_MH794633 V4
ToLCArV_EF194760_V4
ToLCTZV_DQ519575_V4
ToLCToV_AM701768 V4
ToLCBFV_KX853168_V4
ToLCKunV MT045996 V4
ToLCSCV_AM491778_V4
TYLCMLV_LM651400_V4
TYLCMLV/ET_DQ358913_V4 \ MEF S S8 F EE
Consistency 1978887 46 5587 SN E 88 0000000000000000000000000

WIGFPYFVLLCQSRWAPINSLKCFR

RFRERERRRERRERRERRERERRERBRERERRRBRRBRRMRRR R

Consensus ss
CLCuGeV/Ca AJ542539 V4
CLCuGeV/NE EU432373 V4
EACMKV_AJ717572_AV4
EACMV/UG_AF126806_AV4
EACMZV_AF422174 AV4
EACMMV AJ006460 V4
SACMV_AF155806_AV4
WAAV2 JF694486 V4
ToLCKMV_AJ865340 V4
DMV _KT878829 AV4
ToCSV_AF261885 V4

V30 V4

V22 v4

ToLCGV_EU350585 V4
ToLCGV_KT382326 V4
ToLCGV_MN969998 V4
ToLCGV_MH794632 V4
ToLCGV _MH794633 V4
ToLCArV EF194760 V4
ToLCTZV_DQ519575 V4
ToLCToV AM701768 V4
ToLCBFV_KX853168 V4
ToLCKunV MT045996 V4
ToLCSCV_AM491778 V4
TYLCMLV IM651400 V4
TYLCMLV/ET DQ358913 V4

I = helix = strand

S2 Fig. 2.18 V4/AV4 multiple aa sequence alignment for ToCSV V30, V22, and selected African mono-
and bipartite begomoviruses sharing 275 % DNA-A sequence identity with ToCSV. A, PRALINE aa
sequence alignment with colour key indicating aa conservation. B, PSIPRED secondary structure (ss)
prediction with ss elements highlighted and consensus elements shown as cartoons. Details of all

isolate sequences used in S2 Table 2.3.
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cg DaLCV MF402918_C7
% |TYLCMLV/ET_DQ358913_C7

EACMMV_AJ006460_C7
3 37 |ToLCSDV/Gez_AY044137_C7
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% 56 |TYLCMLV/ML_AY502934_C7
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1 T|V30-C7 s
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S2 Fig. 2.19 Phylogenetic tree constructed using full length C7 aa sequences of ToCSV V30, V22, and
selected African monopartite begomoviruses sharing 275 % DNA-A sequence identity with ToCSV.
Alignment done using the neighbour-joining method (1,000 replications). V30 and V22 indicated using

stars. Details of all isolate sequences used in S2 Table 2.3.
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Unconserved [JlIB845 6 7 8B conserved

ChaYMV_AJ223191 C7 1
TbLCKMV AM701760  C7
TbLCZV_AM701756_C7
TbLC ZV_AF35033 0_C7
ToLCGV_EU350585_C7
ToLCGV KT382326 c7
ToLCKRunV_MT045996_C7
ToLCSCV | AM491778 c7
ToLCUV_DQ127170_C7
ToLCUV_LC437667_C7
ToLCGV MH794633 C7
ToLCKMV_AJ865340_C7
ToLCKMV AJ865341 C7
ToLCNaV_AM701764_C7
ToLCTZV DQ519575 C7
ToLCGV_MH794632_C7
OYCrV/MI. DQ875879 Cc7
OYCrV_HE793424_C7 1
DaLCV_] 7 MF402918 C7 1
TYLCMLV/ET DQ358913 C7 1--
ToLCSDV/Gez AY044137 C7 1 --

PSRRAWKIAA 330754y
APSRRAWKIAR 45y
PSRRVWKIARSA:AS-E5y
PSRRALKIAR AN

HHERRRR

=

PSRRAWKIARSI:AFEHY
PSRRAWK---

[ T

TYLCMLV IM651400 C7 1--
TYLCMLV/ML AY502934 C7 1--
ToLCMLV_AY502936 C7 1--
ToLCGV/Ag FR873228 c7 1--
EACMMV_AJ006460_ 7 1--
ToCW7M2618857C7 1--
v30_C7 1--
v22 c7 1--

ToLCAnV_AM701758 C7 1
Consistency

Consensus ss

Cha¥YMV_AJ223191 C7
THLCKMV AM701760 c7
TbLCZV_] AM701756 c7
TbLCZV AF350330 c7
ToLCGV_EU350585 C7
ToLCGV ] KT382326 c7
ToLCKunV _! MT045996 _C7
ToLCSCV AMA491778 C7
ToLCUV DQ127170 C7
ToLCUV_LC437667_C7
ToLCGV_MH794633 C7
ToLCKMV_j AJ865340 Cc7
TOLCKMV AJ865341 Cc7
ToI.CNaV AM701764 C7
ToLCTZV DQ519575 Cc7
ToLCGV_MH794632_C7
OYCrV/ML DQ875879 c7
OYCrV _HE793424 C7

FGNWAGRSMTVVCLCL
1IMTVSYKDPHNHEEHQDFCTSGTFWAFGNWAGKSMTVVCLCL,
1MTVSYKDPHNHEAHQDFCTSGTFWAFGNWAGKSTTVVCLCL
1MTVSYTDPHN] TSGTFWAFGNWAGKSTTVVCLCL
1IMTVSYTGLHIHGAHQGFCTSDTFWAFGTWARTSTNDACLC|
1IMTVSYMGLHIHGAHQGFCTSDTFWAFGTWACTSTNDACLCL

1MTVSYMGLHN] oGE@T FCTERAFD

1----- QODFCTFDTSWAFDTWAC

1IMTEPYMGLHNPVEHQGFCTFCTSWAFDTWAC,

1MTEPYMGPHN

1 _____ A

1----- HGWYKGCRSSVSDEP SRRAWK-

l1-—=== HGWYKGCRSSVSDAPSRRAWK-

1----- HGWYMGCRSSAFDAP SRRAWK-———-——~~—
1----- HGWYTGCRSSAFDAPSEEBLK-

1----- HGWYKGCRSSAFDEP SRREWK-

[HGSCKGCRSSAFDEP SRRAWK-

1MIGSYMDL
1MIGSYMDLH]

DaLCV_MF402918 C7 1---m- FGEP SRRAWK-
TYLCMLV/ET DQ358913 C7 1----- FGEPSRRAWK-—-—----—
ToLCSDV/Gez AY044137 C7  1----- A FGEP SRRAWK--------~
TYLCMLV LM651400 C7 1----- MGLHIHGEHQGFDTFCIFWAFGTWA HGCCMGCRSSAFGEP SRRVWK--—-----—
TYLCMLV/ML_AY502934 C7 1-mmm- MGLHIHGEHQGFDTFCIFWAFGTWA HGCCMGCRSEHFGEP SRRAWK- ——— - - -
TOLCMLV AY502936 C7 1----- HGWSMGCRSSVFDEP SRREWK-
ToLCGV/Ag_FR873228_C7 Lo m e HGWCRGCRSSDVDAP SRRANRINVRRUA S T
EACMMV_AJ006460_C7 1--- IZEE A HGC-

ToCSV AF261885 C7 1--- HGW-

v30_C7 1--- HGW-

v22_c7 1-----

ToLCAnV_AM701758_C7 1-----MGLHNPLEHQGFCRECHSWARETWACKSMRDVEREREONEO0HGW -~ ——— ——————————————————~————

[l = hetix = strand

S2 Fig. 2.20 C7 multiple aa sequence alignment for ToCSV V30, V22, and selected African monopartite
begomoviruses sharing =75 % DNA-A sequence identity with ToCSV. A, PRALINE aa sequence
alignment with colour key indicating aa conservation. B, PSIPRED secondary structure (ss) prediction
with ss elements highlighted and consensus elements shown as cartoons. Details of all isolate
sequences used in S2 Table 2.3.
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S2 Fig. 2.21 Infection of Nicotiana benthamiana with ToCSV wild type infectious clones in single
infection. A, Heights in non-inoculated plants (NI) and plants inoculated with mock (Agrobacterium
tumefaciens C58C1 carrying empty pCAMBIA2300), V30, and V22 at four-day intervals from 0 to 36
dpi. B, mock height attained in NI, V30 and V22 at four-day intervals from 0-36 dpi. Mock height attained

calculated using: (treatment height/mock height)*100. Bars represent mean + SD. Student’s t-test levels

of significance: *, P < 0.05; **, P < 0.01.

Mock

L6 L7

healthy leaves

l no virus-like s |

ymptoms
L8

L9
‘ ‘ healthy emerging
‘f \‘
L10 L11 L12 L43

S2 Fig. 2.22 Representative Nicotiana benthamiana plant inoculated with mock (Agrobacterium
tumefaciens C58C1 carrying empty pCAMBIA2300), dissected at 38 dpi. Leaf numbers indicate leaf

emergence progression above uppermost agroinfiltrated leaf designated LO. Bar = 2 cm.
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V30

mild ULR

L5 L6

severe SV and rugosity

L10 ’ L11

SV persist in
emerging leaves

L7

L8 L9

S2 Fig. 2.23 Representative Nicotiana benthamiana plant inoculated with ToCSV V30, dissected at 38
dpi. Leaf numbers indicate leaf emergence progression above uppermost agroinfiltrated leaf designated
LO. Bar =2 cm.

V22
| l severe ULR ‘
L6 L7 L8 L9

recovery evident
loss of ULR symptoms mild SV in

\ | emerging leaves
L11

@ :

L12 L13

L10
S2 Fig. 2.24 Representative Nicotiana benthamiana plant inoculated with ToCSV V22, dissected at 38

dpi. Leaf numbers indicate leaf emergence progression above uppermost agroinfiltrated leaf designated
LO. Bar =2 cm.
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canonical C1 start putative C1 start
ToCSV-[ZA:Mks30:08] 261GCA@TTGGTCAATGGGTACCGATTGACTCTCAAATTGCATTCTCCTGGTATATCGGTACCC2669
ToCSV-[ZA:Mks22:07] 2609CAITTGGTCAATGGGTACCGATTGACTCTCAAATTGCATTCTCCTGGTATATCGGTACCC2668

t e LA R LA SR AR S E RS AL S A ELEAE AL EEE AR RREER LR S LSRR S SRR

ToCSV-[ZA:Mks30:08] 2670AATATATAGTGGGTACCGAATGGCACAATTGTAATTTGTGGCAAAGTAATTGGCATTTCA2729
ToCSV-[ZA:Mks22:07] 2669AATATATAGTGGGTACCGAATGGCACAATTGTAATTTGTGGCAAAGTAATTGGAATTTCA2728
I kA hk A Ak Ak r kA hkhA bk r kA bbb bk dk bk h bk bk bk bk d bk dhhddx *hkhkhdkkx
Nonanucleotide
ToCSV-[ZA:Mks30:08] 2730AAATTCAAACTCCTAAAGCGGCCATCCGATTAATATTACCGGATGGCCGTGCCCCCAAAAZ3
ToCSV-[Z2A:Mks22:07] 2729AAATTCAAACTCCTAAAGCGGCCATCCGATTAATATTACCGGATGGCCGTGCCCCCARAA23

***********‘k*************************;*‘k********************

putative V2 start
ToCSV-[ZA:Mks30:08] 24AAAAGTGGTCCCCACGCACTATTTTATGTCGACCAATCAGAATGTCGCCTTATCGCTTAGS3
ToCSV-[ZA:Mks22:07] 24AAAAGTGGTCCCCACGCACTATTTTATGTCGACCAATGARATTGAGGCGTTAAAGCTTATS3

khkkkhhkrhkkhkhhhkrrkkhkhhkrhkrhkkhkhhkrrhkhkhhhkrrkhd * % 4% Kk kkk *ok ok kK

ToCSV-[ZA:Mks30:08] 84TTATCTGCTATTTTGTCTTTATATGGGAAACTTCG——CGGAAGT——TACCATTGTCAAGEl39
ToCSV-[ZA:Mks22:07] 84TTATTTGTTTGTTTGTCTTTATAT-————~— ACTTCTTTAGCAAGTAGTGCGGATGTCATAAL3S
kkkok kK ok kkkkokkkkkkkkk * kK kK * kkkk  x * kkkkk Kk

canonical V2 start
ToCSV-[ZA:Mks30:08] 140FG141

|
ToCSV-[ZA:Mks22:07]  139TG140
* %

S2 Fig. 2.25 Pairwise full-length intergenic region (IR) nt sequence alignment for ToCSV-[ZA:Mks30:08]
and ToCSV-[ZA:Mks22:07]. Alignment done using MUSCLE alignment program with manual
adjustments. Nonanucleotide highlighted in magenta with genome nt position 1 underlined. Italicised
V2 and C1 canonical start codons highlighted in dark green, putative start codons highlighted in light
green. Hyphens indicate alignment-generated gaps. Asterisks indicate sequence conservation.

v30 1ACCGGATGGCCGTGCCCCCAAAAAAAACTAGTCCCCACGCACTATTTTATGTCGACCAAT60
V30AIR-s 1ACCGGATGGCCGTGCCCCCAAAAAAAACTAGTCCCCACGCACTATTTTATGTCGACCAAT60
V30AIR-sl 1ACCGGATGGCCGTGCCCCCAAAAAARAACTAGTCCCCACGCACTATTTTATGTCGACCAAT60
V30AIR-sr 1ACCGGATGGCCGTGCCCCCAAAAAAAACTAGTCCCCACGCACTATTTTATGTCGACCAAT60

KAAKKA KA A AR KA KA A AR KN A A AANKAAA AR A A A AN A A A A A A AR I A A A A I A A A A A A AN A A A A NN AA

V30
V30AIR-s
V30AIR-s1
V30AIR-sr

V30
V30AIR-s
V30AIR-s1
V30AIR-sr

* kkk ok * % * Kk Kk ok ok

S2 Fig. 2.26 Partial ToCSV intergenic region (IR) nt sequence alignment. V30 and three V30 IR-swap
mutants: V30AIR-s, V30AIR-sl, and V30AIR-sr. Alignment done using MUSCLE alignment program with
manual adjustments. Swap sequence fragments indicated: V30 sequence in red, V22 sequence in blue.
Conserved region containing TATA box in green. Hyphens indicate alignment-generated gaps.
Asterisks indicate sequence conservation.
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V30AIR-s

severe SVand —

rugosny |

severe ULR
observed

severe symptoms persist
in emerging leaves

‘I

S2 Fig. 2.27 Representative Nicotiana benthamiana plant inoculated with ToCSV V30AIR-s, dissected

L8 L9 L11

L10

at 38 dpi. Leaf numbers indicate leaf emergence progression above uppermost agroinfiltrated leaf

designated LO. Bar =2 cm.

V30AIR-sl

L6
severe SV and mild ULR

rugosity

& %

S2 Fig. 2.28 Representative Nicotiana benthamiana plant inoculated with ToCSV V30AIR-s|, dissected

7/

SV persist in
emerging leaves

L12 L13

at 38 dpi. Leaf numbers indicate leaf emergence progression above uppermost agroinfiltrated leaf
designated LO. Bar =2 cm.
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V30AIR-sr

moderate to
severe ULR
L5 L6

L8

severe SV and

rugosity ULR and SV persist
in emerging leaves

L9 L11 L12

S2 Fig. 2.29 Representative Nicotiana benthamiana plant inoculated with ToCSV V30AIR-sr, dissected

L10

at 38 dpi. Leaf numbers indicate leaf emergence progression above uppermost agroinfiltrated leaf

designated LO. Bar =2 cm.

Unconsewedﬂllll@Sﬂll.Conserved
V2 protein
V2 N-1 1 o) | 30
[ 30 113 ] V2_N-2 1 ) 30

Consistency 6 ‘

vio v NGO ¢
V2_N-1 1MS GN 30

B = helix

V2_N-1 1MSTNQNVALSLSYLLFCLYMGNFAEVTIVK30
V2N-2  1MSTNEIEALKLEVEEVCH¥MGNEAEVHEVK 30

V30AIR-sr
V2_N-1 1MSTNQNVALSLSYLLEFCLYMGNFAEVTIVK30
V2_N-2 1MSTNEIEALKLIYLFVCLYMGNFAEVTIVK30

B =Phobius | =TMHMM v 2.0

S2 Fig. 2.30 Sequence analysis of V2 protein putative N-terminal segments. A, Summary of V2 proteins
predicted for ToCSV V30 and IR-swap mutants: V30AIR-s, V30AIR-sl, and V30AIR-sr infectious clones.
Accepted (canonical) V2 regions in colour with aa length and identity indicated. Presence of putative N-
terminal 30 aa segments (N-1 and N-2) shown using clear boxes. N-terminal segment B, PRALINE aa
alignment sequence conservation; C, PSIPRED secondary structure (ss) prediction; and D, Phobius
(top) and TMHMM v 2.0 (bottom) transmembrane helix predictions for N-1 and N2 aa sequences. Colour

keys for each prediction shown.
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A Unconserved [{J884 5 6 7EE M conserved

V30 v2 1

ToCSV_AF261885_V2 1

v22_v2 1

PepYVMLV_AY502935_V2 1

ToLCMGV/Men_AJ865338 V2 1 2
ToLCNaV_AM701764_V2 1 Ay
ToLCBFV_KX853168_V2 1 ?5 Y
TYLCMLV_LM651400_V2 1 AV
ToLCTZV_DQ519575_V2 T AV
ToLCUV_DQ127170_V2 1 2
ToLCKMV_AJ865340_V2 1 A
TOLCSCV_AMA491778_V2 1 Al

TOLCAnV AM701758 V2 1 AT
THLCKMV_AM701760_V2 1 ré r H
TbLCZV AF350330 V2 1 AVEE S 1‘{3
ToLCKunV_MT045996_V2 1 AV ol
ToLCMLV AY502936 V2 1 b Y]
TOLCAXV_EF194760_V2 1 AV 'Z‘
ToLCGV EU350585 V2 1 L g
TOLCNGV_FJ685621_V2 1 L i
TOLCToV_AM701768_V2 1 A I3
ToLCDiV_AM701765 V2 1 A v
Consistency 5 8 7!
V30_v2 101

ToCSV_AF261885 V2 101

v22_v2 101

PepYVMLV_AY502935_V2 101

ToLCMGV/Men_AJ865338 V2 101

ToLCNaV_AM701764 V2 101

TOLCBFV_KX853168_V2 101

TYLCMLV LM651400 V2 101

ToLCTZV_DQ519575_V2 101

ToLCUV DQ127170 V2 101

TOLCKMV_AJ865340_V2 101

TOLCSCV AM491778 V2 101

TOLCANV_AM701758 V2 101

TbLCKMV AM701760 V2 101

TbLCZV_AF350330_V2 101

ToLCKunV MT045996 V2 101

TOLCMLV_AY502936_V2 101

ToLCArV EF194760 V2 101

TOLCGV_EU350585_v2 101 R

ToLCNGV FJ685621 V2 101

ToLCToV_AM701768_V2 101 OAH ¥

ToLCDiV_AM701765 V2 101 OBOQ Y Se}IR CPKGIL]

Consistency 8 7867, (3000000

)4

Consensus ss

V30 v2 1 MWDPLLNEFPDS HFHARLEGAE] [ILRQPVHQPCCCPHCPRHKQATIMDV
ToCSV AF261885 V2 1 MWDPLLNEFPDS ILRQPVHQPCCCPHCPRHKQATIMDV
V22 _v2 1 MWDPLLNEFPDS| ILRQPVHQPCCCPHCPRHKQATIMDV

PepYVMLV_AY502935_V2

TOLCMGV/Men_AJ865338_V2

ToLCNaV_AM701764 V2
TOLCBFV_KX853168_V2
TYLCMLV_LM651400_V2
ToLCTZV_DQ519575_v2
TOLCUV_DQ127170_V2
TOLCKMV_AJB65340_V2
TOLCSCV_AM491778 V2
ToLCAnV_AM701758_V2
TBLCKMV_AM701760_V2
TbLCZV_AF350330_V2
TOLCKunV_MT045996_V2
ToLCMLV_AY502936_V2
TOLCArV_EF194760_V2

1 MWDPLLNEFPES
1 MWDPLLNEFPDS
1 MWDPLLNEFPDS]
1 MWDPLLNEFEDS|
1 MWDPLLNEFPES]
1 MWDPLVNEFPDS|
1 MWDPLLNEFPDS]
1 MWDPLLNEFPDS
1 MWDPLVNEFPDS]
1 MWDPLLNDFPDS
1 MADPLLNEFPDS
1 MWDPLLNEFPES]
1 MWDPLLHELPES
1 MWDPLLNEFPES
1 MWDPLVNEFPES]

[ROPIHQPCCCLHCPRHKQASIMDL
ROPIYQPCCCPHCPRHKQASVMDL
LROPIYQPCCCPHCPRHKQTSIMDL
[RQPIQQPCCCPHCPRHKQASIMDL
[LROPIQQPCCCPHCPRHKQATVMDY
ROPVYQPCCCPHRPRHKQTSIMDL
RQPVHQPCCCPHCPRHKQTSIMDL
[LRQPLYQPCCCPHCPRHKQTSVMDYV
[LROPLYQPCCCPHCPRHKQTSIMDV
[LROPVYQPCCCPHCPRHKQTSRMDL
ROPIYQPCCCPHCPRHKQTTVMDL
ROPIYQPCCCPHCPRHKQTTVVDL
FROPIHQPCCCPHCPRHKQTSIMDV
LROPILQPCCCPHCPRHKQASTMDYV
ROPLFQPCCCPHCPRHKQTQVMDY

'RRYNHFHTRLEGSP,
IRRYN! RLEGAS]
YNNFNARLEGSS]
'RRYNHFHARLEGSS)
YNNFHTRLEGSS]
IRRYTYFHSRLESAS
YNHFHARLEGSS]
IRRYNHFHARLEGSS)

YIHFHSRLEGSS
IRRYNHFHARLEGSS

TOLCGV EU350585 V2

ToLCNGV_FJ685621_V2
TOLCToV AM701768 V2
TOLCDiV_AM701765_V2

1 MWDPLLNEFPDS]
1 MWDPLLNEFPDS]
1 MWDPLLNDFPET]
1 MWD PEENEFPET

NNFHARLEGAS]
YNNFHARLEGAS)
ICRYSNFHSRVQGAS)
[SRYHHFHSRLESAS;

[ROPLRQPCSCPHCPRHKQASFVDV
ILROPLHQPCCCPHCPRHKQASFVDL
(LROPILEPCCCPHCPRHKQTASMGQ
JROPRAVLCSCPHCPRHKQTSGLDQ

Consensus ss

v30_v2 101 QAHFSEAQDVONV--—-——- -~
ToCSV_AF261885 V2 101 QAH

v22_v2 101 QAH

PepYVMLV_AY502935_V2 101 PAHVS
ToLCMGV/Men_AJ865338_V2 101 PAHVP!
ToLCNaV_AM701764_V2 101 QAH

ToLCBFV_KX853168_V2 101 PPH

TYLCMLV IM651400 V2 101 QAH

ToLCTZV_DQ519575_V2 101 QAH

ToLCUV DQ127170 V2 101 QAH

TOLCKMV_AJ865340_V2
ToLCSCV AM491778 V2
ToLCANV_AM701758 V2
TBLCKMV AM701760 V2
TbLCZV_AF350330_V2
ToLCKunV MT045996 V2
TOLCMLV_AY502936 V2
ToLCArV EF194760 V2
ToLCGV_EU350585_V2
ToLCNGV FJ685621 V2
ToLCToV_AM701768_V2
ToLCDiV AM701765 V2

101 PAQLPKAQNVPDVQKS
101 PAQLPKAQNVPDVQKS

101 QAH]| QNVQKP
101 PAHVPKARMLONVOQKS -~
101 QAH| ONVSHVE-- -

101 QAHVPKAQDVPDVQKS -~
101 QAQLEREBHYONVSQPRCPKGL
B =heiix =strand

S2 Fig. 2.31 V2 multiple aa sequence alignment for ToCSV V30, V22, and selected African tomato-
infecting begomoviruses sharing 278 % DNA-A sequence identity with ToCSV. A, PRALINE aa
sequence alignment with colour key indicating aa conservation. B, PSIPRED secondary structure (ss)
prediction with ss elements highlighted and consensus elements shown as cartoons. N-terminal region

of interest indicated with black box. Details of all isolate sequences used in S2 Table 2.3.
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V30AV2-s

severe SV

L8 L9 ‘

recovery evident LR almost
bsent

SV and rugosity milder apser

in emerging leaves

L10 L11
S2 Fig. 2.32 Representative Nicotiana benthamiana plant inoculated with ToCSV V30AV2-s, dissected
at 38 dpi. Leaf numbers indicate leaf emergence progression above uppermost agroinfiltrated leaf

designated LO. Bar = 2 cm.

ULR very severe

V22AV2-s entire leaf rolled

11

severe ULR and moderate
SV in emerging leaves

L11 L12

S2 Fig. 2.33 Representative Nicotiana benthamiana plant inoculated with ToCSV V22AV2-s, dissected

L9 L10

at 38 dpi. Leaf numbers indicate leaf emergence progression above uppermost agroinfiltrated leaf

designated LO. Bar =2 cm.
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—
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ToLCUV_LC437667_C5 @0
DMV_KT878829_AC5a @0 @
EACMMV_AJ006460_C5a @ O @
—— ACMBFV_HE616777_AC5 @1 @

100L—=% ACMV_J02057_AC5 @1 @

Key:
= bipartite genome
@ =NLHr
) =ACb5-1
@ =AC52
() = AG5-1-aligned

C5/ACS

S2 Fig. 2.34 Phylogenetic tree constructed using full length C5/AC5 aa sequences of selected African

mono- and bipartite begomoviruses sharing 275 % DNA-A sequence identity with ToCSV and having

C5/AC5 proteins containing N-terminal long helix region (NLHr). Alignment done using the neighbour-

joining method (1,000 replications). Key indicates segmented translational profile of C5/AC5 ORF.

Details of all isolate sequences used in S2 Table 2.3.
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S2 Fig. 2.35 Phylogenetic tree constructed using full length C5/AC5 aa sequences of selected African

mono- and bipartite begomoviruses sharing 275 % DNA-A sequence identity with ToCSV and having

C5/ACS proteins containing AC5-1 domain. Alignment done using the neighbour-joining method (1,000

replications). Key indicates segmented translational profile of C5/AC5 ORF. Details of all isolate

sequences used in S2 Table 2.3.
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S2 Fig. 2.36 Phylogenetic tree constructed using full length C5/AC5 aa sequences of ToCSV V30, V22,
and selected African mono- and bipartite begomoviruses sharing 275 % DNA-A sequence identity with
ToCSV and having C5/AC5 proteins containing AC5-2 domain. Alignment done using the neighbour-
joining method (1,000 replications). Key indicates segmented translational profile of C5/AC5 ORF. V30

and V22 indicated using stars. Details of all isolate sequences used in S2 Table 2.3.
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S2 Fig. 2.37 PRALINE C5/ACS5 aa sequence alignment for selected African begomoviruses sharing
275 % DNA-A sequence identity with ToCSV and having C5/AC5 proteins containing N-terminal long
helix region (NLHr). Colour key indicates aa conservation. NLHr indicated with black box. Details of all

isolate sequences used in S2 Table 2.3.

236



Unconserve IR STRNMI conserved S

EACMV/UG_AF126B06_AC5
ACMBEV_HE616777_AC5
ACMV_J02057_ACS5
CLCuGeV/Ca AJ542539 C5
CLCuGeV/SD_AF260241_C5b
CLCuGeV/Ok FJ868828 C5
CILCuGeV/BF_FN554540_C5b
CLCuGeV/NE_EU432373_C5b
CLCuGeV/EG AF155064 C5
ToLCUV_LC437667_C5
ToLCDiV_AM701765_C5
TOLCMLV_AY502036_C5
ToLCUV_DQ127170_C5
ToLCSDV/YE_EF110891 C5a
TOLCSDV KC763630 C5a
ToLCSDV/Gez AY044137_C5a
ToLCSDV/Sha AY044139 C5a
TBLCKMV_AM701760_C5
THLCRMV_AM701762_C5a
0OcGMV_ MN313661 C5a
DMV_KT878829_ACSa
TOLCGV_EU350585_C5
TOLCGV_MH794633_C5a
TOLCGV_MN969998_C5a
TOLCGV_MH794632_C5a
SACMV AF155806 ACS5a
EACMMY AJO06460_CSb
TYLCMLV/ET DQ358913 C5a
DalCv MF402918 C5a
TYLCMLV_IM651400_C5a
TYLCMLV/ML AY502934 C5a
TOLCSCV_AMA91778_C5a
ToLCMahV_MHA10152_C5a
ToLCNaV_AMT01764_C5a
TOLCAXV_EF194760_C5a
TOLCTZV_DQ519575_C5a
ChayMv AJ223191 C5a
PepYVMLV_AY502935_Cba
TOLCBFV_KX853168_C5a
TOLCKMV_AJ865340_C5a
TOLCKMV_AJ865341 C5a
Consistency

~S PR/ VRH) T

PRP/CH
C:PRD

PSF,

TNT,

TNT,
5TNP,

2 % %

RN

a

hhnndsns o0

o

EEREE

) 0 >
R

505555 E 5

EACMV/UG AF126806 ACS
ACMBEV_HE616777_ACS
ACMV_J02057_AC5 DVDSGGSSTVEVRAVEVQS
CLCuGeV/Ca AJ542539 C5 SMLHTITLFIGLDLTWTFTPLWDIWARIH 3 VGPR: NTGLHRAVEVQTT!
CLCuGeV/SD_AF260241_C5b WDIWAAIH
CLCuGeV/Ok FJ868828 C5 WDIWAAIH 3 2
CLCuGEV/BE_FN554540_C5b DIWAAIHSVHE EV c ATHF NDDICWST
CLCuGoV/NE_EU432373_C5b SLWDIWAA IHSVHPRESVRGEVG: 5GTCR AV E FRG DICHS
CLCuGEV/EG_AF155064_C5
TOLCUV_LC437667_C5
ToLCDiV_AMT01765_C5
TOLCMLV_AY502936_C5
ToLCUV_DQ127170_C5
ToLCSDV/YE_EF110891 C5a
TOLCSDV KC763630 C5a
ToLCSDV/Gez_RY044137_C5a
ToLCSDV/Sha AY044139 C5a
THLCKMV_AM701760_C5
THLCKMV_AM701762_C5a
OcGMV_MNI13661_C5a
DMV_KT878829_ACSa
ToLCGV_EU350585_C5
ToLCGV MH794633 C5a
TOLCGV_MN969998_C5a
TOLCGV_MH794632_C5a
SACMV AF155806 ACS5a
EACMMY_AJ006460_C5b
TYLCMLV/ET DQ358913 C5a
DaLCV_MF402918_CSa_
TYLCMLV_LM651400_C5a
TYLCMLV/ML_AY502934_C5a
TOLCSCV_AMA91778_C5a
ToLCMahV_MHA10152_C5a
ToLCNaV_AM701764_C5a
TOLCArV_EF194760_C5a
TOLCTZV_DQ519575_C5a
ChaYMV AJ223191 CS5a
PepYVMLY_AY502935_C5a
TOLCBEFV KX853168 C5a
TOLCKMV_AJ865340_C5a
TOLCKMV_AJ865341 C5a -
Consistency 00000000000000000000000000000000000000000000000000000000000000000000000000000

S2 Fig. 2.38 PRALINE C5/AC5 aa sequence alignment for selected African begomoviruses sharing
275 % DNA-A sequence identity with ToCSV and having C5/ACS5 proteins containing AC5-1 domain.
Colour key indicates aa conservation. AC5-1 indicated with black box. Details of all isolate sequences
used in S2 Table 2.3.
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Unconserved [BE45 6 7EEM conserved

ACMBFV_HE616777_ACS B4 STCHIOKQC T LCV I LVFPCLLMI ICHVMIQPVKPFHORLL LHARNTTNNS GMKFPONLKP T PQIVI SLITK o RIAIRPSIPKQIKHYIIRVILLLNIFIHEDLTKNVNGLDTKPLTDS
ACMV_J02057_ACS 5 KFPQHLKPIPQIV. LITKHVKYLPEVLGRIAIRPSIPKOVKNHIISVILLLNSEIQPDLTRNVNG DR
EACMV/UG_AF126806_ACS o) CSTGLIIKHVKYLPKVLGRIAIRPS

CLCuGeV/Ca_AJ542539 C5 GLITKHIKNLSKIHRTITI

CLCuGeV/SD_AF260241_C5b
CLCuGeV/Ok_FJ868828 C5
CLCuGeV/BF_FN554540_C5b q
CLCuGeV/NE_EU432373_C5b REVVEKHVENLTKIQRGIPIR:
TOLCMLY_AY502936_C5 1 5 IVKHIENLSKIHWAFSIG)
CLCuGeV/ML EU024120 C5b
EACMV/KE_AJ717542_ACS5b
EACMZV AF422174_ACSb
DMV_KT878829_ACSh
TOLCARY_AM701758_C5
ToLCMahV MHA10152 C5b
TOLCGY ! _C5b
TOLCGV MH794633 C5b
TOLCNGY_FI685621_C5
ToLCToV AM701768 CSb
TOLCBEV_KX853168_CSb $41LLLNIFIHPDLSKN [YRENT
EACMMY AJ006460 CSc
SACMV_AF155806_ACSb
ToCSV_AF261885_C5

V30 €5 -

v22_cs
TOLCKMV_AJ865340_C5b
TOLCKMV_AJ865341_C5b
ToLCNaV_AM701764_CSb
TOLCSCV_AM491778_C5b
TOLCMGV/Men AJBE5338_C5
TOLCTZV_DQ519575_C5b
ToLCGV/Ag_FRA73228_C5b
TOLCGV_MH794632_C5b
OcGMV_MN313661_C5b
PepYVMLV_AY502935_C5b
TOLCAIV EF194760 CS5b
TBLCKMV_AM701762_C5b
DaLCV_MF402918_C5b
TYLCMLY_IM651400_C5b
TYLCMLV/MI, AY502934_C5b
TYLCMLV/ET_DQ358913_C5b
ToLCSDV/Gez AY044137 C5b
ToLCSDV/Sha_AY044139_C5b
ToLCSDV KC763630 C5b
ToLCSDV/YE_EF110891_C5b
ChaYMV_AJ223191 _CSb

Consistency 00000 0 000 0 0000000000 00000000 00000000000000000000000000000 LT EEPA LI L Lt

ACMBFV HE616777 AC5
ACMV_302057_ACS
EACMU/UG_AF126806_AC5
CLCuGeV/Ca AJ542539 €5
CLCuGeV/SD_AF260241_C5b
CLCuGeV/Ok_FJ868828_C5
CLCuGeV/BF_FN554540_C5b
CLCuGeV/NE_EU432373 C5b
TOLCMLY_AY502936_C5
CLCuGeV/ML _EU024120_C5b
EACMV/KE_AJ717542_AC5b
EACMZV_AF422174_ACSb
DMV_KT878829_AC5D
ToLCANV_AM701758_C5
ToLCMahV_MH410152_C5b
ToLCGV_MN969998_C5b
TOLCGV_MH794633_C5b
TOLCNGV_FI685621_C5
TOLCToV_AM701768_C5b
TOLCBFV_KX853168_C5b
EACQMMV_AJ006460_C5c
SACMV_AF155806_ACSb
ToCSV_AF261885_C5

V30 C5

v22_C5

TOLCKMV AJ865340 C5b
TOLCKMV_AJ865341_CS5b
ToLCNaV AM701764 C5b
ToLCSCV_aM491778_C5b
TOLCMGV/Men AJ865338 C5
ToLCTZV_DQ519575_C5b
TOLCGV/Ag FR873228 C5b
TOLCGV MH794632 C5b
OcGMV MN313661 Chb
PepYVMLV_AY502935_CSb
ToLCArv_EF194760_C5b
TBLCKMV_AMT01762_C5b
DaLCV_MF402918_C5b
TYLCMLY_IM651400_C5b
TYLCMLV/MIL_AY502934_C5b
TYLCMLV/ET_DQ358913_C5b
ToLCSDV/Gez AY044137 C5b
ToLCSDV/Sha AY044139 C5b
TOLCSDV KC763630 C5b
ToLCSDV/YE EF110891 C5b
ChaYMV AJ223191 C5b
Consistency

S G

S

RG]
=N

B

2 = =

=

< &

S2 Fig. 2.39 PRALINE C5/AC5 aa sequence alignment for ToCSV V30, V22, and selected African
begomoviruses sharing 275 % DNA-A sequence identity with ToCSV and having C5/AC5 proteins
containing AC5-2 domain. Colour key indicates aa conservation. AC5-2 indicated with black box. Details

of all isolate sequences used in S2 Table 2.3.
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Consensus ss
ACMBFV_HE616777_AC5
ACMV 302057 ACS
CLCuGeV/Ca AJ542539 C5
ToLCUV_LC437667 -
CLCuGeV/EG_AF155064_C5
ToLCDiV AM70176
OcGMV_MN313661_C5a

DMV | KTB75929 AC5a
ToLCGV_EU350585_C5
ToLCGV_MH794633_C5a
ToLCGV_MN969998_C5a
ToLCGV MB794632 " Ccha
ToLCGV/Ag_FR873_C5a
'I‘oI.CGViKT382326_C5
ToLCToV_AM70176_C5a
EACMMV AJ006460 C5a

CLCuGeV/ML_EU024120_C5a
CLCuGeV/NE EU432373 C5a
CLCuGeV/BF_FN554540_C5a
CLCuGeV/SD_AF260241 C5a

Consensus TMH

ACMBFV HE616777 AC5
ACMV_J02057_AC5
CLCuGeV/Ca_AJ542539_C5
ToLCUV_LC437667
CLCuGeV/EG_AF155064_C5
ToLCDiV_AM70176
OcGMV_MN313661_C5a
DMV_KT878829_AC5a
ToLCGV_EU350585_C5
TOLCGV MH794633_C5a
TOLCGV_MN969998_C5a
ToLCGV_MH794632_C5a
ToLCGV/Ag_FR873_C5a
TOLCGV KT382326_C5
ToLCToV_AM70176_C5a
EACMMV_AJ006460_C5a
CLCuGeV/ML_EU024120_C5
CLCuGeV/NE_EU432373_C5
CLCuGeV/BF_FN554540_C5
CLCuGeV/SD AF260241 C5

a
a
a
a

B = heiix

1MSTCHIQKQCILCVILVFPCLLMI ICHVMIQPVK34
1MSTCHVQKQS ILCVILILPCLLMIVCHVMIQPVK34
1MSTCHIQQQSILSMVLILRSFLMVIHENLTINLKK34
1MSTCHIQQORILRMVFILSCFLMIINYMIINLKK34
1MSTCHIQQQSILSMVLILRSFLMVIHNLTVNLKK34
1MSTCHVQQDSILSMIFELSSILMVVNNLTINLKK34
1MSTRHIQQQGILSMILILSLYLI IINYMISNMNK34
1MSTCHIQQQSIFRMIFILSSFLVVIHHMTINPKK34
1MSTSHIQQQSTLSMVGIFSLLLMVIHNMIVNLKK34
1MSTSHIQQQSILSMVGIFSLLLMVIHNMI INLKK34
1MSTCHIQQQSILSMVGIFSLLLMVIENMIVNPKK34
1MSTSHIQQQSILSMVGIFSLLLMVIENMIVNPKK34
1MSTSHIQQQSILSMVEIFSLLLMTINNMIVNSKK34
1MSTSHIQQQSILSMVGIFSLLLMVIHNMIVNLKK34
1MSTCHIQQQSILRMVLILS SFLMIIRHMAVEPEE34
1MRTCHIQQORIFCMILILRCLLVIIHNMIINLKK34
1MSTCHIQQYSILSMILVFSSLLMVVNNLTINPEK34
1MSTCHIQQYSILRMILEFTSLLMIINNLTINPEK34
1MSTCHIQQYSILRMILEFTSLLMVVENLTINPEK34
1MSTCHIQQYSILRMILEFPSLLMVIENLTINPEK34

=TMHMM v 2.0

Consensus TMH
ACMBFV_HE616777_AC5
ACMV J02057 ACS
CLCuGeV/Ca_RAJ542539_C5
ToLCUV_] LC437667
CLCuGeV/EG_AF155064_C5
ToLCDiV_AM70176
OcGMV_MN313661_C5a

DMV | KT878829 AC5a
TOLCGV_] EU350595 c5
ToLCGV_MH794633_C5a
ToLCGV_MN969998_C5a
ToLCGV MH794632 C5a
ToLCGV/Ag_FR873_C5a
ToLCGV 1 KT382326 Cc5
ToLCToV_aAM70176_C5a
EACMMV AJ006460 C5a

CLCuGeV/lﬂ._EUOZ 4120_C5a
CLCuGeV/NE EU432373 C5a
CLCuGeV/BE‘ E‘NESASAO C5a
CLCuGeV/SD AF260241 C5a

1MSTCHIQKQCI]
1MSTCHVQKQS IL
1MSTCHIQQQSI]

1MSTSHIQQQS Ik
1MSTSHIQQQS Ik
1MSTCHIQQQS I
1MSTSHIQQQS I[LS!]
1MSTSHIQQQS I
1MSTSHIQQQS I

1MRTCHIQQORIE

LEMVVNNLTINPEK34
1MSTCHIQQYSILRMILEFTSLLMIINNLTINPEK34
1MSTCHIQQYSILRMILEFTSLLMVVHNLTINPEK34
IMSTCHIQQYSILRMILEFPSLLMVIHNLTINPEK34

[l = Phobius

S2 Fig. 2.40 C5/AC5 N-terminal long helix region (NLHr) multiple aa sequence alignment. A, PSIPRED

secondary structure; B, Phobius; C, TMHMM v 2.0 transmembrane helix predictions for selected African

mono- and bipartite begomoviruses sharing 275 % DNA-A sequence identity with ToCSV and having

C5/ACS proteins containing NLHr. Predicted elements highlighted and consensus elements shown as

cartoons. Details of all isolate sequences used in S2 Table 2.3.

Consensus ss
EACMV/UG_AF126806_ACS
ACMBEV_HE616777_AC5
ACMV_J02057_ACS
CLCuGeV/Ca AJ542539 C5
CLCuGeV/SD AF260241_C5b

4201VINCCSTGLI I
64QIVLNCCSTGLI IK
6401 VLNCCSTGLI IKH
6411ILYSSSTGLII]
4EIVLHRSSARLVVKH

RIAIRPSIPK75
IGRIAIRPSIPKY7
RIAIRPSIPK97
RTITIGPSISD97
RGIPIRSSITD37

/ c5
CDCuGeV/BE‘ FN554540 C5b
CLCuGeV/NE EU432373 C5b
CLCuGeV/EG AF155064 C5
ToLCUV_LC437667_C5
ToLCDiV_AM701765_C5
ToLCMLV_AY502936_C5
TOLCUV DQ127170 C5
ToLCSDV/YE_EF110891_C5a
ToLCSDV_KC763630_C5a
ToLCSDV/Gez_AY044137_C5a
ToLCSDV/Sha AY044139 C5a
THLCKMV_AM701760_C5
’l'bDCKMV AM701762 CSB
0cGMV_MN313661_C5a
DMV_KT878829_ACSa
TOLCGV EU350585 C5
ToLCGV_MH794633_C5a
ToLCGV MN969998 C5a
ToLCGV_MH794632_C5a
SACMV_AF155806_ACS5a
EACMMV_AJ006460_C5b
TYLCMLV/ET_DQ358913_C5a
DaLCV MF402918 C5a
TYLCMLV_IM651400_C5a
TYLCMLV/ML AY502934 C5a
TOLCSCV AM491778 C5a
ToLCMahV_MHA10152_C5a
ToLCNaV_AM701764_C5a
TOLCAXV_EF194760_C5a
TOLCTZV_DQ519575_C5a
ChaYMV_AJ223191_C5a
PepYVMLV_AY502935_C5a
TOLCBEV_KX853168_C5a
TOLCRMV_AJ865340_C5a
TOLCRMV_AJ865341_C5a

[RGIPIRSSITD37
RGIPIRSSITD37
RGIPIRSSITD37

nvi-wpsx'rnw

IQWRVPIRSSISD97

4ET RLVVKH
4EIVLHSSSARFVVKH
4EIVLHSSSARFVVKH
6411ILYSSSTGLII]

64QlI LDRSCTGLVIKH
64 RSSARFVVEH
12QIILDGSCTGLVIKH
51QI TLNSRCRWLITI

64E] -AIRPSITN96
64BN LDCSCTRLIVER WA-AIRPTITN96
64, CSCTGL WA-AIRPTITN96
64EIILDCSCTGL 'WA-AIRPTITN96
51KIVLHSGCTGL HGEEl1cPsvTDaL
1201 TLNRSCTGLI IKH ACAIRPSVTD45
12KIILHGCGTG HWALSIGPSITN4S
1201 ILHGCGTGL HWAVSIGPSITD45
12EITLHCCGTRE HWAVSIGPSITDA5
12E1ILHGCGTRL HWAVSIGPPITD4S
1201 ILHRSCTGLIL HWSRAVGPSITN45
12QI ILHGSCTGLI IKH] GQAIGPSITNAS
1201 ILHCSCTGLI IKH WRRPIGPSITN4S
12E1ILHSGCTGLI IKH

12EVILASGCTGLI IKH]

42LVVARRCSTGFIVEH|
12| JHRSSTGLIIEH
12Q)] ([HSSSTGLI]
12QT ILHRSCTGLVIKH
1201 TLHRSCTGLVIKH|
I = heiix =strand

HWGCTIGPSITD45
HWGCTVRPSITN4S

EACMV/UG_AF126806_ACS
ACMBFV_HE616777_ACS
ACMV_J02057_ACS
CLCuGeV/Ca AJ542539 C5
CLCuGeV/SD_AF260241_C5b

42QIVLNCCSTGLI IKEVKYLPKVLGRIAIRPSIPK75
64QIVLNCCSTGLI IKHVKYLPKVLGRIAIRPSIPKI7
64QIVLNCCSTGLI IKHVKYLPEVLGRIAIRPSI K7
6411ILYSSSTGLIIKHIKNLSKIHRTITIGPSISDO7

4EIVLARSSARLVVKHVENLTKIQRGIPTRSSITDI7

4ET TQRGIPIRSSITD37

CLCuGeV/0k_] 3 C5
c5b

CLCuGeV/NE EU432373 C5b
CLCuGeV/EG AF155064 C5
ToLCUV_LC437667_C5
ToLCDiV_AM701765_C5
TOLCMLV_AY502936_C5
ToLCUV DQ127170 C5
ToLCSDV/YE_EF110891_C5a
ToLCSDV_i

4ETVL HVENLTKIQORGIPIRSSITD37

4EIVLHSSSARFVVKHVENLTKIQRGIPIRSSITD37
64IIILYSSSTGLI IKHVEKNLTKIHRGIPIRSSITNSG7
64QTTLDRSCTGLVT THWAWATGPSITD 97
64EIVLDRSSARFVVKHVENLTRIQWRVPIRSSISDO7
12EIILASGSTGLIVKHIENLSKIHWAFSIGPSITDA45
1201 TLDGSCTGLY IKEVKHLPKVAWACTIGPSITDAS
51QT TLNSRCRWLI ITHTRQLPKS IWS -GNWTTIEN83

ToLCSDV/Gez_AY044137_C5a
ToLCSDV/Sha AY044139 CSa
TDLCKMV_AM701760_C5
THLCKMV_AM701762_C5a
OCGMV_MN313661_C5a
DMV_KT878829_AC5a
ToLCGV EU350585_C5
ToLCGV _} Mﬂ794633 C5a
ToLCGV MN969998 C5a
ToLCGV_MH794632_Cha
SACMV_AF155806_ACSa
EACMMY_AJ006460_C5b
TYLCMLV/ET_DQ358913 C5a
DaLCV MF402918 C5a
TYLCMLV_LM651400_C5a

51QIT 1ITHVRQFSKSIWS - SNWTTIPNB3
51QITLNSGSRWLI ITHVEQFSKSIGS - SNWTTIPNB3
51QIVLNSGSRWEIIIHVKQFSKSIGS-SNWTTIPNG3
51LIVLNRSSTCLVIKHIKALTETLGTRSVRAPISNB4
51LIVLNRSSTGLVIKHIRKHLTEILGTRSVRAPISNB4
64EIVLASRSTRLI IKHIRNLSKIHWACSIGPSITDO7
64QITLASRSTRLI IEHIKALSKILWACAIWASITHO7
64EITLDCSCTRLVVERVENLPEITRT -AIRPSITNOG
64EIILDCSCTRLIVEHVKNLPEITWA-AIRPTITNO6
64KITLDCSCTGLYVKHVKNLPEITWA-AIRPTITNGG
64EITLDCSCTGLVVKEVENLPEITWA-AIRPTITNG6
51KIVLASGCTGLI IKHEIKNLSKVHGATAIGPSVTDAL
12011 TIIKHT i 5
12KIILHGCGTGLI IKHIKNLSKIHWAISIGPSITNAS
12QI ILHGCGTGLI IEHIKNLSKIHWAVSIGPSITD45
12EITLBCCGTRLI IEHIKNLSKIRWAVSIGPSITDAS

2 3 | C5a
ToLCSCV_AM491778_C5a
ToLCMahV MHA10152 C5a
ToLCNaV_AM701764_C5a
ToLCArV_EF194760_C5a
TOLCTZV_DQ519575_C5a
ChaYMv_AJ223191_C5a
PepYVMLV_AY502935_C5a
ToLCBFV_KX853168_C5a
ToLCKMV_AJ865340_C5a
TOLCKMV AJ865341 C5a

12EIIL IVEHIKNLSKIHWAVSIGPPITDA5
12QI TLARSCTGLI IKHIKALSKIHWSRAVGPSITNAS
1201 ILAGSCTGLI IKHVEHLSKIHWGQAIGPSITNAS
12QITLHCSCTGLI IKHVEHLSKIHWRRPIGPSITNAS
12EITLASGCTGLI IKAVKALPKIRWAWAIGPSITD45
12EVILASGCTGLI IKHVKHLPKIHWAWAIGPSITDAS
4 IVEHVKYLTKVL] TSISN75
12Q0TTLARSSTGLI IEAVENLPRILWAGS IGPSITN45
12QITLASSSTGLI IEHIRNLTRIHRAIPIGTSITNAS
12QI ILERSCTGLVIKHVKHLSKIHWGCTIGPSITD45
1201 TLHRSCTGLVIKHVKALPKIHWGCTVRPSITNA5

=AC51

S2 Fig. 2.41 C5/AC5 AC5-1 domain multiple aa sequence alignment. A, PSIPRED secondary structure

prediction; B, CDD domain identification for selected African mono- and bipartite begomoviruses
sharing 275 % DNA-A sequence identity with ToCSV and having C5/AC5 proteins containing AC5-1
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domain. Predicted ss elements highlighted and consensus elements shown as cartoons. AC5-1

(pfam04807) highlighted in cyan. Details of all isolate sequences used in S2 Table 2.3.

A

Consensus ss
ACMBFV_HE616777_ACS
ACMV_J02057_AC5
EACMV/UG_AF126806_ACS
CLCuGeV/Ca AJ542539 C5
CLCuGeV/SD_AF260241_C5b
CLCuGeV/Ok_FJ868828_C5
CLCuGeV/BE_FN554540_C5b
CLCuGeV/NE EU432373 C5b
TOLCMLV AY502936 C5
CLCuGeV/ML_EU024120_C5b
EACMV/KE_AJ717542_AC5b
EACMZV_AF422174_AC5b
DMV KT878829 AC5b
TOLCAnV_AM701758_C5
ToLCMahV_MHA10152 C5b
TOLCGV_MN969998_C5b
TOLCGV MA794633 C5b
TOLCNGV_FJ685621_C5
ToLCToV_AM701768_C5b
ToLCBFV_KX853168_C5b
EACMMV_AJ006460_C5c
SACMV AF155806 ACS5b
ToCSV_AF261885_C5
v30_C5

v22_c5
TOLCKMV_AJ865340_C5b
ToLCKMV AJ865341 C5b
ToLCNaV_AM701764_C5b
TOLCSCV_AMA91778_C5b
ToLCMGV/Men AJ865338_C5
ToLCTZV DQ519575 C5b
ToLCGV/Ag FR873228 C5b
TOLCGV_MH794632_C5b
OcGMV_MN313661_C5b
PepYVMLV_AY502935_C5b
TOLCAXV EF194760 C5b
THLCKMV_AM701762_C5b
DaLCV_MF402918_C5b
TYLCMLV_LM651400_C5b
TYLCMLV/ML AY502934 C5b
TYLCMLV/ET_DQ358913_C5b
ToLCSDV/Gez_AY044137_C5b
ToLCSDV/Sha_AY044139_C5b
TOLCSDV KC763630 C5b
ToLCSDV/YE_EF110891_C5b
ChaYMV_AJ223191_C5b

IHSVHPRFSVRGPVGPGP62
IHSVHLGLPIHGPVGP-Y92
SIQSVHLGLPIHGPVGP-Y92
IKASEHSVHLGLSVHGPVSPCS62
FVHSVYLGLSVHGPVSPCA62
SIHSVHPGLPINGPVGPYS62
SVHPIHSGLATHGPVGPRT62

'RGSEHPVHSGLSIHGPISPRT62
IRIFVHPVHPGLSVHGPVDPCS 62
SEHSVHPRLS ITHGAVSP--B88
SVASVHSGLS IHGPERP - - 60
(FEHSVHSGLSVHGPERP - - 60
IHSVHLGLS IHGPVRP--60
IHSVHLGLS IHGPVRP--60
SVHPGLSIHGPVRP--60
[SVASVRPGLSVHGPVRP -~ 60
[SVHSVRPGLS IHGPVRP -~ 60
SVHSVHPGLS THGPVSP - - 60
FVHSIHPGLS IHGPVRP--60
[SVHSVHPGLSVHGPVSP-~60
SVHSVHPGLS IHGPVSP -~ 60
RGSEHPVHSGLSVHGPVRP - -60
FVHPVHPGLSVHGPVRP--60
FVHFVHPGLSIHGPILP--60
SEHSVHPGFS THGPVGP - - 60
TEHATHSGLAIHGPVRP--60
SVHPVHSGLSVTGPVSP--60
IHSVYSGLSVHGPVRP--42
IHSVYSGLSVHGPVRP--42
IHSVYSGLSVHGPVRP--42
IHSVYSGLSVHGPVRP--42
SIHSVYSGLSIHGPVRP--42
STHSVYSGLSVHRPVRP - -42
SVASVYPGLS THGPVRP - -42
KRLDLTRAFTSTGNIRGSIHSVYFGLSVHGPVRP--42

LDLTWAFTT|
LDLTWPFTT|

LNLTRTLTT|
LNLTGTLT S|

IRLDLTWAFTS]|
IRLDLTWAFTS]|
IRLDLTWTFTS]

IKRLDLTWTLT TSNS VA PVHSGLSVTGPVGP - - 42
B = neiix = strand

|STHPVHHGLSVHGPVHPGP195
S THPVHRGLSVHGPVHPGP195
IHSVHLGFPIHGPVGP-Y172

HSVHPRFSVRGPVGPGP135
HSVYPRFSVRGPVGPGP135
(HSVHPRFSVRGPVGPGP135
SVHPRFSVRGPVGPGP135
ISVHFVKLGLSVHGPVRP--141

ACMBFV_HE616777_AC5
ACMV_J02057_ACS
EACMV/UG_AF126806_AC5
CLCuGeV/Ca AJ542539 C5
CLCuGeV/SD_AF260241_C5b
CLCuGeV/Ok_FJB68828_C5
CLCuGeV/BF_FN554540_C5b
CLCuGeV/NE EU432373 C5b
TOLCMLV AY502936 C5
CLCuGeV/ML_EU024120_C5b
EACMV/KE_AJ717542_AC5b
EACMZV_AF422174_AC5b
DMV KT878829 AC5b
ToLCARV_AM701758_C5
ToLCMahV_MHA10152_C5b
ToLCGV_MN969998_C5b
TOLCGV MH794633 C5b
ToLCNGV_FJ685621_C5
ToLCToV_AM701768_C5b
ToLCBFV_KX853168_C5b
EACMMV_AJ006460_C5¢
SACMV AF155806 ACSb
ToCSV_AF261885_C5
v30_c5

v22_c5
ToLCKMV_AJ865340_C5b
ToLCKMV AJ865341 C5b
ToLCNaV_AM701764_C5b
ToLCSCV_AM491778_C5b
ToLCMGV/Men_AJ865338_C5
ToLCTZV DQ519575 C5b
ToLCGV/Ag FR873228 C5b
ToLCGV_MH794632_C5b
OCGMV_MN313661_C5b
PepYVMLV_AY502935_C5b
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TYLCMLV/ET_DQ358913_C5b
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ToLCSDV KC763630 C5b
ToLCSDV/YE EF110891_C5b
ChaYMV_AJ223191 C5b

[l =Acs2

S2 Fig. 2.42 C5/AC5 AC5-2 domain multiple aa sequence alignment. A, PSIPRED secondary structure

prediction; B, CDD domain identification for TOCSV V30, V22, and selected African mono- and bipartite

begomoviruses sharing 275 % DNA-A sequence identity with ToCSV and having C5/AC5 proteins

containing AC5-2 domain. Predicted ss elements highlighted and consensus elements shown as

cartoons. AC5-2 (pfam08464) highlighted in navy. Details of all isolate sequences used in S2 Table 2.3.
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S2 Fig. 2.43 PRALINE C6/AC6 aa sequence alignment for selected African begomoviruses sharing
275 % DNA-A sequence identity with TOCSV. Colour key indicates aa conservation. Putative conserved

core domain (C6cd) indicated with black box. Details of all isolate sequences used in S2 Table 2.3.
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S2 Fig. 2.44 Phylogenetic and aa sequence analysis of selected putative C6/AC6 proteins. A,
Phylogenetic tree constructed using full length C6/AC6 aa sequences of ToCSV V30, V22, and selected
African mono- and bipartite begomoviruses sharing 275 % DNA-A sequence identity with ToCSV and
having C6/AC6 proteins containing a putative conserved core domain (C6cd). Alignment done using
the neighbour-joining method (1,000 replications). V30 and V22 indicated using stars. B, PRALINE aa
sequence alignment; C, PSIPRED secondary structure prediction for selected African mono- and
bipartite begomoviruses sharing 275 % DNA-A sequence identity with ToCSV and having C6/AC6
proteins containing C6cd. Colour key indicates aa conservation. Predicted ss elements highlighted and

consensus elements shown as cartoons. Details of all isolate sequences used in S2 Table 2.3.
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V30AC6-d

severe SV and rugosity
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S2 Fig. 2.45 Representative Nicotiana benthamiana plant inoculated with ToCSV V30AC6-d, dissected
at 38 dpi. Leaf numbers indicate leaf emergence progression above uppermost agroinfiltrated leaf

designated LO. Bar = 2 cm.
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Supplementary 3 (S3) Figures

atgaatcacaaagtgcatcatcatcatcatcacatgcaagtttcagttgaaaccactcaaggccttggccgecgtgtaacgattactatcgetgectgacagecatcgagaccgetgttaaa
M v H k VIEEEEEN ¥ © VvV S vV E T T 0 G L G R RV T I T I A ADS I E TAV K|
agcgagctggtcaacgttgcgaaaaaagtacgtattgacggcttecgcaagggcaaagtgccaatgaatategttgectcagegttatggegegtcetgtacgecaggacgttectgggtgac
S BE L V N V A K KV RTI DG F R K G KV PMNTIVAIOQOIZ RY GG A SV R OUDV L G D
ctgatgagccgtaacttcattgacgccatcattaaagaaaaaatcaatccggectggegcacecgacttatgttecgggegaatacaagetgggtgaagacttecacttactetgtagagttt
L M S R N F I D A I I K E K I NP A G A P T Y V P G E Y KL G E D PF T Y S V E F
gaagtttatccggaagttgaactgcaaggtctggaagecgatcgaagttgaaaaaccgatcgttgaagtgaccgacgectgacgttgacggcatgetggatactctgegtaaacagcaggeyg
ESV. Y PRV R RO GRS RV RS RSP R DAL DV R G M T DT R KOO A
acctggaaagaaaaagacggcgctgttgaagcagaagaccgegtgaccategacttcaccggttectgtagacggecgaagagttcgaaggcggtaaagegtectgatttegtactggegatyg
W KO K DG A A R B R T T ) R e G S D G R R O GE G R AT S D e VT A M
ggccagggtcgtatgatcccgggectttgaagacggtatcaaaggeccacaaagectggecgaagagttcaccatcgacgtgaccttecccggaagaataccacgcagaaaacctgaaaggtaaa
G O G R M T G 1 G T K T K T G B T T L T L s YA H O AT s N T KA G K
gcagcgaaattcgctatcaacctgaagaaagttgaagagcgtgaactgeccggaactgaccgecagagttcatcaaacgttteggegttgaagatggtteccgtagaaggtectgegegetgaa
NIRRT O RO W OE M Rl FOR L WA E R R R EFE W R D E g W EEm R
gtgcgtaaaaacatggagcgcgagctgaagagcgccatccgtaaccgegttaagtctcaggecgatcgaaggtctggtaaaagectaacgacatcgacgtaccggetgegetgatecgacage
R KN M R R RS A RN R K S AR G L K AN DD Vi PR A T DS
gaaatcgacgttctgcgtcgccaggectgcacagecgtttcggtggcaacgaaaaacaagctctggaactgeccgecgecgaactgttcgaagaacaggctaaacgeccgegtagttgttggectyg
L L T Y G B e o o N T T [ ) O X I R A T
ctgctgggcgaagttatccgcaccaacgagctgaaagctgacgaagagcgcgtgaaaggecctgatcgaagagatggcttctgegtacgaagatccgaaagaagttatcgagttctacage
LA L GREF TR T NE R L KA D SRR VK G T R R M A S ALY DR P K R W TR Y S
aaaaacaaagaactgatggacaacatgcgcaatgttgctctggaagaacaggctgttgaagctgtactggcgaaagcgaaagtgactgaaaaagaaaccactttcaacgagctgatgaac
K N K E L M D NMRNVATLUEZE QA AV EA AUVTILAIZ KA AIRKUYVTEI KETTFNZETILMN
cagcaggcgtccgecgggtctggaagttectgttccaggggececcteccgegggtetggtgecacgeggtagtggtggtatcgaaggtaggcatatggagecteggtacecectecgagggatecage
Q9 TA s A GIEIENVIEENGIGEE] s A G[L V P R G sl c@ElGIR|se M E L 6T L E G sl
gcgegtggtggetgccagaacgcgaacgatgegtgecgeggatgegetgaacgeggacagegeggaggeggcgatggegatcattegtgaaaagetgeccgaaagacttcatctttecagtac

cacaacctgaaaaccaacctggatcgtatcttccaagctccgecggagecgtatattageccgttcagcagcagecagetttgaccaagtgecggaggaactggaggaatgggttagegag

aacgtttgcggtgcggcggcgegtecegtggegtecgaacagcategttattgaaggtgatageccgtageggcaaaaccatctgggegegtagectgggteccgcacaactacctgtgegge

cacctggacctgageccgaaggtgtacagcaacgatgegtggtataacgtgattgacgatgttgacccgecactacctgaagcactggaaagaattetttggtgegeagegtgattggcaa

agcaacaccaagtatggcaaaccgatccagattaaaggtggcatcccgaccattttcctgtgcaaccegggtecgaccageagctacaaggagtatctggacgaagataagaacaccage

ctgaaagcgtggaccatcaagaacgeggtttttattacectgaaccagecgetgtatagecageccgaaccaaggteccggegagcaacagccaggaagagagecagecaagegta

S3 Fig. 3.1 Sequence features of recombinant His-TF-RepC expressed using pCold TF-RepC.
Nucleotide and translated aa sequence shown. Translation enhancing element in yellow,
hexahistidine tag in blue, trigger factor chaperone tag in grey. Three cleavage sites indicated: HRV
3C protease in aquamarine, thrombin in pink, factor Xa in orange. A 10mer linker is located upstream
of RepC (red) which includes the helicase domain (Rep aa 122-330) and the C-terminal domain (Rep
aa 331-359). Codon-optimised ToCSV V30 RepC sequence was cloned using BamHI (green) and
Xbal (violet).

atgaatcacaaagtgcatcatcatcatcatcatatcgaaggtaggcatatggagctcggtaccctcgagggatecagegegegtggtggctgeccagaacgecgaacgatgegtgegeggat
Mm N H K VTR H M E L G T L E G S
gcgctgaacgcggacagcgcggaggcggcgatggecgatcattecgtgaaaagctgeccgaaagacttcatctttcagtaccacaacctgaaaaccaacctggatcgtatcttccaagectceceg

ccggagccgtatattageccecgttcagcagecagecagetttgaccaagtgecggaggaactggaggaatgggttagegagaacgtttgeggtgeggeggegegtecgtggegteccgaacage

atcgttattgaaggtgatagccgtagcggcaaaaccatctgggecgegtagectgggtccgecacaactacctgtgeggccacctggacctgageccgaaggtgtacagcaacgatgegtgg

tataacgtgattgacgatgttgacccgcactacctgaagcactggaaagaattctttggtgegecagegtgattggcaaagcaacaccaagtatggcaaaccgatccagattaaaggtgge

atcccgaccattttcctgtgcaacccgggtecgaccagecagetacaaggagtatctggacgaagataagaacaccagectgaaagegtggaccatcaagaacgeggtttttattaceetyg

aaccagccgctgtatagcagecccgaaccaaggteccggcgagcaacagecaggaagagagcagecaagegtaat

S3 Fig. 3.2 Sequence features of recombinant His-RepC expressed using pCold I-RepC. Nucleotide
and translated aa sequence shown. Translation enhancing element in yellow, hexahistidine tag in blue.
Factor Xa cleavage site in orange. A 10mer linker is located upstream of RepC (red) which includes the
helicase domain (Rep aa 122-330) and the C-terminal domain (Rep aa 331-359). Codon-optimised
ToCSV V30 RepC sequence was cloned using BamHI (green) and Xbal (violet).
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atgaaaatcgaagaaggtaaactggtaatctggattaacggcgataaaggctataacggtctcgectgaagtcggtaagaaattcgagaaagataccggaattaaagtcaccgttgageat
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ccggataaactggaagagaaattcccacaggttgcggcaactggcgatggcectgacattatecttetgggecacacgacecgetttggtggctacgectcaatetggectgttggetgaaate
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accccggacaaagcgttccaggacaagctgtatccgtttacctgggatgeccgtacgttacaacggcaagctgattgecttacccgatcgetgttgaagegttatcgectgatttataacaaa
[T P D X A F 0 b K L YP F T WODAVRYNGZ KTLTIHA ATYT?PTIAVYVTEHA ATLSTLTIY N K
gatctgctgccgaacccgccaaaaacctgggaagagatcecggcgectggataaagaactgaaagegaaaggtaagagegcgectgatgttcaacctgcaagaaccgtacttecacctggeey
[DDL L P N P P KT WZETETIU©PATLTDTU EKETLU KA AIZ KSGT K SAILMTEFNTILGQETPZYTFTWEFP
ctgattgctgctgacgggggttatgecgttcaagtatgaaaacggcaagtacgacattaaagacgtgggcgtggataacgectggecgecgaaagecgggtctgaccttectggttgacctgatt
D G G B K E S NG Y DA T K DRV GV DRSNS AT G A O O GE L T B LV DAL T
aaaaacaaacacatgaatgcagacaccgattactccatcgcagaagctgectttaataaaggcgaaacagecgatgaccatcaacggeccecgtgggcatggtccaacatcgacaccagcaaa
[k N K H M N A DT D Y S I A EAA ATFNZIEKGETA AMTTINGZPWATWSNTITUDT S K
gtgaattatggtgtaacggtactgccgaccttcaagggtcaaccatccaaaccgttcgttggecgtgectgagegecaggtattaacgeccgeccagtccgaacaaagagectggcaaaagagtte
L N G T T G O O G G N B o N T K FE
ctcgaaaactatctgctgactgatgaaggtctggaageggttaataaagacaaaccgctgggtgeccgtagegetgaagtettacgaggaagagttggecgaaagatccacgtattgeegee
[T’ E N Y L L T DZEGTULTEA AVNJZ KTDTZEKTZ®PTLGA AUV ATLTZ KS Y ETETETLA ATZ KT DP R I A A
actatggaaaacgcccagaaaggtgaaatcatgccgaacatcccgcagatgtceccgetttectggtatgecgtgegtactgeggtgatcaacgececgecageggtegtcagactgtcgatgaa
B Y 2 (G T I T N T N 2 R T 2 T N 2 A R S G R T VD
gccctgaaagacgcgcagactaattcgagctcgaacaacaacaacaataacaataacaacaacctcgggatcgagggaaggatttcagaattcggatccagcgecgecgtggtggectgecag
AL K DA 0 T/IN S S S NNNININNNNNNTLGIIIE G@RII s EF G S
aacgcgaacgatgcgtgegeggatgegetgaacgcggacagegcggaggcggcgatggegatcattegtgaaaagetgecgaaagacttcatctttcagtaccacaacctgaaaaccaac

ctggatcgtatcttccaagctccgccggageccgtatattagecccgttcagcagcagecagetttgaccaagtgccggaggaactggaggaatgggttagecgagaacgtttgecggtgeggeg

gcgegtecgtggegtecgaacageategttattgaaggtgatagecgtageggecaaaaccatetgggcgegtagectgggtecgcacaactacctgtgcggccacctggacctgagecey

aaggtgtacagcaacgatgcgtggtataacgtgattgacgatgttgacccgcactacctgaagcactggaaagaattctttggtgecgcagegtgattggcaaagcaacaccaagtatgge

aaaccgatccagattaaaggtggcatcccgaccattttectgtgecaacccgggtecgaccagcagetacaaggagtatctggacgaagataagaacaccagectgaaagegtggaccate

aagaacgcggtttttattaccctgaaccagecgctgtatagcageccgaaccaaggtcecggegagcaacagecaggaagagagecagcecaagegtaal

S3 Fig. 3.3 Sequence features of recombinant MBP-RepC expressed using pMAL-c2X-RepC.
Nucleotide and translated aa sequence shown. Maltose binding protein tag in grey. Factor Xa cleavage
site in orange. A 6mer linker is located upstream of RepC (red) which includes the helicase domain
(Rep aa 122-330) and the C-terminal domain (Rep aa 331-359). Codon-optimised ToCSV V30 RepC

sequence was cloned using BamHI (green) and Xbal (violet).
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S3 Fig. 3.4 SWISS-MODEL structure quality assessment of ToCSV V30 Rep N-terminal domain
homology model monomer generated using Phyre2. A, Map of V30 Rep domain positions with
coordinates of sequence modelled indicated in grey. Homology model B, cartoon representation; C,
Ramachandran plot; D, local quality estimate; E, QMEANDiIsCo Global and QMEAN Z-scores; F, Z-

score comparison with non-redundant set of PDB structures.
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S3 Fig. 3.5 SWISS-MODEL structure quality assessment of ToCSV V30 Rep N-terminal domain
homology model monomer generated using SWISS-MODEL. A, Map of V30 Rep domain positions with
coordinates of sequence modelled indicated in grey. Homology model B, cartoon representation; C,
Ramachandran plot; D, local quality estimate; E, QMEANDIsCo Global and QMEAN Z-scores; F, Z-
score comparison with non-redundant set of PDB structures.

>V30 Rep Phyre2|Chain A|

MAPPKRFQINSKNYFVTYPKCSLT LETPTNKKYIKICRELHENGEPHLHVLIQFE GKFNCKN-
FDLVSPNRSAHFHPNIQGAKSSS [KDGDTLEWGEFQVDGR

>V30 Rep SWISS-MODEL|Chain A|
PKRFQINSKNYFVTYPKCSLT] LETPTNKKYIKICRELHENGEPHLHVLIQFEGKFNCKNHRFFDL
VSPNRSAHFHPNIQGAKSS IKDGDTLEWGEFQVDGR

>1L5I 1|Chain A|Rep protein|Tomato yellow leaf curl Sardinia virus (123735)
SGRFSTIKAKNYFLTYPKCDIL, QTPTNKLFIKICRELHENGEPHLHILIQFEGKYNCTNQRFFDL
VSPTRSAHFHPNIQGAKSS DGDVLEWGTFQIDGR

>6QIM 1|Chain A|Replication-associated protein|Wheat dwarf virus (10834)
FRVYSKYLFLTYPQCTL, EPLYTAAVRELHEDGSPHLHVLVQONKLRASITNPNALNLRMD
TSPFSIFHPNIQAA EVDSDVNTAEWGTFVAVS

>2HWT 1|Chain A|Putative replicase-associated protein|Faba bean necrotic

yellows virus (59817)
ARQVICWCFTLNNPLSPLSLHDSMKYLVYQTEQGEAGNTHFQGY TEMKKR TS HAGMRKINIPGAHFEKRRGTQEER

BBy sMREDER1 EGPWEYGE

>2HWO 1|Chain A|Replicase|Porcine circovirus 2 (85708)

PSKKNGRSGPQPHKRWVETLNNP LEESLFDYF I VGEEGNEEGRT PHLQGFANFVKKQENRVRAY
EBARCHIEKAKG EGNLLMECGAPRSQGOR

S3 Fig. 3.6 PyMOL-assigned secondary structure (ss) for ToCSV V30 Rep N-terminal domain
homology model monomers generated using Phyre2 and SWISS-MODEL; and solved monomeric
structures of TYLCSV Rep (PDB ID: 1L51), WDV Rep (PDB ID: 6Q1M), FBNYV M-Rep (PDB ID: 2HWT),
and PCV2 Rep (PDB ID: 2HWO). Helices highlighted in magenta, strands in yellow.
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S3 Fig. 3.7 Rep oligomerisation domain multiple sequence alignment for ToCSV V30, V22, TYLCSV

(X61153), and selected African mono- and bipartite begomoviruses. MUSCLE aa sequence alignment

with 100 % and 70 % aa sequence consensus shown. Consensus residues capitalised and coloured

lowercase letter key indicates consensus residue type. PSIPRED secondary structure (ss) and

DISOPRED protein disorder prediction, with ss elements highlighted and disordered residues coloured

according to colour key. Consensus ss elements at confidence (conf.) levels =0 and =5 indicated. Rep

sequence obtained with ORF finder using the DNA-A sequence as the input. DNA-A sequences for all

isolates used in S3 Table 3.2.
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S3 Fig. 3.8 SWISS-MODEL structure quality assessment of ToCSV V30 Rep helicase and C-terminal

domain homology model monomer generated using Phyre2. A, Map of V30 Rep domain positions with

coordinates of sequence modelled indicated in grey. Homology model B, cartoon representation; C,
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Ramachandran plot; D, local quality estimate; E, QMEANDiIsCo Global and QMEAN Z-scores; F, Z-

score comparison with non-redundant set of PDB structures.
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S3 Fig. 3.9 SWISS-MODEL structure quality assessment of ToCSV V30 Rep partial helicase and C-

terminal domain homology model hexamer generated using SWISS-MODEL. A, Map of V30 Rep

domain positions with coordinates of sequence modelled indicated in grey. Homology model B, cartoon

representation; C, Ramachandran plot; D, local quality estimate; E, QMEANDIisCo Global and QMEAN

Z-scores; F, Z-score comparison with non-redundant set of PDB structures.
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>V30 RepPhyre2|Chain A|

ISPFSSSSFDQ SENVCGAAARPWRPNSIVIEGDSRSGRIBMMAR S LGPHNYLCGHLDLS PRUMISNDA
WYNVIDDVDPHY QRDWQSNTKYGKPIQIKGGI PTIFLCNPGPT_EDKNTSLL
AVFITLNQPLYSSPNQGP

>V30 Rep SWISS-MODEL|Chains A, B, C, D, E, F| (consensus ss)
PWRPNSIVIEGDSRSGRIENARSHGPHNYLCGHLDI] NDAWYNV I DDV DEHNK v REEHGAQRDHQSNT
KYGKPIQIKGGIPTIFLCNPGPTSSYKEYLDEDKNTSL KNAVFITLNQPLY

>7JSI 1|Chains A, B, C, D, E, F|Protein Repé68|Adeno-associated virus - 2
(10804) (partial sequence, consensus Ss)
FGKRNTIWLFGPATTERENPABAIARIN P F Y GCVNWTNENF PFNDCVDKMV IWWEEGKM I ARVVBSARATNG G SK
VRVDQKCKSSAQIDPTPVIVTSNTNMCAVIDGNSTTFEHOOPRODRMFKFELTRRL

>7LAR 1|Chains A, B, C, D, E, F|ATP-dependent helicase Rep|Porcine
circovirus 2 (85708) (partial sequence, consensus SsS)

DWKTNVHVIVGPPGC‘A-TTYWKPPRNKWWDGYHGEEVVVI DDFYGWLENDDEBREGDRY PLTVE

TKGGTVPFLARSILITSNQ YSSTAVPANEABYRR I TSLVFWKNATEQSTEEGG

>2GXA 2|Chains Clauth A], D[auth B], E[auth C], F[auth D], G[auth E],
H[auth F], I[auth G], J[auth H], K[auth I], L[auth J], M[auth K], N[auth
L] |[Replication protein El|Bovine papillomavirus type 1 (337052) (partial
sequence, consensus SS)

GYPVSIDRKHKAAVQIKAPPLLVTSNIDVQAED RVQTFRFEQPCTDESG

>1SVM 1|Chains A, B, C, D, E, F|large T antigen|Simian virus 40 (1891767)
(partial sequence, consensus Ss)

IPKKRYWLFKGPIDS—GKALNVNLPLD_DQFLVVFEDVKGTG_LPSG.
xS

NNEPNERDYEDES VKVNLEKKHLNKRTQI FPPGIVTMNE REVKQIDFRP

S3 Fig. 3.10 PyMOL-assigned secondary structure (ss) for ToCSV V30 Rep full helicase and C-terminal
domain monomer homology model generated using Phyre2, and partial V30 Rep helicase and C-
terminal domain hexamer homology model generated using SWISS-MODEL; as well as partial solved
hexameric structures of AAV2 Rep (PDB ID: 7JSI), PCV2 Rep (PDB ID: 7LAR), BPV E1 (PDB ID:
2GXA), and SV40 Tag (PDB ID 1SVM). For all hexameric structures, consensus monomer ss is shown.

Helices highlighted in magenta, strands in yellow.
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Legend:
Strand Conf: -___-mpmlll+ Confidence of prediction
Helix Cart: 3-state assignment cartoon

— Coil Pred: 3-state prediction

AA: Target Sequence

S3 Fig. 3.11 PSIPRED secondary structure (ss) prediction for TOoCSV V30 canonical Rep. Amino acid

position 1 is canonical methionine. Three state ss prediction with cartoon and prediction confidence

levels indicated.
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— Coil Pred: 3-state prediction

AA: Target Sequence

S3 Fig. 3.12 PSIPRED secondary structure (ss) prediction for TOCSV V30 Rep containing putative 12

aa N-terminal extension (Rep-N). Amino acid position 13 is canonical methionine. Three state ss

prediction with cartoon and prediction confidence levels indicated.
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S3 Fig. 3.13 PSIPRED secondary structure (ss) prediction for ToCSV V30AC1-d(14) Rep with

canonical start methionine. Three state ss prediction with cartoon and prediction confidence levels

indicated.
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S3 Fig. 3.14 PSIPRED secondary structure (ss) prediction for ToCSV V30AC1-d(22) Rep with

canonical start methionine. Three state ss prediction with cartoon and prediction confidence levels

indicated.
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Supplementary 2 (S2) Tables

S2 Table 2.1 Description of sequence changes made to generate ToCSV variant IR

and V2 sequence swap mutants.

Mutant Template | Sequence removed Sequence inserted

V30AIR-s V30 V30 nt 61 to 138 (partial IR 3’ | V22 nt 61 to 137 (partial IR 3
region) region)

V30AIR-s| V30 V30 nt 61 to 94 (partial IR 3’ region | V22 nt 61 to 94 (partial IR 3’ region
to left of TATA box) to left of TATA box)

V30AIR-sr V30 V30 nt 108 to 138 (partial IR 3’ | V22 nt 108 to 137 (partial IR 3
region to right of TATA box) region to right of TATA box)

V30AV2-s V30 V30 nt 139 to 489 (full canonical | V22 nt 138 to 488 (full canonical
V2 ORF region) V2 ORF region)

V22AV2-s V22 V22 nt 138 to 488 (full canonical | V30 nt 139 to 489 (full canonical

V2 ORF region)

V2 ORF region)

S2 Table 2.2 Primers used in this study.

Primer Sequence (5°-3’) Purpose

ToCSVseq_ FP | GTCGTGCTCCACCATGTTG PCR, sequencing (IR)

ToCSVseq RP | CACCACGAACCTTTTACCCG PCR, sequencing (IR)

V22IR_FP2 AAACTCCTAAAGCGGCCATC PCR, sequencing (IR)

V22V2_FP GTGCGGATGTCATAATGTGG PCR, sequencing (V2)

V22V2_RP GACCAGGACCCTTTGTAATGTC PCR, sequencing (V2)

AC6del_FP GCCACGATCTaATACGGGATCTGATTCTGG | Mutagenesis to generate

AC6del_RP CCCGTATtAGATCGTGGCCCAATGTGTTG V30AC6-d

C5seq_FP TGGGATCCACTGTTAAACGA cDNA synthesis, PCR (for
RT-PCR), sequencing
(C6)

Cb5seq_RP TCACCACGAACCTTTTACCC cDNA synthesis, PCR (for
RT-PCR), sequencing
(C6)

GAPDH_FP CTGTTATTGGAGGAGGGAACAA gqPCR

GAPDH_RP AGTCTTTCCTACCATGCCAAC gqPCR

V2_FP CGACAGCCCGTTCACCAG gqPCR

V2_RP GCCTGTACGTCCATGATCGTC gPCR
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V30IR_FP GCATTTCAAAATTCAAACTCCTAAAGC cDNA synthesis, PCR (for
RT-PCR)

V30IR_RP AGCAGATAACTAAGCGATAAGGC cDNA synthesis, PCR (for
RT-PCR)

V30V2N_FP CCAATCAGAATGTCGCCTTA PCR (for RT-PCR)

V30V2N_RP CAATGTGTTGGGCTCGTATG cDNA synthesis, PCR (for
RT-PCR)

V22V2N_FP TGAAATTGAGGCGTTAAAGCT PCR (for RT-PCR)

V22V2N_RP ACGAAACCCATGAACAGAGTCT cDNA synthesis, PCR (for
RT-PCR)

V30C6_FP TCCACGGTTTTCGTTGTATG cDNA synthesis, PCR (for
RT-PCR)

C6_RP TGGATCTTACATGGGCCTTC PCR

V30M_FP GAAACGACCAGTCTGAGGCT cDNA synthesis, PCR (for
RT-PCR)

V30M_RP TAAAGGCGGCATTCCCACTA cDNA synthesis, PCR (for
RT-PCR)

C5M_FP ACGATCATGGACGTACAGGC cDNA synthesis, PCR (for
RT-PCR)

C1iT_RP CCCTCAACCAGCCACTGTAC cDNA synthesis, PCR (for
RT-PCR)

Key: lower case, target nt mutation.

S2 Table 2.3 African mono- and bipartite begomovirus isolates used in this study.

Begomovirus species Abbreviation Isolate DNA-A accession | DNA-A  pairwise sequence
number identity (%)
ToCSV- ToCSV-
[ZA:Mks30:08] | [ZA:Mks22:07]
African cassava mosaic | ACMBFV BF-Oua-127-08 HE616777 786 9.0
Burkina Faso virus ' '
African cassava mosaic | ACMV Cameroon/1998 J02057
. 75,5 75,6
virus
Cassava mosaic | CMMGV Madgascar/Toliary/2006 HE617299 799 80.2
Madagascar virus ' '
Chayote yellow mosaic | ChaYMV Nigeria/lbadan AJ223191
. 77,5 77,3
virus
CLCuGeV/SD Sudan/Gezira/1996/Sudan AF260241 75,0 75,4
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Cotton leaf curl Gezira | CLCuGeV/BF Burkina FN554540 751 756
virus Faso/Bazega/Okra/2009/Burkina Faso ' '
CLCuGeV/Ca Egypt/Cairo/Hollyhock/Cairo AJ542539 74,6 75,5
CLCuGeV/EG Egypt/Aswan/Okra/Egypt AF155064 75,3 75,6
CLCuGeV/ML Mali/Bamako/Okra/2006/Mali EU024120 75,0 75,7
CLCuGeVINE Niger/Niamey2/Okra/2007/Niger EU432373 75,2 75,7
CLCuGeV/Ok Sudan/Okra/2007/Okra FJ868828 74,9 75,2
Datura leaf curl virus DalLCV SD- Kha435-16 MF402918 75,0 75,5
Deinbollia mosaic virus DMV Tanzania-DB_T1A-2015 KT878829 75,0 75,9
East African cassava | EACMKV Kenya/Mitaboni/K298/2002 AJ717572 761 26.4
mosaic Kenya virus ’ ’
East African cassava | EACMMV Malawi/K/1996 AJ006460 761 6.6
mosaic Malawi virus ' '
East African cassava | EACMV/UG Uganda/Severe 2/1997/Uganda AF126806 75,5 75,6
mosaic virus
EACMV/KE Kenya/Boa/K48/2001/Kenya AJ717542 75,7 75,9
East African cassava | EACMZV Tanzania/Uguja/1998 AF422174 782 779
mosaic Zanzibar virus ' '
Ocimum golden mosaic | OcGMV UG-UG31-2015 MN313661
76,9 77,5
virus
Okra yellow crinkle virus | OYCrV/ML Mali/Bamako 2/2005/Mali DQ875879 76,9 77,1
oYCrVv Cameroon/Njombe 5/2007 HE793424 77,3 77,7
Pepper yellow vein Mali | PepYVMLV Mali AY502935
. 82,3 82,1
virus
South African cassava | SACMV South Africa AF155806
L 78,6 79,3
mosaic virus
Tobacco leaf curl | TOLCKMV Comoros/Simboussa/2004 AM701760 78,1 79,0
Comoros virus
TbLCKMV Comoros/Grande Comore, Foubouni AM701762 78,2 79,2
Tobacco leaf curl | TbLCZV Zimbabwe AF350330 83,8 84,5
Zimbabwe virus
ThLCZV Comoros/Grande Comore, | AM701756
83,0 83,6
Foumboudziouni
Tomato curly stunt virus | ToCSV South Africa/Onderberg/1998 AF261885 99,0 95,5
Tomato leaf curl Anjouan | ToLCAnV Comoros/Ouani/2004 AM701758
. 78,0 77,9
virus
Tomato leaf curl Arusha | ToLCArV Tanzania/Kilimandjaro/2005 EF194760 797 804

virus

256




Tomato leaf curl Burkina | ToLCBFV Burkina Faso-Loumbila-Tomate51B1- | KX853168 795 205
Faso virus 2013 ' '
Tomato leaf curl | ToLCKMV Mayotte/Kahani/2003 AJ865340 79,8 80,9
Comoros virus
ToLCKMV Mayote/Dembeni/2003 AJ865341 79,6 80,6
Tomato leaf curl Diana | ToLCDiV Madagascar/Namakely/2001 AM701765 793 296
virus ' '
Tomato leaf curl Ghana | ToLCGV Ghana/Akumadan/2006 EU350585 78,5 78,3
virus
ToLCGV/Ag Cameroon/AGFG24/2009/Ageratum FR873228 78,4 78,3
ToLCGV GH-Aku-12 KT382326 80,1 80,0
ToLCGV Cote MN969998
. 78,8 78,5
d'lvoire/Kossou/TomatoC1104/2017
ToLCGV Burkina MH794632
79,0 79,3
Faso/Sossogona/Tomato82PA/2014
ToLCGV Burkina MH794633
. 78,3 79,0
Faso/Toussiana/Tomato479E7g/2016
Tomato leaf curl Kunene | ToLCKunV NA-2019 MT045996
. 78,9 79,0
virus
Tomato leaf curl | TOLCMGV/Men | Madagascar/Morondova/2001/Menabe | AJ865338 79,9 80,7
Madagascar virus
ToLCMGV/Ats Madagascar/Toliary/2001/Atsimo AJ865339 79,1 79,9
Tomato leaf curl Mahe | ToLCMahV SC-Pra-SC8-1b-17 MH410152
77,0 77,3
virus
Tomato leaf curl Mali | TOLCMLV Mali AY502936
. 78,8 79,0
virus
Tomato leaf curl | ToLCNaVv Madagascar/Namakely/2001 AM701764 799 804
Namakely virus ' '
Tomato leaf curl Nigeria | TOLCNGV Nigeria/2006 FJ685621
. 79,8 79,8
virus
Tomato leaf curl | ToLCSCV Seychelles/Val d'Endor/2004 AM491778 785 189
Seychelles virus ' '
Tomato leaf curl Sudan | ToLCSDV/Gez | Sudan/Gezira/1996/Gezira AY044137 76,8 76,9
virus
ToLCSDV Sudan/WM/2011 KC763630 77,3 78,0
ToLCSDV/Sha | Sudan/Shambat/1996/Shambat AY044139 77,2 77,6
ToLCSDV/IYE Yemen/2005/Yemen EF110891 77,7 78,2
Tomato leaf curl | ToLCTZV TZ-Ten-05 DQ519575
78,8 79,6

Tanzania virus
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Tomato leaf curl Toliara | ToLCToV Madagascar/Miandrivazo/2001 AM701768 2792 206
virus ' '
Tomato leaf curl Uganda | ToLCUV Uganda/lganga/2005 DQ127170 79,3 80,3
virus

ToLCUV Kenya/Kiambu,Darugo LC437667 80,4 81,4
Tomato yellow leaf curl | TYLCMLV Burkina Faso/Tom141/2013 LM651400 79,0 79,3
Mali virus

TYLCMLV/ET Ethiopia/Melkassa/2005/Ethiopia DQ358913 79,2 79,9

TYLCMLV/ML Mali/2003/Mali AY502934 79,0 79,2
West African Asystasia | WAAV2 West Africa/Asystasia2/2011 JF694486 6.7 6.4
virus 2 ' '
Tomato yellow leaf curl | TYLCSV Italy/Sardinia/1988 X61153 75,5 75,3
Sardinia virus

S2 Table 2.4 Virus region-specific RT-PCR product sizes and PCR parameters used

in this study.
RT-PCR product | PCR annealing PCR extension time | Product size
temperature (°C) (s) (bp)
V30 IR-vs 60 15 137
V30 IR-cs 60 15 137
V30 V2-vs 55 20 194
V22 V2-vs 55 20 129
V30 C6-cs 56 15 350
RNA 1-vs 56.1 20 494
RNA 1-cs 56.1 20 494
RNA 2-vs 58.1 20 504
RNA 2-cs 58.1 20 504
RNA 3-vs 60.1 60 1243
RNA 3-cs 60.1 60 1243
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S2 Table 2.5. Predicted ORFs for ToCSV V30 and V22 DNA-A following standard

code encoding proteins 240 aa in length.

ORF | Strand | Start codon nt position | Stop codon nt position | Protein length (aa)
(V30/Vv22) (V30/Vv22) (V30/Vv22)

Vi + 299/298 1075/1074 258/258

V2 + 139(49V)/138 480/488 113(143V)/116

V3* |+ 1451/1450 1606/1605 51/51

v4r |+ 1612/1611 1740/1739 42/42

C1 - 2612(2648N)/2611(2647N) | 1533/1532 359(371M)/359(371N)

C2 - 1624/1623 1217/1216 135/135

C3 - 1476/1475 1072/1071 134/134

c4 - 2455/2454 2198/2197 85/85

C5* | - 610/609 428/427 60/60

ce* | - 585/584 154/258 143/108

cr |- 515/514 378/377 45/45

Key: N, including putative 5° ORF extension; *, putative ORF.

S2 Table 2.6 Predicted viral protein changes induced in V30AV2-s and V22AV2-s
mutants following standard code.

Protein | Changes in V30AV2-s Changes in V22AV2-s

CP (V1) | Ala36=>Val (V30->V22 identity) Val36>Ala (V22->V30 identity)
Lys55->Arg (V30>V22 identity) Arg55->Lys (V22->V30 identity)

V2 Entire canonical V2 protein swapped to V22 | Entire canonical V2 protein swapped to
V2, fused to putative V30 V2 N-terminal | V30 V2, lacking putative V30 V2 N-
segment terminal segment

C5* lle45->Val (V30>V22 identity) Val45->1le (V22->V30 identity)
Leu50->Pro (V30>V22 identity) Pro50->Leu (V22->V30 identity)

ce* Partial C6 swapped, resulting in protein | Partial C6 swapped, resulting in protein
identical to V22 C6. identical to V30 C6.

Ccr* Tyrl3->Cys (V30>V22 identity) Cys13->Tyr (V22->V30 identity)

Key: *, putative protein
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Supplementary 3 (S3) Tables

S3 Table 3.1 Primers used in this study

GAGTACAG

Primer Sequence (5°-3’) Purpose

AC1d(14) FP CTGTACTCAAGTCCCAATtAAGGTCCAGC | Mutagenesis to generate V30AC1-d(14)
ATCGAATA

AC1d(14)_RP TATTCGATGCTGGACCTTaATTGGGACTT

AC1d(22)_FP

CAGTGGCTaGTTGAGGGTGATGAAGAC

AC1d(22)_RP

CACCCTCAACtAGCCACTGTACTCAAG

Mutagenesis to generate V30AC1-d(22)

ARepCd(14)_FP

CTCGCCGGACCTTaGTTCGGGCTGCTA

ARepCd(14)_RP

TAGCAGCCCGAACtAAGGTCCGGCGAG

Mutagenesis to generate pCold I-
RepC_14 and pMAL-c2X-RepC_14

V30M_FP GAAACGACCAGTCTGAGGCT PCR, sequencing (C1)
V30M2_FP CGGTGCGTAAATCCATGGTT PCR, sequencing (C1)
V30M_RP TAAAGGCGGCATTCCCACTA PCR, sequencing (C1)
pCold_FP CCGACCATTTTCCTGTGCAA PCR, sequencing (RepC)
pCold_RP TTCACCGTCATCACCGAAAC PCR, sequencing (RepC)
pMAL_FP CCGACCATTTTCCTGTGCAA PCR, sequencing (RepC)
pMAL_RP GTTGTAAAACGACGGCCAGT PCR, sequencing (RepC)
GAPDH_FP CTGTTATTGGAGGAGGGAACAA gPCR

GAPDH_RP AGTCTTTCCTACCATGCCAAC gPCR

V2_FP CGACAGCCCGTTCACCAG gPCR

V2_RP GCCTGTACGTCCATGATCGTC gPCR

V30C1N_FP TGGTGGGTGTTTCAAGGTTT cDNA synthesis, PCR (for RT-PCR)
V30C1N_RP GCAATTTGAGAGTCAATCGGTA PCR (for RT-PCR)

Key: lower case, target nt mutation
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S3 Table 3.2 African mono- and bipartite begomovirus isolates used in this study.

Begomovirus species Abbreviation Isolate DNA-A accession
number
African cassava mosaic virus ACMV Cameroon/1998 J02057
Cotton leaf curl Gezira virus CLCuGeV/ML Mali/Bamako/Okra/2006/Mali EU024120
Datura leaf curl virus DaLCV SD- Kha435-16 MF402918
East African cassava mosaic virus EACMV/UG Uganda/Severe 2/1997/Uganda AF126806
Okra yellow crinkle virus OYCrV/IML Mali/Bamako 2/2005/Mali DQ875879
Pepper yellow vein Mali virus PepYVMLV Mali AY502935
South African cassava mosaic virus SACMV South Africa AF155806
Tobacco leaf curl Comoros virus TbLCKMV Comoros/Simboussa/2004 AM701760
Tobacco leaf curl Zimbabwe virus ThLCZV Zimbabwe AF350330
Tomato curly stunt virus ToCSV South Africa/Onderberg/1998 AF261885
Tomato leaf curl Anjouan virus ToLCAnV Comoros/Ouani/2004 AM701758
Tomato leaf curl Comoros virus ToLCKMV Mayotte/Kahani/2003 AJ865340
Tomato leaf curl Diana virus ToLCDiV Madagascar/Namakely/2001 AM701765
Tomato leaf curl Ghana virus ToLCGV Cote d'lvoire/Kossou/TomatoCl104/2017 | MN969998
Tomato leaf curl Kunene virus ToLCKunV NA-2019 MT045996
Tomato leaf curl Madagascar virus ToLCMGV/Men Madagascar/Morondova/2001/Menabe AJ865338
Tomato leaf curl Mahe virus ToLCMahV SC-Pra-SC8-1b-17 MH410152
Tomato leaf curl Mali virus ToLCMLV Mali AY502936
Tomato leaf curl Namakely virus ToLCNaV Madagascar/Namakely/2001 AM701764
Tomato leaf curl Nigeria virus ToLCNGV Nigeria/2006 FJ685621
Tomato leaf curl Seychelles virus ToLCSCV Seychelles/Val d'Endor/2004 AM491778
Tomato leaf curl Sudan virus ToLCSDV/Sha Sudan/Shambat/1996/Shambat AY044139
Tomato leaf curl Toliara virus ToLCToV Madagascar/Miandrivazo/2001 AM701768
Tomato leaf curl Uganda virus ToLCUV Uganda/lganga/2005 DQ127170
Tomato yellow leaf curl Mali virus TYLCMLV Burkina Faso/Tom141/2013 LM651400
Tomato yellow leaf curl Sardinia virus TYLCSV Italy/Sardinia/1988 X61153
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