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ABSRACT

Root crops such as sweetpotato [(Ipomoea batatas (L.) Lam.] are highly regarded as alternative
food sources to address food insecurities in South Africa and other African countries.
Sweetpotato viruses, commonly occurring in mixed infections of viruses of different taxonomic
groups are a threat to production of sweetpotato. Potyviruses, belonging to the Potyviridae
family are virus species Sweet potato feathery mottle virus, Sweet potato virus G, Sweet potato
virus C and Sweet potato virus 2 and these have been reported to occur in South Africa.
Crinivirus species Sweet potato chlorotic stunt virus, belonging to the Closteroviridae family
was also reported. Monopartite, single stranded DNA begomoviruses are also a threat to
sweetpotato production globally. All these viruses were detected in South Africa in previous
studies. Symptoms associated with potviruses include mild chlorotic spots and in severe cases,
plants may develop some chlorotic spots with purple pigmentations, mild vein banding and in
some cases, plants may be symptomless. Symptoms caused by crinivirus SPCSV alone are
relatively mild on sweetpotato and plants may become mildly stunted. Plants infected with
begomoviruses may exhibit mild upward curling of the leaves, however, it is reported that
plants may also appear symptomless in the field. Begomovirus species Sweet potato leaf curl
Sao Paulo virus and Sweet potato mosaic virus were reported to occur in the Limpopo Province
of South Africa in 2012. This led to field surveys being conducted to determine the prevalence
of potyviruses and begomoviruses in the three provinces of South Africa, namely, Limpopo,
Gauteng and Mpumalanga. Furthermore, to characterize Sweet potato feathery mottle virus
(SPFMV), Sweet potato virus C (SPVC), Sweet potato virus G (SPVG) and Sweet potato leaf
curl virus (SPLCV) by means of partial genome cloning and sequencing, and full genome
sequencing using next generation sequencing (NGS). Surveys were conducted over two
seasons and a total sample number of 272 (2012/13) and 332 (2013/14) of sweetpotato samples

were grafted onto the indicator plant Ipomoea setosa [(I. setosa (Kerr.)] Kerr to observe for

vii



virus related symptoms. Virus disease incidences were low and these were 18% (Limpopo
Province), 19% (Mpumalanga Province) and 23% (Gauteng Province) in season 1, 4%
(Limpopo Province), 21% (Gauteng Province) and 22% (Mpumalanga Province), however,
this varied in areas within the three provinces surveyed. Infestations of adult aphids and
whiteflies as virus vectors were low (1-5 insects score equivalent to low infestation). Inspite of
low virus disease incidences in the field, and low infestations of aphids and whiteflies, viruses
were identified in both asymptomatic and symptomatic samples grafted onto I. setosa using
nitrocellulose enzyme linked immunosorbent assay (NCM-ELISA), double antibody ELISA,
reverse transcription polymerase chain reaction (RT-PCR) and PCR to verify the identity of
viruses. The incidence of SPFMV, either as single or co-infection with SPVC was 52% and
16% in season 1 and 2, respectively. SPVG (1.5% and 35%), SPCSV (2% and 16%), Sweet
potato mild mottle virus (SPMMV) (3% and 5%), SPV2 (3% and 8%) and Sweet potato mild
speckling virus (SPMSV) (2% and 2.4%) were also detected, in season 1 and 2, respectively.
Other viruses detected include Sweet potato chlorotic fleck virus (SPCFV) and Sweet potato
latent virus (SWPLV) in low (0.6 to 1%) incidences in both seasons. Viruses were also detected
in single infections with the most common single infection being that of SPFMV. Mixed
infections of SPFMV and SPVG were common and those of SPFMV/SPVG and SPCSV were

also detected.

There was a need to characterize and to determine the genetic variability of potyviruses
SPFMV, SPVC and SPVG, and to investigate the possible occurrences of begomoviruses in
the three provinces since such information was lacking. Genetic characterization was
accomplished by partial genome sequencing for potyviruses (SPFMV, SPVC and SPVG) and
full-length genome sequencing for begomovirus isolates. A total of 5 (SPVC), 4 (SPFMV), 6

(SPVG) and 9 (begomoviruses) isolates were sequenced and analyzed. Phylogeny, pairwise
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comparison and analysis of the coat protein (CP) encoding amino acid (aa) sequences revealed
that the russet crack (RC) strain of SPFMV in this study shared 97% to 99% nucleotide (nt)
identity with isolates reported in other parts of the world and that it was the only strain of
SPFMV detected in the three provinces surveyed. SPVC isolates in this study were also
confirmed to share the nt identity of between 86% to 94% with isolates reported in South Africa
(Kwazulu Natal Province, Western Cape Province) and other parts of the world. SPVG was
also confirmed to occur in the three provinces surveyed and minor sequence variability at nt
level were observed between isolates in this study and those reported in Kwazulu Natal
Province. However, analysis of the CP encoding aa sequences confirmed that all analysed
isolates are the same strain of SPVG. Rolling circle amplification (RCA) and full-length
genome sequencing with next generation sequencing (NGS) detected begomoviruses. Sweet
potato leaf curl SaoPaulo virus (SPLCSPV) and Sweet potato mosaic virus (SPMV) were
confirmed to occur in the Gauteng Province. SPLCSPV isolate Tanz: ELLP_ZA (Limpopo
Province) and SPLCSPV isolate Tanz: NMP-ZA (Mpumalanga Province) were related to
SPLCSPV isolate TZ-SNG7:12 of Tanzania, with which they shared the nt identity of 94% and
95%, respectively. TMBLP-ZA was identified as a novel isolate of SPLCV and we propose
that it is classified as SPLCV isolate South Africa (ZA): TMBLP-ZA. The effects of
begomoviruses SPLCSPV/SPLCV and SPMV on the yield of sweetpotato varieties is not
widely studied and this led to the study expanding to determine the effects of these viruses as
mixed infections of two begomoviruses and potyviruses. Two field trials were planted in
January 2014 and 2015 with eight locally bred sweetpotato varieties (Bophelo, Impilo, Ndou,
Monate, Mvuvhelo, Blesbok, Bosbok and Ribbok), three from the United States of America
(USA) (W-119, Hernandez and Resisto) and one (199062.1) from the International Potato
Centre (CIP, Lima, Peru). Single and co-infections of potyviruses and begomoviruses in

sources of virus combinations were confirmed by NCM-ELISA, RT-PCR, PCR and NGS.



Virus treatments (T) were as follows: T1= co-infections of SPFMV (RC strain) + SPVG +
SPVC + begomoviruses (SPLCSV + SPMV), T2 = co-infections of SPFMV (RC strain) +
begomoviruses, T3=single infection of SPFMV (RC strain), T4= co-infection of SPLCSV +
SPMV. The total and marketable yield of all 12 varieties was significantly reduced by
treatments T1 and T2, and the yield was severely decreased in trial 2 with all the treatments.
Treatments T3 and 4 also reduced the total and marketable yield, however, varieties differed
in their responses to these treatments. The total yield reduced with T3 were between 27% and
78% in trial 1, and varieties such as Bophelo, Hernandez, Impilo and Ribbok had yield
reductions of less than 50%, when compared to the other eight varieties. However, the yields
were severly reduced in trial 2 (61% to 99%). Total average yield were also reduced with
begomovirus co-infections (T4) and yield losses were between 32% and 84% in trial 1, and
varieties such as Bophelo, Bosbok, Mvuvhelo, Ndou and Resisto had yield reductions of less
than 50%, when compared to the other seven varieties. Production of low and poor quality
yield in sensitive sweetpotato varieties in South Africa was confirmed to be due to
begomoviruses as mixed infection of SPLCSPV/SPLCV and SPMV, in mixed infections with
potyviruses. The findings in this study of seven distinct virus species, is significant as it is
associated with high yield losses. The quality of sweetpotato is therefore compromised, which
ultimately affect the livelihoods of those who depend on the crop for household consumption
and as a source of income. Stringent disease management strategies to prevent virus spread ais
urgently needed and farmers to be taught how prevent the spread. Furthermore, the government
need to implement robust quarantine regulations to prevent new virus strains from entering the

country.
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CHAPTER 1

LITERATURE REVIEW

1. INTRODUCTION

1.1 Production of sweetpotato at a global scale

Sweetpotato (Ipomoea batatas Lam.) is a hexaploid dicot plant, belonging to the family
Convolvulaceae (Wang et al., 2011). The crop originated in the central and tropical parts of
South America, Panama, Peru and Mexico [(Steinbauer and Kushman, 1971; Department of
Agriculture, Forestry and Fisheries (DAFF), 2011a]. It ranks as the seventh most important
staple crop in the world, and the third most important tuber crop in sub-Saharan Africa after
wheat (Triticum aestivum), maize (Zea mays), rice (Oryza sativa), potato (Solanum
tuberosum), barley (Hordeum vulgare), cassava (Manihot esculenta Crantz) and yam
(Dioscorea spp. L.) [(Karyeija et al., 1998; Kreuze and Fuentes, 2008)]. Nigeria and Uganda
are listed as the largest producer of sweetpotato in Africa and production of 2,126,989
3,478,270 metric tons was recorded, respectively [(Food and Agriculture Organization of the
United Nations (FAOSTAT), 2015; FAOSTAT, 2017; World Atlas, 2017)]. Asia produces
about 76% to 85% of sweetpotato and America is the 10’th largest producer (Lucier et al.,
2002; FAOSTAT, 2017). According to vegetable production statistics, South Africa produces
about 60 to 63 tons per year, selling about 29 to 32 tons on the major fresh produce market, at

an average price of R699/ ton in 2014/2015 (DAFF, 2011a; b; DAFF, 2016).

1.2 The importance and cultivation practices of sweetpotato

Sweetpotato is grown by both smallholder and commercial farmers in all the provinces of South

Africa and it is a major staple food crop that feeds millions of people on the African continent.



The main production areas in South Africa are Limpopo, Mpumalanga and Western Cape
(DAFF, 2010; DAFF, 2011a) and, in the recent years, the crop has been introduced to the
Eastern Cape, KwaZulu Natal, Free State and Gauteng provinces (DAFF, 2010). Food in
security is a term that describes lack of physical, social or economic access to food (FAO,
2010). Sweetpotato is one of the traditional crops that plays an important role in addressing
food insecurities in rural households (Grlineberg et al., 2015). The crop has been used as a
relief for hunger in war-torn areas in Uganda and other African countries (Kapinga et al., 2005).
Sweetpotato is propagated as an annual crop and it can be used in all farming sectors since it
is adaptable to a broad range of agro-ecological conditions and can be cultivated by farmers
with low input cropping systems (Mukhopadhyay et al., 2011; Motsa et al., 2015). Sweetpotato
is a good source of nutrients and 100 g of sweetpotato contains vitamin C (2.4 mg), fiber (20.12
g), calcium (30 mg) and vitamin A (709 pg) (USDA National Nutrient Database for Standard
Reference, 2016). It is also known to contain a significant amount of protein, manganese,
antioxidants, ascorbic acid and riboflavin (Ewell and Mutuura, 1991; USDA National Nutrient
Database for Standard Reference, 2016). Leaves of sweetpotato can be used as vegetable relish
and vines as fodder for animals (Clark et al., 2012). New products such as sweetpotato bread,
chips and frozen products are developed for the retail markets (van den Berg et al., 2004;
Engoru et al., 2005; Clark et al., 2012). Faber and co-researchers (2017) showed that food-
secure households are more likely to consume a more varied diet, which is likely to contain
vitamin A whereas the food insecure households are at a risk of suffering from nutritional
deficiencies. Recently, breeding efforts are focused on the production and improvements of
orange-fleshed sweetpotato (OFSP) which is reported to be rich in B-carotene, a relevant source
of pro-vitamin A, as a means to address vitamin A deficiency in affected food insecure
households (van Jaarsveld et al., 2005; Griuneberg et al., 2015; Kurabachew, 2015). The

Mozambique government gives priorities to multiplication and distribution of OFSP planting



material to address problems of nutritional deficiencies (Kapinga et al., 2005; Brito et al.,
2012). Laurie and co-researchers (2012) confirmed the ability of OFSP varieties to contribute
+100% of the recommended dietary allowance of provitamin A, depending on the variety
planted. South Africa was one of the partner countries of the Vitamin A for Africa (VITAA)
initiative and has implemented a national vitamin A supplementation (VAS) programme that
promotes food fortification programs, the production and consumption of OFSP varieties to

alleviate vitamin A deficiency (Faber et al., 2001; Labadarios et al., 2007; Laurie et al., 2015a).

Sweetpotato is grown in sandy-loam and clay loam soils [van den Berg and Laurie, 2004;
DAAF, 2011a; Agricultural Research Council (ARC), 2011, http://www.arc.agric.za]. A soil
pH of 6.0 is recommended for root development (DAAF, 2011b). The crop is propagated from
vine cuttings of 30 cm to 40 cm long, on ridges of about 30 to 40 cm apart (ARC, 2011). A
spacing of 25 cm to 35 cm apart between plants is recommended for the cultivation of
sweetpotato (ARC, 2011). The crop requires warm climates and is very sensitive to frost. The
standard for water requirements is between 450 mm to 600 mm per planting season, however,
the plant is capable of developing some level of draught tolerance when storage roots have
developed (ARC, 2011). Soil fertilization is recommended during planting and an optimum
level of Nitrogen, Phosphorus and Potassium (NPK) before planting is requires and this can be
800 kg/ ha*, which contain 53.3 kg of N, 80 kg of P and 106.7 kg of K for high input production
(a yield of 70 to 80 t/ha) (Allemann, 2004). High nitrogen and potassium content is required
for top dressing, and this should consist of lime with ammonium sulphate and nitrogen (LAN)
of about 150 kg/ ha*, 3 weeks and 6 weeks after planting (Allemann, 2004; ARC, 2011).
Locally developed sweetpotato varieties include Blesbok, Bosbok, Ribbok, Koedoe and
Mafutha, which all originated from the ARC, Vegetable and Ornamental Plants (ARC-VOP)

breeding program (du Plooy, 1986; Laurie et al., 2015b).



Sweetpotato is prone to production losses due to biotic factors such as pests and diseases. The
most common fungal diseases reported to affect sweetpotato production is Fusarium wilt,
which is characterized by yellowing of older leaves, wilting of the leaves and stunting (Moyer
and Clark, 2013). Other fungal diseases include Alternaria leaf spot, which is caused by
different species of Alternaria (such as Alternaria bataticola, Alternaria alternata) (Moyer and
Clark, 2013). Some of the bacterial diseases reported to affect sweetpotato production are
bacterial wilt (Pseudomonas solanacearum) which is characterized by greyish brown water
soaked discolorations, soil rot (Streptomyces ipomoea), which is the appearance of necrotic
lesions on storage roots (Clark, 2013). Among the diseases reported, those caused by viruses
are the most problematic, and production losses due to sweetpotato viruses have been reported
(Ames et al., 1996). Furthermore, while several RNA and DNA viruses are reported to infect
sweetpotato, sweetpotato viruses often occur in mixed virus complexes (Gibson and Kreuze,

2015).

1.3 SWEETPOTATO VIRUSES

One of the major limitations to sweetpotato production is high yield losses due to the
cumulative effects of virus infection (Clark et al., 2002), which is a concern to the commercial
and emerging farmers globally (Gutierrez et al., 2003). More than 30 sweetpotato viruses have
been identified world-wide (Lozano et al., 2009), including RNA and DNA viruses from
several families and genera (Table 1.1). In South Africa, sweetpotato viruses have been
associated with high yield losses since the mid 1940’s (McClean and Klesser, 1947). Sweet
potato feathery mottle virus (SPFMV) was identified as the most important virus affecting
sweetpotato production in South Africa (Jericho and Thompson, 2000; Domola et al., 2008)

and other parts of the world (Moyer and Salazar, 1989). Other viruses known to affect



sweetpotato production includes potyvirus Sweet potato virus 2 (SPV2), potyvirus Sweet
potato virus C (SPVC), ipomovirus Sweet potato mild mottle virus (SPMMV), potyvirus Sweet
potato latent virus (SWPLV), potyvirus Sweet potato mild speckling virus (SPMSV), carlavirus
Sweet potato chlorotic fleck virus (SPCFV) and begomovirus Sweet potato leaf curl virus
(SPLCV) (Moyer and Salazar, 1989; Winter et al., 1992; Chavi et al., 1997; Di Feo et al., 2000;
Ateka et al., 2007; Lozano et al., 2009; Tugume et al., 2010). In addition to these, viruses such
as Sweet potato collusive virus (SPCV), previously known as Sweetpotato caulimovirus
(SPCaLV) and Sweet potato ringspot virus (SPRSV) are reported to infect Sweetpotatoes
(Winter et al., 1992; Brunt et al., 1996). Over 32 viruses infecting sweetpotato have been
reported (Clark et al., 2012). Table 1.1 shows, in summary, some of the viruses commonly
known to infect sweetpotato worl-wide. A detailed review on the most important viruses is

described in the following sections.

Table 1.1: Viruses reported to infect sweetpotato, genus, distribution, transmission and authors.

VIRUSES GENUS REPORTED DISTRIBUTION TRANSMISSION REFERENCES
Clark and Moyer, 1988;
Moyer and Salazar, 1989;
SPFMV Potyvirus Worldwide Aphids Clark and Valverde, 2013
Clark and Moyer, 1988;
Moyer and Salazar, 1989;
Untiveros et al.,, 2010;
SPVC Potyvirus Worldwide Aphids Clark and Valverde, 2013
Hollings et al., 1976;
Eastern and Southern Africa, China, Jericho and Thompson,
India, Indonesia, New Zealand, 2000; Mukasa et al., 2006;
Papua New Guinea, Peru and Tugume et al., 2010; Clark
SPMMV Ipomovirus Philippines Whiteflies and Valverde, 2013
Africa, Australia, United State of
America, Asia, South America and Colinet et al., 1998; Clark
SPVG Potyvirus China Aphids and Valverde, 2013
Ateka et al., 2006; Ateka
et al., 2007; Tairo et al.,
2006; Untiveros et al.,
Zambia, Zimbabwe, South Africa, 2008; Clark and Valverde,
SPV2 Potyvirus China, Australia, Portugal, Peru etc.  Aphids 2013
Winter et al.,, 1997;
Gibson et al., 1998; Clark
SPCSV Crinivirus Worldwide Whiteflies and Valverde, 2013




SWPLV

SPCFV

SPLCV

SPMSV

SPCV

C-6 virus
SPRSV

CMV
Ipomoea yellow vein
virus (1'YVV)

Sweet potato Pakakuy
virus: badnavirus A and
B

Sweet potato golden
vein virus (SPGVaV)
Sweet potato yellow
dwarf virus (SPYDV)
Sweet potato mosaic
virus (SPMV)

Sweet potato leaf curl
Sao Paulo virus
(SPLCSPV)

Sweet potato leaf curl
Uganda (SPLCU)
SPLC South Carolina
virus

SPLC Georgia virus

SPLC China virus
SPLC Lanzarote virus
(SPLCLaV)

SPLC Spain virus
(SPLCSV)

Sweet potato vein
clearing virus (SPVCV)
Sweet potato C-3 virus
(SPC3vV)

Potyvirus

Carlavirus

Begomovirus

Potyvirus

Cavemovirus

Potyvirus
Nepovirus

Cucumovirus

Begomovirus

Badnavirus
Begomovirus
Ipomovirus

Begomovirus

Begomovirus
Begomovirus

Begomovirus
Begomovirus

Begomovirus
Begomovirus

Begomovirus

Solendovirus

Phlebovirus?

Africa, Taiwan, China, Korea, Peru,
Brazil and Indonesia

Australia, Bolivia, Brazil, China,
Columbia, India, Indonesia, Japan,
Korea, Panama, Kenya, Tanzania,
Rwanda, South Africa, Taiwan and
Uganda

Spain, China, Japan, USA, Uganda
and South Africa

Brazil, China, Egypt, India,
Indonesia, New Zealand, Argentina,
Nigeria, Peru and Philippines and
South Africa

China, Puerto Rico, Australia,
Egypt, Kenya, Madeira, New
Zealand, Nigeria, Papua New
Guinea, Philippines, Tanzania,
Togo, Uganda and the United State
of America

Uganda, Egypt, India, Cuba,
Indonesia, New Zealand, Argentina,
Nigeria, Peru and Philippines,
United State of America, South
Africa and Kenya

Papua New Guinea and Kenya
Israel, Egypt and Kenya

Spain

Peru, South Africa,
Guatemala

Tanzania,

South Korea
Taiwan

Brazil, South Africa

Brazil, Tanzania, South Africa
Uganda

United State of America
United State of America
China

Spain

Spain

Central

America, Dominican Republic, East
Africa, Guatemala, Jamaica, Kenya,
Panama and Uganda.

Brazil

Unknown

Unknown

Whiteflies

Aphids

Unknown

Unknown
Unknown

Aphids

Whiteflies

Meallybugs
Whiteflies
Whiteflies

Whiteflies

Whiteflies
Whiteflies

Whiteflies
Whiteflies
Whiteflies

Whiteflies

Whiteflies

Seed borne

Grafting

Colinet et al., 1998;
Kreuze and Fuentes, 2008;
Clark and Valverde, 2013

Ateka et al., 2004a; Aritua
et al.,, 2007; Jones and
Dwyer, 2007; Clark and
Valverde, 2013; Tugume
etal., 2016

Clark and Hoy, 2006;
Lozano et al., 2009;
Trenado et al., 2011;
Wasswa et al.,, 2011; Bi
and Zhang, 2012; Liu et
al., 2014

Kreuze and Fuentes, 2008;
Alvarez et al., 1997;
Domola et al., 2008; Clark
and Valverde, 2013

Cuellar et al., 2011; Clark
and Valverde, 2013

Clark and Valverde, 2013
Clark and Valverde, 2013
Moyer and Salazaar, 1989;
Clark and Valverde, 2013

Lozano et al., 2009
Kreuze et al., 2009;
Kashif et al., 2012;
Mbanzibwa et al., 2014;
Bhat et al., 2006; Nhlapo
etal., 2018

Paprotka et al., 2010; Kil
etal., 2014

Green and Lo, 1989;
Loebestein, 2009
Paprotka et al., 2010;
Esterhuizen et al., 2012b

Esterhuizen et al., 2012b;
Mbazimbwa et al., 2014

Wasswa et al., 2011
Ling et al., 2010; Zhang
and Ling, 2011

Ling et al., 2010
Luan et al., 2007
Lozano et al., 2009;
Trenado et al., 2011
Lozano et al., 2009
Cuellar et al., 2011;
Dennien, 2015

Loebestein et al., 2009




Sweet potato Kwak et al., 2014;
symptomless virus-1 Dennien, 2015; Kim et
(SPSMV-1) Mastrevirus Peru, Tanzania, Korea Not known al., 2017

Sweet potato leaf

speckling virus

(SPLSV) Polerovirus Cuba and Peru Aphids Dennien, 2015

1.3.1 Potyviridae

The family Potyviridae, genus Potyvirus constitute one of the largest group of plant viruses
(Brunt et al., 1996; Valkonen et al., 2002; Mishra et al., 2013), and a large number of
sweetpotato viruses fall into this family (Table 1.2). The genome particles of potyviruses are
non-enveloped, flexuous filamentous shaped rods ranging from 680-900 nanometers (hnm) in
length and 12 nm in width (Brunt et al., 1996; Pappu et al., 1993; Sakai et al., 1997; Lima et
al., 2014). The group consists of positive sense, single-stranded RNA (ssRNA) genomes, which
are expressed via the production of a large polyprotein that is made up of 12 functional proteins
(Sakai et al., 1997; Mishra et al., 2013; Lima et al., 2014). Some of the major potyviruses
known to infect plants include the Potato virus Y (PVY) (Boonham et al., 2002; Syller and
Grupa, 2014, Mascia and Gallitelli, 2014), Tobacco etch virus (TEV) (Verchot et al., 1991),
Zucchini yellow mosaic virus (ZYMV) (Coutts et al., 2011), Watermelon mosaic virus
(WMMYV) (Desbiez et al., 1997). The genome of potyviruses consist of 10 mature proteins, one
large open reading frame (ORF) starting from 118 nucleotides (nt), encoding a large
polyprotein [(3493 base pairs (bp)] at 10599 nt and amino acids (aa), followed by the
untranslated region (UTR) (Sakai et al., 1997). Fig. 1.1 illustrates the functional genome
structure of the polyproteins of potyviruses, consisting of the following genes, namely, the first
protein (P1), the helper component-proteinase (HC-Pro), the third protein helper component
(P3), first 6 kDa protein (6K1), cytoplasmic inclusion protein (Cl), second 6 kDa protein (6K2),
small nuclear inclusions proteins such as the Nia-Pro and VVPg, the large nuclear inclusion body
(NIb) and coat protein (CP) (Sakai et al., 1997; Kasschau et al., 1997; Mascia and Gallitelli,

2014). Two short ORFs, PISPO and PIPO are also found located in the P1 and P3 regions,



respectively, of the Potyviridae genome, whereby PISPO is found in sweetpotato viruses,
whereas PIPO is found in all potyvirids (Mingot et al., 2016). Through the process of
polymerase slippage mechanism, the two ORFs become P1N-PISPO and P3N-PIPO

(Rodamilans et al., 2015).

2o |
@ A(n) 3'OH
6K1 6K2

Fig. 1.1. Genomic map of a typical member of the genus Potyvirus. The sSSRNA genome is represented
by a line and an open box representing the ORF translated into a polyprotein. Names associated with
the mature proteins proteolytically processed from the polyprotein are shown. Wylie et al., 2017.
https://talk.ictvonline.org/ictv-reports/ictv_online_report/positive-sense-rna-viruses/w/potyviridae.

The functions of the HC-Pro protein is complex, however, it is known to be involved in the
aphid-mediated transmission, genome amplification, polyprotein processing and the long
distance movement of the viral RNA (Kasschau et al., 1997; Rojas et al., 1997). It is also
suggested that the HC-Pro may interact with the CP in the cell-to-cell movement (Rojas et al.,
1997) due to the interaction of the CP with the plasmodesmatal proteins to facilitate the
movement of the RNA and genome amplification (Mishra et al., 2013). Dolja and co-
researchers (1994) also showed that, other than the cell-to-cell movement function, the CP also
possess some distinct activities required for virion assembly and long-distance transportation
of the virions. The CP encoding polyprotein is also suspected to be involved in the vector
transmission (Mishra et al, 2013). Other proteins include the P3 and the C1, which are
speculated to function in the cell-to-cell movement (P1 and C1) and genome replication (C1

and P3) (Mishra et al., 2013). Verchot and Carrington (1995) suggested that the function of the



P1 proteinase could extend to genome amplification. The Nla-VPg, Nla-Pro and NIb proteins
contribute to genome replication (Mishra et al., 2013). The proteinase of P3-6K1, C1-6K2 and
the Nia-VPg, Nia-Pro also play a role in the viral infection cycles (Merits et al., 2002).
Potyviruses such as TEV requires the interaction between the N-terminal VPg domain and the
C-terminal Nia-Pro protease to be infective (Schaad et al., 1997). PLN-PISPO is produced by
SPFMV and like the HC-Pro in other potyvirids, it acts as an RNA silencing suppressor,
limiting the accumulation of viral RNAs in host plants (Mingot et al., 2016). It is also reported
that recombination among potyviruses occurs, which is the biggest contributor of their ever
evolving nature (Clark et al., 2012). Table 1.2 is the summary of the functions of major

polyproteins of the potyviruses and potyviruses reported to infect sweetpotatoes are reported

below.

Table 1.2: Summary of the major potyvirus polyproteins and their functions

Polyproteins

Functions

References

P1

Cell-to-cell movement
Genome replication
Genome amplification

Mishra et al., 2013
Verchot and Carrington, 1995
Mishra et al., 2013

HC-Pro Aphids mediated transmission Kasschau et al., 1997
Genome replication Rojas et al., 1997
Long distance movement of the viral RNA Kasschau et al., 1997
Suppression of si-RNA-based antiviral
defence of plants Kokkinos, 2006
Proteolysis of the polyproteins OH and Carrington, 1989
P3 Virus propagation Verchot and Carrington, 1995
Genome replication Verchot and Carrington, 1995
Viral infection cycles, genome stabilization,
6kl regulation of proteolytic processing Merits et al., 2002; Ivanov et al., 2014
Genome replication, membrane attachment,
C1 cell to cell movement Mishra et al., 2014
RNA replication, membrane anchoring of
6k2 replication machinery. Mishra et al., 2014
Viral infection cycles, genome stabilization,
Nia-VPg regulation of proteolytic processing Merits et al., 2002; Ivanov et al., 2014



Nia-Pro Genome replication Merits et al., 2002

Viral infection cycles Merits et al., 2002
NIb Genome replication Merits et al., 2002
Viral infection cycles Merits et al., 2002
P1N-PISPO RNA silencing supressor Mingot et al., 2016
P3N-PIPO Cell to cell propagation and movement Wei et al., 2010; Vijayapalani et al., 2012

1.3.1.1 Sweet potato feathery mottle virus (SPFMV)

SPFMV s recognized as the most important of all sweetpotato viruses in South Africa and
worldwide (Moyer and Salazar, 1989; Domola et al., 2008). It is a member of the family
Potyviridae, genus Potyvirus, which is one of the largest family of plant viruses (Clark and
Moyer, 1988; Moyer and Salazar, 1989). The virus is widely distributed wherever sweetpotato
is grown (Clark and Valverde, 2013). A study conducted in South Africa (2001 to 2003)
revealed the prevalence of about 73% (SPFMV). Co-infection of SPFMV with other
potyviruses was confirmed to reduce total yield (17%) and marketable (30%) yield by + 30%
in field trials with South African varieties (Domola et al., 2008). SPFMV consists of elongated
particles of about 810 to 865 nm (Campbell et al., 1973) and the RNA genome is 10 820 nt
long, excluding the poly(A) tail (Sakai et al., 1997). SPFMV is transmitted non-persistently by
the green peach aphids (Myzus persicae Sulzer) and cotton aphids (Aphis gossyppii Glover)
(Clark and Moyer, 1988; Clark and Valverde, 2013). Non-persistent transmission is a
phenomenon in which aphids acquire the virus from the infected plants while feeding, retain it
in the mouthparts and immediately transmit it to other plants through brief feedings of only 20-
30 seconds, and if the virus is not transmitted within that time period, it loses its viability (Clark
and Moyer, 1988). Different strains of SPFMV, namely, the russet crack (RC), the ordinary
(O) and the East African (EA) strains have been identified (Campbell et al., 1973; Cali and
Moyer, 1981; Hammond et al., 1992; Tairo et al., 2005; Tairo et al., 2006; Untiveros et al.,

2008; Ranndli et al., 2009; Clark and Valverde, 2013). The RC strain of SPFMV is reported to
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occur in countries such as Japan (Sakai et al., 1997), United States of America (USA) (Cali and
Moyer, 1981) and China (Colinet and Kummert, 1993). Only the RC and O strains of SPFMV
are prevalent in South Africa (Rénnéli et al., 2009; Sivparsad and Gubba, 2012; Mulabisana et
al., 2015). Strain RC of SPFMV affect the storage roots by causing severe cracking, and
sometimes necrotic lesions of the roots, thus leading to a drastic reduction in marketable yield
and the quality of the storage roots (Campbell et al., 1973; Clark and Valverde, 2013). Strain
EA of SPFMV is highly distributed in the East African regions, whereas others can be found
wherever sweetpotato is grown (Tairo et al., 2005). The host range of SPFMV is narrow, and
it is mostly limited to the family Convolvulaceae, especially the genus Ipomoea (Mukasa et al.,
2003a). Symptoms associated with SPFMV infection are characterized by general chlorotic
spots and chlorotic vein banding (vein clearing) on indicator plants Ipomoea setosa (I. setosa)
and sweetpotato plants, ring spotting (sweetpotato) with or without the purple pigmentation
(Fig. 1.2), and this is dependent on the genetic characteristics of the plant and the environmental

conditions (Clark and Valverde, 2013).

setosa plants. (a) Yellowing of the mid veins (vein banding/vein clearing) on variety

Hernandez, (b) purple ring spots and (c) yellowing of the mid vein/vein clearing on indicator
plant I. setosa. Picture by M.J. Mulabisana, Agricultural Research Council, Vegetable and
Ornamental Plants.
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1.3.1.2 Sweet potato virus C (SPVC)

SPVC was previously referred as the common (C) strain of SPFMV (Clark and Valverde,
2013). Sequence (CP aa) comparison of strains of SPFMV and SPVC revealed that SPVC is
distinctly different from other strains of SPFMV due the missing CP aa sequences at position
62 and 63 (Unitiveros et al., 2008; Tairo et al., 2005), a unique feature which differentiate
SPVC from SPFMV. The distinction is suspected to have originated from the interviral
recombination that occurred between the different strains of SPFMV (Tairo et al., 2005;
Untiveros et al., 2010; Clark et al., 2012). The host range of SPVC is also limited to the family
Convolvulaceae, especially the genus Ipomoea (Mukasa et al., 2003a). It is also a member of
the Potyviridae family, transmitted by aphids and widely distributed wherever sweetpotato is
grown (Clark and Valverde, 2013). Symptoms associated with SPVC are similar to those

induced by SPFMV.

1.3.1.3 Sweet potato mild mottle virus (SPMMV)

SPMMV belongs to the family Potyviridae, genus Ipomovirus (Hollings et al., 1976; Hammond
et al., 1992; Kreuze and Fuentes, 2008). It is transmitted by whiteflies Bemisia tabaci (B.
tabaci) species in a non-persistent manner (Hollings et al., 1976; Clark and Valverde, 2013).
In Africa, SPMMV is reported to occur in South Africa and Uganda (Jericho and Thompson,
2000; Domola et al., 2008; Mukasa et al., 2006; Tugume et al., 2010). Sensitive varieties
induces symptoms such as leaf spots, mild vein chlorosis, mild mottling and some mosaic when
infected with SPMMV as a single infection (Hollings et al., 1976; Mukasa et al., 2003b;
Mukasa et al., 2006). The genome size is about 1.8 to 2.1 kilo base pairs (kb) (Colinet et al.,
1996; Colinet et al. 1998). SPMMYV infect about 21 wild Ipomoea species which makes the

transmissibility to be easy and faster (Tugume et al., 2010). Recombination is reported to exist
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in the 5” end of the P1- and HC-Pro-encoding regions of SPMMYV genome, which is suspected

to assist the virus to adapt to a wide host range plants (Tugume et al., 2010).

1.3.1.4 Sweet potato virus G (SPVG) and Sweet potato virus 2 (SPV2)

Other potyviruses of sweetpotato, belonging to the family Potyviridae are SPV2, also known
as Sweet potato virus Y (SPVY) (Ateka et al., 2006; Li et al., 2012a) and SPVG (Colinet et al.,
1994). The name SPV2 is the one recognized by the ICTV (Kreuze and Fuentes, 2008). SPVG
is reported to occur in South Africa and other African countries, Australia, United State of
America, Asia and South America (Colinet et al., 1998; Sivparsad and Gubba, 2012; Clark and
Valverde, 2013). SPV2 is reported to occur in African countries such as Zambia, Zimbabwe,
South Africa, China, Australia, Portugal, Peru and other parts of the world (Ateka et al., 2006;
Ateka et al., 2007; Tairo et al., 2006; Untiveros et al., 2008; Clark and Valverde, 2013). The
genome sizes of SPVV2 and SPVG are about 10800 and 10731 bp, respectively (Li et al., 2012).
They are both transmitted by green peach aphids (M. persicae Sulzer) and cotton aphids (A.
gossypii) (Clark and Valverde, 2013). The two viruses are frequently detected in plants that are
also infected with SPFMV and co-infection of these viruses is associated with yield losses
(Domola et al., 2008). Tairo and co-researchers (2006) showed that plants infected with SPV2
might display obvious ring symptoms with red margins, slightly different from those induced
by SPFMV. Hosts plants of SPV2 include goosefoot (Chenopodium L.), sonweed (Datura

stramonium L.) and tobacco (Nicotiana spp.) plants (Clark and Valverde, 2013).

1.3.1.5 Sweet potato mild speckling virus (SPMSV)

SPMSYV is also a member of the genus Potyvirus (Alvarez et al., 1997). SPMSV has flexuous

rod particle which are about 800 nm long and is transmitted by aphid species (Kreuze and
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Fuentes, 2008; Clark and Valverde, 2013). Serology and nucleic acid based molecular
techniques detected SPMSV in countries such as Brazil, China, Egypt, India, Indonesia, New
Zealand, Argentina and South Africa (Kreuze and Fuentes, 2008; Alvarez et al., 1997; Domola
etal., 2008; Clark and Valverde, 2013). SPMSV was previously described as one of the viruses
that are responsible for causing Sweet potato chlorotic dwarf virus (SPCDV) disease complex

(Clark and Valverde et al., 2013).

1.3.1.6 Sweet potato latent virus (SwPLV)

SwWPLV is also a member of the genus Potyvirus and is transmitted by aphid species (Kreuze
and Fuentes, 2008; Clark and Valverde, 2013). SWPLYV is reported to be distributed in China,
Japan, Korea, Brazil, and low incidences of this virus have been reported in other parts of
Africa such as Rwanda and South Africa (Kreuze and Fuentes, 2008; Domola et al., 2008;
Clark and Valverde, 2013). Symptoms associated with SwWPLV are very mild, sometimes

absent and its biology is not well studied (Clark and Valverde, 2013).

1.3.2 Closteroviridae

The genome of viruses in the Closteviridae family consists of sSSRNA. Three genera in this
family include the Closterovirus (Beet yellows virus), Ampelovirus (Grapevine leaf roll virus
3) and Crinivirus (Lettuce infectious yellows virus) (Martelli et al., 2002; Martelli et al., 2012;
Cueller et al., 2015). Closteroviruses are transmitted by aphids while ampeloviruses are
transmitted by mealy bugs (Martelli et al., 2002). The genome of criniviruses is bipartite,
positive sense, SSRNA which is divided into two RNA molecules (RNA 1 and RNA 2). The
virus particles are flexuous rod of about 850 nm long with a genome size of about 15.3 to 19
kb (Martelli et al., 2002; Clark and Valverde, 2013; Kiss et al., 2013; Rubio et al., 2013).

Criniviruses are transmitted by whitefly species.
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1.3.2.1 Sweet potato chlorotic stunt virus (SPCSV), viral synergism and disease complexes
SPCSV is a whitefly (B. tabaci biotype B) transmitted virus, belonging to the family
Closteroviridae, genus Crinivirus (Aritua et al., 1998a; Fauquet and Mayo, 1999; Karyeija et
al., 2000). The genome size of both RNA 1 and RNA 2 is about 8.1 kb long (Qin et al., 2010).
The RNA 1 encodes the protein that is responsible for replication (Kiss et al., 2013). Based on
the serological analysis, East African (EA) and West African (WA) strains of SPCSV have
been reported, however, the EA strain is prevalent in East Africa, whereas, the WA strain has
been detected in many countries where sweetpotato is grown (Gibson and Aritua, 2002;
Gutierrez et al., 2003; Tairo et al., 2005). SPCSV was also detected in Egypt (Winter et al.,
1997; IsHak et al., 2003). Triple antibody sandwich enzyme linked immunosorbent assay
(TAS-ELISA), using monoclonal antibodies and nitrocellulose membrane ELISA (NCM-
ELISA kit, CIP, Lima, Peru) are useful tools in detecting SPCSV. However, it is of utmost
importance to confirm infection with nucleic acid based techniques such as the reverse
transcription polymerase chain reaction (RT-PCR) with primers targeting the HSP70
homologue and the CP genes in infected sweetpotato material (Winter et al., 1997; Alicai et
al., 1999; IsHak et al., 2003). SPCSV is known to occur in mixed infections with SPFMV,
resulting in synergistic infection, which causes sweetpotato virus disease (SPVD) syndrome
(Gibson et al., 1998; Gibson and Aritua, 2002; Mwanga et al., 2002a). Co-infection of SPFMV
and SPCSV is reported to cause symptoms which are typically of potyviruses and the difference
is that these are more intense and characterized by severe leaf distortion, including narrowing
(strap-like) of leaves, yellowing of the mid veins or vein banding, chlorotic spotting (Gibson
and Aritua, 2002; Clark and Valverde, 2013). However, a single infection of SPFMV or
SPCSV will induce very mild symptoms which are characterized by chlorosis, slight reduction
in the growth, purpling of the older leaves and in some cases, plants may appear symptomless

(Gibson and Aritua, 2002; Clark and Valverde, 2013). Yield loss of 80 to 90% has been
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recorded in areas affected by SPVD (Di Feo et al., 2000; Gutierrez et al., 2003). Although both
SPFMV and SPCSV have been reported to occur in South Africa (Domola et al., 2008), co-
infection of the two viruses have not been studied thoroughly to confirm the presence of SPVD.
A study conducted by Mukasa and co-researchers (2006) suggests that SPCSV may synergize
with ipomovirus SPMMV, producing symptoms similar to those recorded from plants affected
by SPVD. SPCSV is also reported to have the ability to synergize SPCV, a member of the
Caulimoviridae, belonging to the genus Cavemovirus (Cuellar et al., 2011). Ateka and co-
researchers (2007) observed and reported synergism that occurs between the crinivirus SPCSV
and potyvirus SPV2 on |. setosa plants. This was confirmed by high virus titers and severe
symptoms of SPV2 infection on sweetpotato plants. However, when in single infections, SPV2
induces mild vein clearing or yellowing on the veins and mosaic symptoms on few leaves

(Ateka et al., 2007; Clark and Valverde, 2013).

1.3.2.2 Genetic variability of RNA viruses

RNA viruses consist of a genetic diverse populations and are susceptible to genetic variation
more than DNA viruses (Schneider and Roossinck, 2001). Evolution with RNA viruses occur
through a collection of closely related mutant spectra/cloud termed quasispecies (Schneider
and Roossinck, 2001). Replication with RNA viruses is highly error-prone due to lack of proof
reading enzyme RNA-dependent RNA polymerase (RdRp), therefore, this results in large,
highly diverse replicating population (Holland et al., 1982). Mechanism leading to genetic
diversity and evolution are factors such as mutation, negative selection and long distance
migration (human transport and propagative plant material) and recombination between
divergent sequence variants, which generate new viruses (Holmes, 2009; Rubio et al., 2013).
Tugume and co-researchers (2010) showed that high nucleotide diversity is observed in the P1

gene region (i.e SPMMV), which is associated with host-adaptation of potyviruses (Adams et
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al., 2005; Mbewe et al., 2017). The N-terminal sequences of the CP gene region of potyviruses
is reported to be variable (Untiveros et al., 2008), with the exception of the Asp-Ala-gly (DAG)
amino acid triplet motif which is associated with aphid transmissibility and provide the basis
for immunospecificity (Atreya et al., 1995). For potyviruses, phylogenetic analysis based on
the CP nt and aa sequences has led to the classification and establishment of strain relatedness
and has proven to be the region used to establish evolutionary relationships (Shukla and Ward,
1989). Untiveros and co-researchers (2010) also showed that the N-terminal part of the P1
region of SPFMV s the largest region associated with high genetic diversity compared to that

of the other potyviruses.

1.3.3 Geminiviridae

Viruses in the Geminiviridae family have been associated with viral infection of most vegetable
crops for many years (Briddon et al., 2002; Lozano et al., 2009). These are grouped into more
than nine genera which includes Begomovirus, Curtovirus, Mastrevirus, Topocurvirus,
Becurtovirus, Grablovirus, Turncurtovirus, Capulavirus and Eragrovirus (Zerbini et al., 2017,
Varsani et al., 2017). Several begomoviruses have been found to infect sweetpotato worldwide,
namely, Sweet potato leaf curl Uganda virus (SPLCUV), Sweetpotato leaf curl South Carolina
virus (SPLCSCV) and SPLCSPV (Wasswa et al., 2011; Zhang and Ling, 2011; Albuquerque
etal., 2011). In South Africa, two begomoviruses were recently reported in sweetpotato in the
Limpopo Province. The viruses are SPLCSPV and Sweet potato mosaic virus (SPMV)
(Esterhuizen et al., 2012b). Viruses in the genus Begomovirus consist of a germinate particle
morphology which is about 18 to 38 nm in length (Brunt et al., 1996; Gutierrez, 2000).
Begomoviruses consist of a single-stranded (ss) circular DNA genome of £+ 3000 bp in size
(Mayo, 2002; Pakkianathan and Murad, 2014; Rizvi et al., 2015). Begomoviruses exclusively

infect dicotyledonous plants (Gutierrez, 2000; Lozano et al., 2009). The genome structure of
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most begomoviruses (Fig. 1.3) can either be monopartite (single DNA component) or bipartite
(two DNA components, namely, the DNA-A and DNA-B) (Gutierrez, 2000; Lozano et al.,
2009; Pakkianathan and Murad, 2014; Rizvi et al., 2015). The DNA-A component encodes the
virus functional structures such as the capsid protein (CP) and 4 other proteins which include
replication initiator protein (Rep) which is also described as C1 (Rizvi et al., 2015), viral
transcriptional activator protein (TrAp), replication enhancer protein (REn), C4 and V2
(Gutierrez, 2000; Lozano et al., 2009). The DNA-B encodes proteins responsible for viral
movement (BC1 and BV1) (Gutierrez, 2000). Proteins C4 and V2 of DNA-A are not well
defined, however, they could be responsible for viral movement (V2), pathogenicity and
suppression of post-transcriptional gene silencing (AC4/C4) (Lozano et al., 2009). The
Ipomoea infecting begomoviruses are monopartite and the Rep gene is the only factor
responsible for initiating replication (Nash et al., 2011; Rizvi et al., 2015). Replication is by
means of rolling circle replication (RCR) and it occurs in two stages (Gutierrez, 2000; Yadava
et al., 2010). The first stage is where the genomic ssDNA is converted into double stranded
DNA (dsDNA) or replicative forms (RF) to form viral minichromosomes and this is made
possible by the complementary open reading frames (ORF’s) which encode Rep, REn
(AC3/C3) and TrAp (AC2/C2) (Gutierrez, 2000; Yadava et al., 2010). The Rep binds to the
iterons, oligomerizes and cleaves within the nonanucleotide sequence within the viral strand
stem loop (Gutierrez, 2000; Rizvi et al., 2015). The second stage is to generate additional
replicative forms of dsDNA, which will act as a template to synthesize sSDNA through the
RCR mode (Yadava et al., 2010). The synthesized ssDNA provides foundation for viral
assembly and/or viral spread (Yadava et al., 2010).

Host proteins are involved in the rolling circle mechanism to enhance replication and the
proteins involved include the proliferating cell nuclear antigen (PCNA), DNA polymerases,

minichromosome maintenance protein 2 (MCMZ2), replication protein a32 (RPA32),
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replication factor C (RFC), which will bind to the 3’-OH (Rizvi et al., 2015). The 3’ end of
the virus is extended by the host’s DNA polymerase, binding the 5’ end on the Rep gene (Rizvi
et al., 2015). Nonanucleotides sequences are generated, ligated to the parent virion strand by
Rep, resulting in the generation of the viral genome size (Rizvi et al., 2015). Nonanucleotides
sequences are the identical sequences of nine nucleotides that are involved in the priming of
DNA replication (Osinga et al., 1982). For accurate determination of whether a begomovirus
is @ monopartite or bipartite genome, scientists to date have developed degenerate primers
which are able to amplify viral DNA fragments (DNA-A and DNA-B) (Rojas et al., 1993;
Marwal et al., 2013). Recombinant events are common with begomoviruses, including those

that infect sweetpotato (Paprotka et al., 2010).

_— —

GEMINIVIRUSES

Mastrevirus Curtovirus Topocuvirus

Begomovirus

Monopartite Bipartite

Fig. 1.3. Genome organization of four genera belonging to the family Geminiviridae and
satellites (beta-satellite and alpha-satellite) associated with Begomovirus (Adapted from Khan
et al., 2014). The position, orientation of virion-sense (V), complementary-sense (C) genes,
and the predicted hairpin structure containing the TAATATTAC sequences are shown.
Mastreviruses contain two non-coding regions, referred to as the large and small intergenic
regions (LIR and SIR), respectively. The DNA-A and DNA-B components of bipartite

Begomoviruses are of the same size, but DNA-A encodes six ORFs and DNA-B two ORFs.
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Viruses belonging to the Geminiviridae family are transmitted by the whitefly species B. tabaci
(Lozano et al., 2009; Simmons et al., 2009), and of all the whitefly-transmitted viruses and
strains, begomoviruses are the largest (90%) (Jones, 2013; Rizvi et al., 2015). Whiteflies
belong to the Aleyrodidae family and are mostly found in the warm climates (Jones, 2013).
Whiteflies have been recognized as vectors of begomoviruses since the 1980’s, and different
biotype species have been described, with the B-biotype being the serious pest due to its wide
geographic distribution (Jones, 2013). The B-biotype of B. tabaci comprise the majority of the
whiteflies identified as pests of Solanum lycopersicum (S. lycopersicum), I. batatas and

Curcubita species (Esterhuizen et al., 2012a).

1.3.3.1 Sweet potato leaf curl virus (SPLCV)

SPLCV is a member of the family Geminiviridae, genus Begomovirus (Trenado et al., 2011).
Begomoviruses are circular, ssSDNA viruses that cause economic losses in a wide range of crops
worldwide (Gutierrez, 2000). High yield losses due to SPLCV were recorded in the United
States of America (USA), where single infection of SPLCV resulted in drastic yield losses of
between 26% (Louisiana) and 63% (South Carolina), affecting sensitive varieties (Clark and
Hoy, 2006; Ling et al., 2010; Zhang and Ling, 2011). Begomoviruses SPLCSV and SPMV
were detected for the first time in the Limpopo Province of South Africa (Esterhuizen et al.,
2012b). SPLCSPV originated from South America while SPLCV and related begomoviruses
have been reported to occur in countries such as the USA, Spain, Asia and Uganda (Paprotka
et al., 2010; Albuquerque et al., 2011; Trenado et al., 2011; Lotrakul et al., 2003; Luan et al.,
2007; Wasswa et al., 2011; Zulfigar et al., 2011; Bi and Zhang, 2012; Liu et al., 2014).
Begomoviruses of sweetpotato are referred to as sweepoviruses (Wasswa et al., 2011; Bi and
Zhang, 2012). SLCUV is reported to be distinct from other SPLCV isolates (Wasswa et al.,

2011). Arkorful and Addae-Frimpomaah, (2015) also reported the presence of SPLCV in
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Ghana. Symptoms induced by SPLCV can be mild and the plants can be symptomless and this
is dependent on the variety’s genetic characteristics (Simmons et al., 2009). Symptoms are
characterized by typical leaf curling or rolling and yellowing of the veins (Valverde et al., 2007;
Clark and Hoy, 2007; Wasswa et al., 2011; Zulfigar et al., 2011). The DNA B component of
SPLCV has not been identified in sweetpotato, suggesting that begomoviruses of sweetpotato
are monopartite viruses (Kreuze and Fuentes, 2008). SPLCV is transmitted by whitefly species
(B. tabaci biotype B) (Luan et al., 2007). Adult B. tabaci acquire the virus while feeding and
this can result in 100% infection (Simmons et al., 2009). The spread of begomoviruses is
perpetuated by increase in the population of whiteflies (Ling et al., 2010) and the fact that
SPLCV is found to be seed transmissible in sweetpotato seeds (Kim et al., 2015), which
suggests the possibility of begomovirus SPLCSPV and SPMV to be seed transmissible in

future.

1.3.3.2 Genetic variability of DNA viruses

Genetic variation also exists with begomoviruses due to the fact that all viral populations
contain a genetic pool of sequences that are prone to mutation. Factors such as mutation and
interspecific recombination are responsible for generating novel viruses (Harrison and
Robinson, 1999; Vadivukarasi et al., 2007; Albuquerque et al., 2012). Genetic evolution occurs
in order for viruses to manipulate the plant cell machinery in order to maximize DNA
replication and the number of cells viable for infection in order to circumvent the host antiviral

defense systems (Rojas et al., 2005).
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1.3.4 OTHER SWEETPOTATO VIRUSES

SPCFV belongs to the family Betaflexiviridae, genus Carlavirus and was detected and
confirmed (by molecular methods) in countries such as Australia (Jone and Dwyer, 2007) and
parts of East Africa (Aritua et al., 2007; Tugume et al., 2016). SPCFV was reported to infect
wild species of the Convolvulaceae and it is known to co-infect sweetpotato plants with
SPFMV, SPCSV and SPMMYV (Tugume et al., 2016). Other viruses detected in sweetpotato
include SPCV, a member of the Cavemovirus, belonging to the family Caulimoviridae (De
Souza and Cuellar, 2011). Virions of Caulimoviridae consist of dSDNA which is 7.7-8.2
kilobase pairs (kb). It is not known if cavemoviruses are transmitted by vectors and their
dissemination is linked to vegetative planting material (Geering and Hull, 2017). Viruses
belonging to the genus Badnaviruses in the family Caulimoviridae family are reported to infect
root crops such as taro, yam and sweetpotato (Bousalem et al., 2008; Kreuze et al., 2017).
Badnaviruses have a monopartite genome of circular dsDNA of about 7.2-9.2 kb (Geering and
Hull, 2017). They are transmitted semi-persistently by mealybugs, aphids or lace bugs.
Symptoms caused by badnaviruses are variable and they depend on host plants, environmental
conditions and the virus species (Geering and Hull, 2017). New technologies such as next
generation sequencing (NGS) made it possible for other viruses to be discovered and viruses
such as Sweet potato pakakuy virus (SPPV) A and B were reported (Clark and Valverde, 2013;
Kreuze et al., 2017). SPPV has a very low titer in sweetpotato and does not show obvious
symptoms on sweetpotato and indicator plant I. setosa and is considered as viruses that do not

pose any threat to sweetpotato production (Kreuze et al., 2017).
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1.3.5 DETECTION OF SWEETPOTATO VIRUSES

Identification of viruses, including those infecting sweetpotato, involve physical observation
of symptoms on the host plants and indicator plants. The application of methods such as
infectivity assays, serological and nucleic acid based detection methods are also used in the

identification process.

1.3.5.1 Infectivity (biological) assays

Infectivity assays play an important role in plant virus identification and have been used to
study virus symptoms in different host plants (Walkey, 1991). Biological assays include
grafting and mechanical transmission, which are commonly used as techniques to conduct virus
transmission experiments and for symptoms identification (Lima et al., 2014). Mechanical or
sap transmission is the use of plant sap as an inoculum and it is accomplished by rubbing the
infectious sap onto the leaf of a healthy plant (Gibbs and Harrison, 1976; Walkey, 1991).
Different species of Nicotiana tabacum have been used for many years as host plants for the
identification of PVY symptoms (Walkey, 1991). Grafting is when a union is established
between two tissues of different plants and is used to carry out experimental transmission of
viruses that cannot be transmitted by mechanical transmission (Walkey, 1991). Grafting of
sweetpotato plant cuttings onto the indicator plant, 1. setosa Kerr. is an initial step towards
studying sweetpotato viruses (Valverde et al., 2007). Other Ipomoea species, such as I. nil (L)
Roth, I. aquatica and I. purpurea (L) Roth have also been used to determine the host range of
newly identified sweetpotato viruses (Cali and Moyer, 1981; Kreuze and Fuentes, 2008). Ateka
and co-researchers (2006) showed that SPV2 could not be readily detected from sweetpotato

plant material with serology unless the infected plants were prior grafted onto I. setosa.
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1.3.5.2 Serological analysis

Immunodiagnostics assays such as ELISA have been the mainstay of plant virology since the
1970’s (Voller et al., 1976). Voller and co-researchers (1976) successfully detected Arabic
mosaic virus and Plum pox virus species using ELISA. ELISA utilizes antibodies that are
produced in animals to recognize the antigen proteins (Clark and Adams, 1977), and these are
attached to the enzymes that facilitate the binding of the virus antigen and the antibodies to the
solid phase of the polystyrene microtitre plates (Ehlers and Paul, 1984). A substrate solution
interacts with enzyme labelled antibody to give a colour reaction that enables the virus to be
qualitatively or quantitatively measured (Walkey, 1991). Clark and Adams (1977) adapted the
ELISA procedure and since then, it has been used as a routine diagnostic technique to detect
plant viruses. Different types of ELISA methods have been reported, and these include the
double antibody sandwich ELISA (DAS-ELISA) and the direct and indirect ELISA, which
differs, based on whether the antigen or the virus specific antibody is loaded first on the
microtitre plates (Converse and Martin, 1990). Nitrocellulose membrane enzyme linked
immunosorbent assay (NCM-ELISA) uses the principle of loading the virus antigen directly
onto the membrane, which is incubated in a solution containing the specific antibody and the
enzyme conjugated antibody to detect viruses (Lazarovits, 1990). NCM-ELISA together with
DAS-ELISA, have been used successfully to confirm the presence of sweetpotato viruses,
potato viruses such as tuber necrotic strain of PVYN™ and Tomato spotted wilt virus (TSWV)
(Aritua et al., 1998a, 1998b; Domola et al., 2008; Cloete et al., 2013; Sivparsad and Gubba,
2012). The use of polyclonal and monoclonal antibodies assisted in unravelling the
relationships between SPFMV, SPMMV and SwPLV (Hammond et al., 1992). Serological
analysis was used successfully to detect sweetpotato viruses in Ethiopia (Tesfaye et al., 2011),
Kenya (Ateka et al., 2004a; 2004b), Tanzania (Ndunguru et al., 2009), Uganda (Aritua et al.,

1998a) and South Africa (Jericho and Thompson, 2000; Domola et al., 2008; Sivparsad and
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Gubba, 2012). Biological assays, host range studies, virus/vector relationships and serological
analysis has led to the discovery and confirmation of sweetpotato virus etiology, especially in
cases were symptom identification alone was not sufficient. The ELISA technique has the
ability to detect virus antigens of different size and morphology, it can be used in testing a large
number of samples and it allows the provision of quantitative data to be available for further
interpretation when ELISA plate reader is used (Jones, 2013; Lima et al., 2014). ELISA is a
useful testing tool in virus resistance trials and in quarantine facilities where screening imported
plant material and certification is crucial (Boonham et al., 2014). The limitation with ELISA
technique is that it requires good quality and commercially available antibodies and some of
the serological methods are not sensitive enough to detect antigens at low concentrations and
those viruses occurring in complexes (Chavi et al., 1997; Boonham et al., 2014). Therefore,

nucleic acid based methods become an alternative solution (Kreuze et al., 2009).

1.3.5.3 Nucleic acid based analysis

Nucleic acid methods are used together with biological and serological assays to circumvent
false positive results, especially where there is mixed infections of viruses. Nucleic acid
methods include the RT-PCR, PCR, quantitative real-time RT-PCR (QRT-PCR), nucleic acid
hybridization (Abad and Moyer, 1992; Gibson et al., 1998; Kokkinos and Clark, 2006; Rannali
et al., 2009; Lima et al., 2014). Nucleic acid based techniques (PCR and RT-PCR) targets the
genetic component of the virus genome and relies on the specific oligonucleotide primers that
bind to the virus genome (Abad and Moyer, 1992; Gibson et al., 1998; Kokkinos and Clark,
2006; Rannali et al., 2009; Lima et al., 2014). The extension process is enabled by the
thermostable DNA polymerase in three different cycles, namely, the denaturation of the

template, annealing of the oligonucleotides primers and the extension of the annealed primers
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that extend the targeted DNA in order for it to be detectable by electrophoresis on an agarose
gel (Sambrook and Russel, 2001; Webster et al., 2004). RT-PCR is utilized to detect RNA
viruses by converting the RNA into a complementary DNA (cDNA) strand with reverse

transcriptase enzymes (Webster et al., 2004).

1.3.5.3.1 Nucleic acid hybridization

The procedure of nucleic acid hybridization involves the immobilization of the viral genetic
material, which are denatured on the membrane, followed by the virus specific probes, which
are labelled by radioactive or non-radioactive methods, which are then used to detect the viral
genetic material on the membrane (Valverde et al., 2007). Radioactive techniques involves
labelling of membranes with 3 P or 3 S probes (Karcher, 1994). Following hybridization,
autoradiography will then be used to visualize the results (Abad et al., 1992). The disadvantage
of nucleic acid hybridization is that it requires licensing, waste disposal management and there
are also safety concerns associated with the use of radioactive material (Karcher, 1994). The
non-radioactive method utilizes different enzyme labelling such as the horseradish peroxidase,
the digoxigenin and the biotin-streptavidin systems, which are attached to the probe that detects
the DNA by chemiluminescent substrates (Karcher, 1994). Nucleic acid hybridization with
both the radioactive and non-radioactive methods were successfully used in the past to detect
SPFMV (Abad and Moyer, 1992; Abad et al., 1992). The advantage of nucleic acid
hybridization is its ability to detect viruses as either a single stranded or a double stranded form

(Webster et al., 2004).
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1.3.5.3.2 Reverse transcription polymerase chain reaction (RT-PCR) and PCR

Degenerate primers that target the conserved regions of the virus genome have been developed
and proven useful in detecting viruses of sweetpotato. This has led to the identification and
differentiation of the RC, EA and O strains of SPFMV and SPVC (Colinet and Kummert, 1993;
Mori et al., 1995; Souto et al., 2003; Tairo et al., 2006; Rannéli et al., 2009), and SPVG
(Rannéli et al., 2008). Multiplex PCR (mPCR) is used to detect multiple virus infection in a
single reaction by combining the oligonucleotides primers targeting the specific viruses and
strains (Webster et al., 2004; Boonham et al., 2014). The benefits of this technique is based on
the fact that it lessens the time and the costs of reagents as compared to the routine diagnosis
with conventional PCR methods (Li et al., 2012b; Boonham et al., 2014). Researchers
developed primers for the simultaneous detection of SPFMV, SPVC, SPVG and SPV2, and
co-infection of SPFMV and SPCSV (Opiyo et al., 2010; Li et al., 2012b). The disadvantage of
mPCR is that it requires robust optimization of primer concentration and thermal cycling
conditions (Li et al., 2012b). Quantitative RT-PCR (gRT-PCR) is also a useful tool in
quantifying virus loads especially in virus resistant studies (Bustin and Mueller, 2005) and this
utilizes the probe base methods (TagMan™) and non-probe based (SYBR green) (Boonham et
al., 2014). The probe based method utilizes three oligonucleotides (the primers and probe),
which will produce a signal when the target gene is present in the reaction, avoiding the
productions of signals at unspecific genes (Boonham et al., 2014). Kokkinos and Clark (2006)
used qRT-PCR for the detection of SPFMV, SPVG, SPCSV and SPLCV. Barkley and co-
researchers (2012) also used qRT-PCR to identify SPLCV from sweetpotato germplasm in the
United State Department of Agriculture, which therefore, prevented the spread of SPLCV to
farmers. Oligonucleotides primers were also developed to detect SPLCV with conventional
PCR (Li et al., 2004; Wasswa et al., 2011; Bi and Zhang, 2012) and are used together with the

rolling circle amplification (RCA) to detect begomoviruses of sweetpotato (Li et al., 2004;
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Haible et al., 2006; Wasswa et al., 2011; Bi and Zhang, 2012). Rolling circle amplification is
achieved by using the circular phage DNA (from bacteriophage), which produces tandem
repeats by rolling circle replications (RCR) (Reagin et al., 2003). The RCA techniques utilizes
the RCR to amplify circular DNA using sequence specific primers (random hexamer) and the
DNA polymerase (Phi29 DNA polymerase) that is responsible for strand displacements to

produced replicative events (Reagin et al., 2003).

1.3.5.3.3 Sequencing and phylogenetic analysis

Cloning part of the genome, sequencing and phylogenetic analysis is used successfully to
determine virus relationships and diversity within viruses and their strains. Cloning of the CP
gene of SPFMV, followed by sequencing and phylogenetic analysis aided the identification of
different strains of SPFMV in Uganda and Tanzania which were not previously identified in
Africa at the time (Mukasa et al., 2003a). Sakai and co-researchers (1997) were able to
determine the size (10820 bp) of the full genome sequence of SPFMV by means of cloning and
sequencing of the entire RNA genome. This was also shown by Li and co-researchers (2012a)
who were able to confirm that SPVG and SPV2 were different virus species. RT-PCR, cloning
and sequencing part of the genome also led to the confirmation of SPV2 from South African
isolates, making partial genome sequences of SPV2 available in the database (Ateka et al.,
2006). Confirmation of virus infection with molecular techniques is crucial since detection with
serological techniques alone may yield inaccurate results due to serological relationships that
may exist between virus species (cross reaction) or lack of detection of all strains of viruses
(i.e. SPFMV) (Mori et al., 1995; Sakai et al., 1997; Tairo, 2006; Li et al., 2012a). One of the
advantages of nucleic acid based detection is that viruses at a very low concentration can be

detected (Valverde et al., 2007; Kreuze et al., 2009).
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1.3.5.4 Next Generation Sequencing (NGS) and Metagenomics

The term “metagenomics” is used to refer to the study of the genome of a micro-organism from
its environment, based on the cloning of the DNA fragments and sequence analyses
(https://www.everythingbio.com). The entire microbial communities are sequenced in order to
determine the diversity of all organisms living in that specific population (Saeed et al., 2012).
NGS is used to generate full genome sequences without the requirement of DNA cloning
(Marguerat et al., 2008; Metzker, 2010; Boonham et al., 2014), thus saving time and costs
which could be incurred with commercial vectors used in cloning. NGS is able to determine
variations in multiple strains of highly related genomes of pathogens, and it can be used to
analyze samples containing mixed virus infections (Metzker, 2010; Liu et al., 2011; Patowary
et al., 2012). NGS can be used in diseases outbreaks investigation (Patowary et al., 2012).
Coetzee and co-researchers (2010) sequenced the entire dSRNA of grapevine viruses and were
able to identify new and novel viruses. Sequencing of small RNAs (sSRNAs) from symptomatic
and asymptomatic sweetpotato plants with NGS identified novel viruses belonging to the
genera potyvirus, badnavirus and mastrevirus (Kreuze et al., 2009), attesting to the fact that
NGS can be used to identify both known and unknown viruses, even viruses with low titers
(Kobayashi et al., 2012; Hadidi et al., 2016). The advantage of NGS is the large number of data
that is generated from the ribo-depleted RNA and sRNAs library using the de novo approach,
which yields high genome coverage to cover the whole virus genome. This is better than the
data generated with the transcriptome data generated from poly(A)-selected RNA (Visser et
al., 2016). The use of SRNAs, deep sequencing, coupled with Sanger sequencing has also led
to the generation of genomes for sweetpotato viruses belonging to the family Caulimoviridae,
Betaflexiviridae and Potyviridae (Mbanzibwa et al., 2014). DNA viruses require enrichment of
the circular, sSDNA using the RCA method and the use of the RCA product as a template (Idris

et al., 2014). Kobayashi and co-researchers (2012) further analyzed the efficiency of NGS as a
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routine diagnostic tool, and they indicated that the prices of the sequencing machines are still
expensive and that the nucleotide sequences generated requires high performance computers
and skills in bioinformatics to analyze large amounts of sequence data generated. The need to
align NGS generated sequence data to known viruses as references is also a limitation since
undiscovered viruses will escape detection (Wang, 2015). The challenges listed above make
NGS not yet suitable for routine diagnosis of plant viruses compared to sequences obtained
with the Sanger method (Kumar et al., 2012). However, scientist are continuously developing
easy to follow protocols and cost effective ways to circumvent the challenges experienced. This
was shown by the development of high-throughput RNA library (HTR) preparation protocols,
which has been proven to be better for Illumina (Kumar et al., 2012). Despite the good
attributes that are associated with the NGS technology, it is reported that new virus information
generated from the NGS data will require validation with other methods such as standard PCR,

Sanger sequencing and biological analysis with indicator plants (Hadidi et al., 2016).

1.3.5.5 Electron microscopy (EM) and immunosorbent electron microscopy (ISEM)

Electron microscopy (EM) is a rapid method used to identify the group to which an unknown
virus belongs to (Walkey, 1991). Immunosorbent electron microscopy (ISEM) involves the
mixing of virus particles with antisera for EM analysis (Walkey, 1991). Negative stains, such
as uranyl acetate, are then used to observe long filamentous, rod-shaped virus-like particles, to
confirm the presence of viruses (Winter et al., 1992; Jericho and Thompson, 2000). Sivparsad
(2006) used EM to observe the viral particles and to determine the length of TSWV in pepper
leaf samples. The advantage of EM is that it provides detailed characterization of the virus and

allows the testing of samples which cannot be identified using molecular methods (Liu et al.,
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2011). The disadvantage to EM and ISEM is the fact that it requires expensive equipment,

therefore, it cannot be used as a routine diagnostic tool (Feng et al., 2000).

1.3.6 MANAGEMENT OF SWEETPOTATO VIRUSES

The vegetative nature of propagation of sweetpotato and cultural practices, such as sharing of
planting material among neighbours and friends provides a highly efficient mechanism for
virus dissemination and spread (Terry, 1982). The exchange of germplasm for research
purposes can also contribute to the introduction of new viruses into a country (Paptroka et al.,
2010), especially in countries where quarantine programs are not stringent. Management of
plant viruses is dependent on good agricultural and cultural practices, and accurate
identification with different techniques (Gibson et al., 1998; Clark et al., 2012). The incidence
of sweetpotato viruses can be minimized by integrated control strategies such as the use of
virus-indexed planting material, early rouging of plants that exhibits virus symptoms, chemical
control of insect vectors and the use of resistant varieties (Karyeija et al., 1998; Feng et al.,
2000; Orr, 2003; Gibson et al., 2004). Integrated pest management (IPM) is regarded as the
best approach in controlling begomoviruses (Leke et al., 2015). In addition to these control
strategies, government legislations such as the phytosanitary and quarantine regulations also
play a crucial role in preventing the introduction of unwanted pathogens into a country
(Maddox, 1998). Subsistence farmers in the East African regions (Uganda) select planting
material from symptomless plants as starting planting materials (Karyeija et al., 1998; Gibson
et al., 2000; Adam et al., 2015). The distadvantage of this strategy is that symptomless plants
habour virus diseases and become a carrier to infect more uninfected plants. Yield loss in
sweetpotato is due to continuous planting with virus infected planting material. The use of

virus-free planting material from virus-indexed schemes is believed to be the answer in
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restoring the yielding ability of sweetpotato varieties (Feng et al., 2000). The virus indexed
schemes are referred to as the use and multiplication of virus-free planting material under insect
proof glasshouses, coupled with assessment of symptoms using the indicator plant, I. setosa
(Feng et al., 2000). Producing planting material from the apical meristem tip of the healthy
appearing sweetpotato stem is also a good control strategy and this is more effective when it is
in combination with thermotherapy, chemotherapy and confirmation with serology and nucleic
acid methods (Clark et al., 2012; Mashilo et al., 2013). An alternative method of virus
elimination is the use of cryotherapy that involves brief exposure of shoot to liquid nitrogen

and results in extermination of viruses (Wang et al., 2008).

SPVD is a devastating disease in most African countries and the development of varieties with
increased resistant to SPVD is seen as the only effective control strategy against this virus
complex (Mwanga et al., 2002a). Mwanga and co-researchers (2003) indicated that resistant
varieties can be obtained through evaluation and selection for agronomic characteristics and
assessing reactions of varieties to the most common pests and diseases. Resistance is based on
the fact that plants are characterized by less severe symptoms and low virus titers and the yield
loss is also minimized (Mwanga et al., 2002a; Mwanga et al., 2002b). Moodley and co-
researchers (2015) used symptoms evaluation and molecular techniques to identify varieties
that are resistant to PVY affecting pepper production in Kwazulu Natal and the same
techniques can be employed in identifying sweetpotato varieties that have potential resistance
towards sweetpotato viruses under local conditions. The advantage of breeding for virus
resistance is that there is no need for farmers to apply any control measures since there is a
direct link to the integrated control strategies which helps in preventing yield and quality losses
(Khetarpal et al., 1998). Different methods of resistance engineering are continually being
investigated and the danger is that resistance can be broken if virus strains are different from

those used when resistant varieties were developed. Karyeija and co-researchers (2000) showed
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that it is possible to identify a variety that is resistant to SPFMV but such resistance can be
broken down when the same variety is infected with SPCSV, most probably due to the fact that
SPCSV enhances the virus titer of SPFMV. Kreuze and co-researchers (2008) successfully
used RNA silencing approach to generate resistance to SPFMV and SPCSV using a transcript
that generates a dsSRNA hairpin generating siRNAs homologous to the polymerase genes of
each virus, inducing RNA silencing defense against the two viruses. Sivparsad and Gubba
(2014) also demonstrated and confirmed that gene silencing using the CP encoding regions of
SPFMV, SPMMV, SPVG and SPCSV can reduce virus infection when symptoms on the

transgenic plants were delayed and milder than those of the non-transgenic plants.

Marker assisted selection for resistance to SPFMV and SPCSV was reported to have a potential
in identifying resistance genes against SPVD and it can be achieved using the amplified
fragment length polymorphism (AFLP) and randomly amplified polymorphism (RADP)
(Mwanga et al., 2002b; Mcharo et al., 2005; Miano et al., 2008). Mwanga and co-researchers
(2002b) identified two major recessive genes, namely, e41lm33.a (spcsvl) and $13.1130
(spfmvl) responsible for mediating resistance to SPCSV and SPFMV. Virus-tested programs
and seed multiplication systems have not been well established in the most SPVD stricken
countries and is dominated by the informal seed systems, which still utilize the retained
planting material from previous seasons (Clark et al., 2012; Clark and Valvarde et al., 2013).
This challenge ephosizes the need for a sustainable seed multiplication system in Africa in
general. In South Africa, the Agriculture Research Council (ARC-VOP, Roodeplaat, Pretoria)
has a sweetpotato virus-indexing scheme which provides virus-free planting material to
sweetpotato vine cuttings distributors, smallholder and commercial farmers and this system

can contribute to a larger extent, in reducing the spread of viruses (Laurie et al., 2016).
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1.4 RATIONAL AND MOTIVATION

1.4.1 Background to the project

Sweetpotato is grown mostly by smallholder farmers in rural areas as a food security crop that
is harvested piecemeal when there is a need for food to feed the family. Sweetpotato viruses
negatively affect production and food supply to rural people and smallholder farmers who
depend on the crop as their food source. Viruses are one of the main causes of yield reduction
in sweetpotato production and this is due to the vegetative nature of its propagation, which
increases the accumulation of viruses from previous seasons, thereby increasing the spread
from one area to the other (Clark et al., 2012). Jericho and Thompson (2000), followed by
Domola and co-researchers (2008) conducted field surveys in the Limpopo, Mpumalanga,
Kwazulu Natal, Gauteng, Eastern Cape and North West provinces in the 1998 and 2001/2003,
respectively and viruses such as SPFMV and SPVG were detected using serological methods.
Low levels of SPCSV, SPV2, SPMMYV, SPCFV and SPLV were also detected in multiple virus
infections with SPFMV and SPVG. Sivparsad and Gubba (2012) confirmed the occurrence of
SPFMV, SPVC, previously known as the C strain of SPFMV and SPVG in Kwazulu Natal by
molecular methods. Begomoviruses, SPLCSPV and SPMAYV were later reported to occur in
the Waterpoort area of Limpopo Province of South Africa (Esterhuizen et al., 2012b).
Mulabisana and co-researchers (2015) also confirmed the cocurence of SPFMV and SPVC in
samples collected from Gauteng Province by molecular methods. Domola and co-reaserchers
reported that both total and marketable yield is negetatively affected by multiple infections of
potyviruses. Viruses such as SPFMV, SPVG, SPLCSPV and SPMAYV are currently the main

viruses threatening the production of sweetpotato in South Africa.
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1.4.2 Problem statement

Potyvirus SPFMV and SPVG have been found to be the most important and commonly
detected viruses in some provinces of the country. Following the detection of begomoviruses
SPLCSPV and SPMV in the Limpopo Province, there is also a need to investigate the possible
occurrence of begomoviruses in other provinces of the country. Therefore, these viruses were
selected for this study. Detection of viruses using serological methods is challenged due to
virus titers that are often low and undetectable, and the presence of internal inhibitors in the
sweetpotato leaf samples that interferes with detection methods (Clark et al., 2012). Such a
disadvantage may affect virus identification, including that of sweetpotato. Furthermore,
genetic characterization of SPFMV, SPVG, SPLCSPV and SPMV with molecular techniques
has not been widely studied throughout the different provinces of South Africa. It is therefore,
of utmost importance to confirm the occurrence of the selected viruses by molecular techniques
and to conduct genetic variability studies with more virus isolates to understand genetic
relationships with those from other geographic regions of the world. Additionally, the effects
of begomovirus and potyvirus co- and multiple infections on the yield of South African
varieties need to be determined. The genetic characterization at the sequence level will enable
the development of accurate and sensitive PCR-based detection techniques for routine
diagnosis. Thi will allow future development of intergrated control measures for sweetpotato
viruses. Moreover, it is critical that yield losses due to viruses is reduced and this will be
achieved through field trials to determine the effects of single and multiple virus infection on
the yield of different sweetpotato varieties in order to select for virus resistance. Identification
of resistant varieties will assist rural and smallholder farmers to produce more sweetpotato to
for household consumption, and for commercial farmers to get a return on their investment on

input costs (Clark et al., 2012).
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1.4.3 PROJECT AIMS

Based on the problems and challenges discussed above, the current study was aimed at
investigating the incidence of sweetpotato viruses through epidemiological surveys conducted
in Gauteng, Limpopo and Mpumalanga provinces of South Africa. The following were the

specific objectives of the project,

To determine the occurrence of sweetpotato viruses with more emphasis on potyviruses
(SPFMV and SPVG) and begomovirus (SPLCV) by conducting epidemiological
surveys of symptomatic and asymptomatic plants in the three sweetpotato production
provinces of South Africa.

e To identify sweetpotato viruses using infectivity assays and serological techniques and
to further characterize SPFMV, SPVG and SPLCV by means of partial genome
sequencing followed by phylogenetic analyses.

e To conduct full genome NGS of SPLCV isolates that showed clear differences with
restriction fragment length polymorphism (RFLP) in order to accurately determine the
species and strains identified.

e To conduct field trials to determine the effects of begomoviruses (SPLSPV and SPMV)

and potyviruses (SPFMV, SPVG) on the yield of locally bred sweetpotato varieties.
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2.1 Abstract

Previous surveys carried out between 2001 and 2003 in the Limpopo, Mpumalanga, Gauteng,
Western Cape, Eastern Cape, Kwazulu Natal and North West Provinces of South Africa
reported virus species Sweet potato feathery mottle virus and Sweet potato virus G as the most
common viruses of sweetpotato. The two potyviruses were detected by indexing onto the
indicator plant Ipomoea setosa (l. setosa Kerr.) and by nitrocellulose enzyme linked
immunosorbent assays (NCM-ELISA). In this study, surveys (2012/2013 and 2013/2014) were
conducted in the three provinces in South Africa, Gauteng, Limpopo and Mpumalanga. Results
showed the frequent occurrence of the russet crack (RC) strain of virus species Sweet potato
feathery mottle virus, Sweet potato virus G, Sweet potato virus C, and begomoviruses Sweet
potato leaf curl Sao Paulo virus, Sweet potato leaf curl virus and Sweet potato mosaic virus in
the three Provinces surveyed. Potyvirus identities were confirmed by partial sequencing of the
part of nuclear inclusion body (NIb) protein, coat protein (CP) gene and the 3’-non-translated
region (3' NTR) of Sweet potato feathery mottle virus (SPFMV) and Sweet potato virus C

(SPVC), and the NIb and CP-encoding region of Sweet potato virus G (SPVG). The RC strain
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of SPFMV from this study shared nucleotide (nt) identity of between 97% to 99% with the RC
strains from Australia, Peru and China, and 94% to 98% with isolates from New Zealand and
United States of America. SPVC isolates from this study shared 91% to 94% (VER-7_SPVC
and REF-26_SPVC) and 86% to 91% (GBD-12_SPVC and MAM-15_SPVC) nt identity with
the previously reported SPVC isolates reported in South Africa and other parts of the world.
Similarly, SPVG samples from the current study shared 94% to 97% nt identity with the South
African CTB3-3 and isolates from other countries, and genetic diversity was observed when
samples of the current study shared the nt identity of 85% to 87% with the Kwazulu Natal
isolates. The presence of begomoviruses was confirmed by observing for typical symptoms
such as the upward curling and rolling of leaves on I. setosa. Rolling circle amplification (RCA)
and next generation sequencing (NGS) of the full-length genome revealed novel
begomoviruses isolates, which were identified as Sweet potato leaf curl Sao Paulo virus
(SPLCSPV) isolate Tanz: ELLP_ZA and SPLCSPV isolate Tanz: NMP-ZA since the two
shared 94% and 95% nt identity with SPLCSPV isolate TZ-SNG7:12 of Tanzania, respectively.
TMBLP-ZA appears to be a novel isolate of Sweet potato leaf curl viru (SPLCV) since it shared
91% nt identity with SPLCV isolates from different geographic regions of the world. Therefore,
we propose that it is classified as SPLCV isolate South Africa (ZA): TMBLP-ZA. Detection
of potyviruses and begomoviruses in co- and mixed infections was confirmed to occur in the
three provinces surveyed. This is an indication that yield is likely to be severely affected since

all these viruses are reported to reduce storage root yield of sensitive sweetpotato varieties.

Key words: Sweet potato feathery mottle virus (SPFMV), Sweet potato virus C (SPVC), Sweet
potato virus G (SPVG), Sweet potato leaf curl Sao Paulo virus (SPLCSPV), Sweet potato leaf
curl virus (SPLCV), Sweet potato mosaic virus (SPMV), next generation sequencing, South

Africa.
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2.2 Introduction

Sweetpotato (Ipomoea batatas Lam.), a hexaploid dicot plant belonging to the family
Convolvulaceae, is a major staple food crop in Africa, and a cash crop on the African continent
(Kurabachew et al., 2015). Faber and co-workers (2017) showed that resource-poor families in
peri-urban South Africa have less access to vitamin A-rich foods compared with food secured
households. Health issues associated with vitamin A deficiency (VAD) have increased the
planting of orange fleshed sweetpotato (OFSP) varieties globally and in South Africa to address
nutritional deficiencies (Faber et al., 2001; Faber et al., 2017). Potyviruses reported to threaten
sweetpotato production in South Africa include SPFMV, SPVC and SPVG (Domola et al.,
2008; Sivparsad and Gubba, 2012; Mulabisana et al., 2015). These are members of the family
Potyviridae and are transmitted non-persistently by green peach aphids (Myzus persicae
Sulzer) and cotton aphids (Aphis gossypii) (Clark and Valverde, 2013), and are the most
widespread of all the viruses affecting sweetpotato. Different strains of SPFMV have been
reported and these include the russet crack (RC), the ordinary (O) and the East African (EA)
strains (Tairo et al., 2005; Tairo et al., 2006; Untiveros et al., 2008; Clark and Valverde, 2013).
Only the RC and O strains of SPFMV were detected in Western Cape (Rannéli et al., 2009)
and in Kwazulu Natal Provinces in South Africa (Sivparsad and Gubba, 2012) during previous
surveys. SPVC (Untiveros et al., 2010), previously known as strain C of SPFMV has also
been reported in Western Cape and Kwazulu Natal Provinces, and recently in Gauteng
Province (Mulabisana et al., 2015). Co-infections with other potyviruses affect sweetpotato
production and total yield (17%) and marketable yield (30%) losses have been reported for
South African varietys (Domola et al., 2008). Begomoviruses, including isolates of SPLCSV
and SPMV, have recently been identified from samples collected from Limpopo Province of
South Africa (Esterhuizen et al., 2012). SPLCSPV was first described in South America while

SPLCYV and related begomoviruses have been reported to occur in countries such as the United
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States of America (USA), Asia and Africa (Albuquerque et al., 2011; Lotrakul et al., 2003;
Luan et al., 2007; Wasswa et al., 2011). Begomoviruses are a group of viruses that belongs to
the family Geminiviridae (Brunt et al., 1996; Lozano et al., 2009). The viral genome consist of
single-stranded circular DNA which is converted into double stranded DNA during replication
and this process occurs though rolling circle replication (RCR) mechanism within the
replication-enhancer protein (REn) (Gutierrez, 2000; Rizvi et al., 2015; Lozano et al., 2009).
They are transmitted by whiteflies (Bemisia tabaci) (Luan et al., 2007). Yield reduction of
between 30% to 50% (Louisiana) and 60% (South Carolina) in USA due to SPLCV was
reported (Clark and Hoy, 2006; Ling et al., 2010; Zhang and Ling, 2011). The objective of this
study was to characterize and establish the genetic diversity of potyviruses (SPFMV, SPVC
and SPVG), and begomoviruses infecting sweetpotato in the Gauteng, Limpopo and

Mpumalanga Provinces of South Africa.

2.3. Materials and Methods

2.3.1 Field surveys of sweetpotato viruses in Gauteng, Mpumalanga and Limpopo
Provinces

Fields surveys were conducted in the mid to late planting seasons (2012/2013 and 2013/2014)
and plants were examined and sampled following a W-pattern walking transect. Surveys were
conducted from both smallholder and commercial farms of Vhembe District (Lwamondo,
Tshiombo, Dzimauli, Rammbuda, Maungani and Elim) situated around Makhado and
Thohoyandou, and two commercial farms in the Waterberg District (Groblersbridge and
Wynberg) in Lephalale in Limpopo Province. Samples were also collected from nine locations
in the Enhlanzeni District [Tonga, Naas, Mzinti, Kamhlushwa, Tjakastad, Mbejeka,
Snymansbelt (Barberton), New Forest, and Thulamahashe)] and one in Nkangala (\VVerena) near

Witbank in Mpumalanga Province. In Gauteng Province, samples were collected in several
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locations in the Metsweding (Refilwe near Cullinan and Dzithobeni), Tshwane district
(Soshanguve L extension, Soshanguve S extension, Hamanskraal, Mamelodi and Roodeplaat)
and Ekurhuleni (Daveyton) Districts. Fig. 2.1 shows the map of South Africa indicating the
three Provinces (Limpopo, Gauteng and Mpumalanga) where samples were collected. Visual
evaluation of symptoms was conducted using a scoring scale of 0-5, where O represented no
symptoms, 1-2 mild symptoms, 3 moderate symptoms, 4 severe and 5 very severe symptoms
(Domola et al., 2008; Ndunguru et al., 2009). Data for the two seasons (2012/2013 and
2013/2014) surveys were analyzed using SAS/Statistical Software Version 9.3, Volume 2,
1999. A one-way analysis of variance (ANOVA) was conducted with season 1 (2012/2013)
data. Fisher's unprotected least significant difference (LSD) test was used to determine
significant differences at P < 0.05, P < 0.05, and P < 0.01 for Gauteng, Mpumalanga and
Limpopo Province's data, respectively. A combined ANOVA was conducted with season 2
data (2013/2014). The standardized residuals were tested for deviations for normality using
Shapiro-Wilk's test (Shapiro and Wilk, 1965). The residuals were symmetrical or normally
distributed, therefore the data was considered reliable. Means of significant effects were
compared using Fisher's unprotected t-LSD (least significant difference) at a 5% level of
significance (Snedecor and Cochran, 1980). Twenty to 30 samples were collected from each
location depending on the size of the field. Both symptomatic and asymptomatic sweetpotato
samples were collected as vines at each sampling points and this was due to the fact that some

varieties did not exhibit virus symptoms in the field (Domola et al., 2008).
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Fig. 2.1. Map of South Africa showing Limpopo, Gauteng and Mpumalanga Provinces. Areas
where field surveys were conducted are indicated with a black dot. Map source: http://d-
maps.com/carte.php?num_car=4414&lang=en. Areas are as follows: (1) Daveyton, (2)
Roodeplaat, (3) Dzithobeni, (4) Hamanskraal, (5) Refilwe (Cullinan), (6) Mamelodi, (7)
Soshanguve, (8) Verena, (9) Baberton, (10) Tjakastad, (11) Kamhushwa, (12) Mzinti, (13)
Naas, (14) Tonga, (15) Thulamahashe, (16) New Forest, (17) Groblersbridge, (18) Wynberg,
(19) Tshiombo, (20) Dzimauli, (21) Rammbuda, (22) Maungani, (23) Lwamondo and (24)
Elim.

2.4 Viral Analysis
2.4.1 Indexing and serological analysis
Cuttings from the collected sweetpotato samples were side-grafted onto the indicator plant I.
setosa to evaluate development of different symptoms, which were subsequently matched to
known virus infections. Detection of SPFMV, SPVC and SPVG was conducted six weeks post

graft inoculations using polyclonal antibodies in nitrocellulose membrane enzyme linked

75


http://d-maps.com/carte.php?num_car=4414&lang=en
http://d-maps.com/carte.php?num_car=4414&lang=en

immunosorbent assays (NCM-ELISA) according to the method described by Gibb and Padovan
(1993). The NCM-ELISA kit was supplied by International Potato Centre (CIP, Lima, Peru).
Antibodies for SPFMV also detect SPVC, and the two viruses can only be differentiated by
reverse transcription polymerase chain reaction (RT-PCR). Symptomatic leaf discs of
individual I. setosa samples were homogenized in microfuge tubes in 0.02 M Tris buffer and
0.50 M sodium chloride (NaCl) (TBS, pH 7.5), containing 1.0 g sodium sulphite as an
extraction buffer. Fifteen to 20 ul of sample sap was spotted onto the centre of the nitrocellulose
membranes marked squares and allowed to dry for 15 to 30 min. Membranes containing
samples, together with positive control strips (provided by CIP) were subsequently processed
to detect viruses according to the instructions provided. The NCM-ELISA kit also contains
antibodies that allows for the detection of other known viruses: Sweet potato mild mottle virus
(SPMMV), Sweet potato latent virus (SPLV), Sweet potato chlorotic stunt virus (SPCSV),
Sweet potato chlorotic fleck virus (SPCFV), Sweet potato mild speckling virus (SPMSV),
Sweet potato collusive virus (SPCV), Cucumber mosaic virus (CMV) and Sweet potato C6
virus (SPC6V). Double antibody sandwich enzyme linked immunosorbent assay (DAS-
ELISA) was used to detect Sweet potato virus 2 (SPV2) (Polyclonal antibody (PAD), supplied
by DSMZ GmbH Sammlung Pflanzenviren, Inhoffenstrale 7 B, D-38124 Braunschweig,
Germany). Samples that induced typical begomovirus symptoms (upward curling and rolling
of leaves) on sweetpotato plants and indicator plant I. setosa were tested for the presence of
SPLCV by PCR according to the methods provided by Li et al. (2004). NCM and DASELISA
data was combined and processed in Microsoft Office Professional Plus 2013 Excel (64 bit) as
individual counts of single, co- and triple infections of each virus tested. Individual counts for
each variable were classified into r x ¢ frequency tables (contingency) (Kele and Mouton, 2011)
and processed in SAS/Statistical Software Version 9.3, Volume 2, 1999). 42 tests were used to

show the dependence for each variables and y2 probabilities for dependencies were obtained.
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2.5 Detection of SPFMV, SPVC and SPVG with RT-PCR

2.5.1 Total RNA extractions and RT-PCR amplification

Samples that tested positive with NCM-ELISA were selected for RT-PCR to confirm the
presence of SPFMV and strains, SPVC and SPVG. Leaf tissues of I. setosa and sweetpotato
(0.1 g) were frozen in liquid nitrogen and ground using a mortar and pestle. Total RNA was
extracted using the RNEASY® Plant mini extraction kit (QIAGEN) as per manufacturer’s
instructions. cDNA synthesis was carried out using the high capacity RNA-to-cDNA Master
Mix (Applied Biosystems). Reaction components consisted of 4 pl complete master mix, 2 pl
(10 pg-1 pg) total RNA and Diethyl pyrocarbonate-treated (DEPC) water up to a total volume
of 20 ul. The cycling conditions were performed as per manufacturer’s instructions. Forward
primers FMV1360-F, SPVC474-F (Tairo et al., 2006), and reverse primer 10820-R (Tairo et
al., 2005), which differentiate between the RC/O and EA strains of SPFMV and SPVC, were
used. The primers are reported to anneal to the NIb protein, the entire CP gene and the 3° NTR
(Réannéli et al., 2009), yielding PCR product sizes of 1356 bp and 1335 bp for the RC strain of
SPFMV and SPVC, respectively. Forward primer PMB-9 and reverse primer PMB-10 (Rannéli
et al., 2008), which amplify the 5'-proximal part of the NIb and the CP-encoding gene region,
yielding a PCR product size of 719 bp, were used to detect SPVG. All PCR reactions were
performed using the KAPA® Taq Ready Mix DNA polymerase (KAPA BIOSYSTEMS)
containing Mg*. Tag Ready Mix (10 ul) was mixed with 10 uM of each primer and 2-5 pl of
the total cDNA in a total reaction volume of 20 pl. The cycling conditions for SPFMV, SPVC

and SPVG were performed as described by Rannali and co-workers (2008; 2009).

2.5.2 Cloning and sequencing and phylogenetic analysis
The PCR products of the selected isolates of SPFMV (RC strain), SPVC and SPVG were

excised from a 1% low melting agarose gel and purified using the Zymoclean™ (Zymo
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Research CORP) gel DNA recovery kit. These were cloned into the pGEM®-T Easy vector
(Promega Corporation™, Anatech, South Africa), according to the manufacturers’ instructions.
The ligated products were transformed into 50 pl of Escherichia coli (E. coli), strain JM109
high efficiency competent cells (Promega Corporation™, Anatech, South Africa).
Transformed cells (100 pl) were plated out in duplicate on Luria-Bertani Broth (LB) media
supplemented with ampicillin (100 pg/ml), 0.5 mM IPTG and X-Gal (80 pg/ml), and incubated
overnight at 37 °C. Single white bacterial colonies were picked and verified by colony-PCR
using specific primers that detects SPFMV, SPVC and SPVG as described by Tairo and co-
workers (2005; 2006) and Rannali and co-workers (2008). Clones were sent to Ingaba

Biotechnical Industries (Pty) Ltd, Pretoria, South Africa, for nucleotide sequencing.

2.5.3 Sequence analysis of the partial genomes
Table 1.1 is a list of sequenced clones of SPFMV, SPVC, SPVG and full genome sequences of
begomoviruses from this study and reference sequences downloaded from the National Centre

for Biotechnology Information (NCBI) database (www.ncbi.nlm.nih.gov/GENBANK). Partial

genome sequences of SPFMV, SPVC and SPVG were edited using BioEdit v 7.2.3 and aligned
with reference sequences using ClustalW program embedded in CLC Genomic Workbench 8
(http:www.clcbio.com). The species demarcation criteria for potyviruses were based on the
cut-off point of 76% to 77% for nucleotide (nt) identity for species and 83% to 99% as same
strains (Adams et al., 2005; Frenkel et al., 1989). Aligned sequences were used to conduct
phylogenetic analysis in MEGAG6 (Tamura et al., 2013). Maximum Likelihood trees with 1000
replicates (bootstraps) were constructed and isolate CTB3 (SPVG) was used to root the SPVG
and SPVC tree. Likewise, isolate CTB 3-1 (SPFMV) was used to root SPVG tree. Generated
nt sequences of potyviruses were translated into amino acids (aa)

(https://seqtool.sdsc.edu/CGI/BW.cqi#) to determine the putative coding open reading frames
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(ORFs). Conserved domains were determined using standard aa BLAST

(https://blast.ncbi.nlm.nih.gov) and SMART BLAST

(https://blast.ncbi.nlm.nih.gov/smartblast/smartBlast.cgi). Multiple sequence alignments and

pairwise identity matrices of the entire CP encoding sequences of SPFMV, SPVC and part of
the CP of SPVG were conducted with reference aa sequences (NCBI GenBank database) using
ClustalW (CLC genomic workbench 8). The CP aa homology cut-off point of 90% to 99% was

used to determine same strain relationships of potyviruses (Shukla and Ward, 1989).
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Table 2.1: Accession numbers and virus names of reference sequences (GenBank database) used to determine relationships between
the South African sequence isolates of SPFMV, SPVC, SPVG and SPLCV from this study and isolates reported in other countries.

Nucleotides

Accession no.

Isolates names

*Viruses and strains

aProvince and/country of
origin

References

AY459601
EU809485
JQ073713
JQ073714
JQ073716
Q073717
EUS09510
EU809499
EU809486

AY459596
MF359257

MF359254
MF359256
MF359255

MF359253
EU809503
AJ781777
EU021066
AF015540
EUB809505
S43050

AJ310201

MD 1/1
CTB3.1
Umfume?2
UMP1-C
UMP3-C
UMBUM-C
ZIMB 1-2
PS1B-4
OR1-2

Nam12
Daveyton 3-C (DVT-3_SPVC)

GBD-12_SPVC
VER-7_SPVC
MAM-15_SPVC

REF-26_SPVC
CTB3.2

Aus 6

KmtMil

K1

NzZ4-1

C (RC)

SPFMV virus partial genomic RNA

SPvC
SPVC
SPVC
SPVC
SPVC
SPVC
SPVC
SPVC
SPVC

SPVC
SPVC

SPVC
SPVC
SPVC

SPVC

SPFMV-RC
SPFMV-RC
SPFMV-RC
SPFMV-RC
SPFMV-RC
SPFMV-RC

SPFMV-RC

80

KZN, South Africa
WC, South Africa
KZN, South Africa
KZN, South Africa
KZN, South Africa
KZN, South Africa
Zimbabwe

Easter Island
Moorea

Namibia

Daveyton, GP, South Africa
Groblersbridge, LP, South
Africa

Verena, MP, South Africa

Mamelodi, GP, South Africa
Refilwe (Cullinan), GP,
South Africa

WC, South Africa
Australia

Peru

Korea

New Zealand
USA

China

Rénnéli et al., 2009
Réannali et al., 2009
Sivparsad and Gubba, 2012
Sivparsad and Gubba, 2012
Sivparsad and Gubba, 2012
Sivparsad and Gubba, 2012
Rannali et al., 2009
Rénnali et al., 2009

Réannali et al., 2009
Ateka et al., 2003,
unpublished

Mulabisana et al., 2015

This study
This study
This study

This study

Réannéli et al., 2009
Rénnali et al., 2009
Réannéli et al., 2009
Kim et al., 1998
Réannéli et al., 2009

Abad et al., 1992
Chen et al., 2001,
unpublished



MF359252
MF359249
MF359250

MF359251
EU809509
FJ795748
EU809504
JQ073708
JQ073709
JQ073710
JQ073711
JQ073712
EU220756
EU220755
EU220754
EU220753
EU220752
EU220751
EU220757
EU220758
EU220759
AJ515380
KC962218
Q073707
JQ073706
Q073705
JQ073704
JQ073703

RDPLT11-04_SPFMV

GBD-10_SPFMV
REF-26_SPFMV

SSBles SPFMV
ZIMB 1-1
KBNYL
CTB3.3
Umfume.O
UMP1.0
UMP2-0
UMP3-0
UMBUM-O
CTB3

JAAC

PS1B

HawA2
Zimb1C
Zimb1lH

3817

NZ-4

3900A

SPVG partial Egypt 1
SPVG-NC
UMFUME-VG
UMP2-VG
UMP1-VG
UMBUM-VG
UMP3-VG

SPFMV-RC

SPFMV-RC

SPFMV-RC

SPFMV-RC
SPFMV-EA
SPFMV-EA
SPFMV-0O
SPFMV-O
SPFMV-0O
SPFMV-O
SPFMV-0O
SPFMV-O
SPVG
SPVG
SPVG
SPVG
SPVG
SPVG
SPVG
SPVG
SPVG
SPVG
SPVG
SPVG
SPVG
SPVG
SPVG
SPVG
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Roodeplaat, GP, South
Africa

Groblersbridge, LP, South
Africa

Refilwe (Cullinan), GP,
South Africa

Roodeplaat, GP, South
Africa

Zimbabwe

Uganda

WC, South Africa
KZN, South Africa
KZN, South Africa
KZN, South Africa
KZN, South Africa
KZN, South Africa
WC, South Africa
Java

Easter Island
Hawaii

Zimbabwe
Zimbabwe

Tahiti

New Zealand
Tubuai

Egypt

USA

KZN, South Africa
KZN, South Africa
KZN, South Africa
KZN, South Africa
KZN, South Africa

Mulabisana et al., 2015
This study
This study

This study

Réannali et al., 2009
Tugume et al., 2010
Rannali et al., 2009
Sivparsad and Gubba, 2012
Sivparsad and Gubba, 2012
Sivparsad and Gubba, 2012
Sivparsad and Gubba, 2012
Sivparsad and Gubba, 2012
Réannali et al., 2008
Rénnali et al., 2008
Réanndli et al., 2008
Rénnali et al., 2008
Réanndli et al., 2008
Rénnali et al., 2008
Réanndli et al., 2008
Rénnali et al., 2008
Réanndli et al., 2008

IsHak et al., 2003

Almeyda et al., 2013
Sivparsad and Gubba, 2012
Sivparsad and Gubba, 2012
Sivparsad and Gubba, 2012
Sivparsad and Gubba, 2012
Sivparsad and Gubba, 2012



783314

MF359258
MF359259

MF359260

MF359261
MF359262

MF359263

MF359264
MF359265
MF359266
MF359267

MF359268

MF359269
MF359270
MF359271

KX611145
AF326775

IX286653
KF040466
HQ393473

HQ393455
HQ393445

KX859238

Sweetpotato virus G

GBD14_SPVG
Naas4 SPVG

RDPLTBIles_SPVG

SSBles_ SPVG
TsMB1_SPVG

SPLCSPV isolate SSB1_ZA

SPLCSPV isolate RDGP_ZA
SPLCSPV isolate Tanz: ELLP_ZA
SPLCSPV isolate Tanz: NMP_ZA
SPLCV isolate TMBLP_ZA

SPMV isolate SSB1_ZA

SPMV isolate RDGP_ZA
SPMV isolat ELLP_ZA
SPMV isolate TMBLP_ZA

SPLC Georgia virus Isolate ARMDZ
SPLC Georgia virus (16)

SPLCV Isolate GZ01 Segment-DNA A
SPLCV China Shandong 11:2012

SPLCV-SP BR:AIlvM:09
SPLCV isolate:
SPLCVPR[BR:OPO:08]

SPLCV isolate SPLCV-PR[BR-CA:08]

SPLCSPV KTOA11

SPVG

SPVG
SPVG

SPVG

SPVG
SPVG

SPLCSPV

SPLCSPV
SPLCSPV
SPLCSPV
SPLCV

SPMV

SPMV
SPMV
SPMV

SPLC Georgia virus
SPLC Georgia virus

SPLCV isolate China

SPLC China
SPLCV

SPLCV
SPLCV

SPLCSPV
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North Carolina
Groblersbridge, LP, South
Africa

Naas, MP, South Africa
Roodeplaat, GP, South
Africa

Roodeplaat, GP, South
Africa

Tshiombo, LP, South Africa
Roodeplaat, GP, South
Africa

Roodeplaat, GP, South
Africa

Elim, LP, South Africa
Naas, MP, South Africa

Tshiombo, LP, South Africa
Roodeplaat, GP, South
Africa

Roodeplaat, GP, South
Africa

Elim, LP, South Africa
Tshiombo, LP, South Africa

Argentina
Argentina

China
China
Brazil

Brazil
Brazil

South Africa

Colinet et al., 1998

This study
This study

This study

This study
This study

This study

This study
This study
This study
This study

This study

This study
This study

This study
Saldago et al., 2016,
unpublished

Lotrakul et al., 2003
Tang and He, 2012,
unpublished

Liu et al., 2013, unpublished
Albuquerque et al., 2011

Albuquerque et al., 2011

Albuquerque et al., 2011
Nhlapo et al., 2018
unpublished



FR751068 SPLC Uganda: Kampala: 2008 SPLC Uganda Uganda Wasswa et al., 2011
KF836891 SPLCSPV TZ:SNG7:12 SPLCSPV Tanzania Mbazimbwa et al., 2014
JQ621844 SPLCSPV- ZA:WP:2011 isolate Pstl-02 SPLCV South Africa Esterhuizen et al., 2012
JQ621843 SPMV- ZA:WP:2011 isolate Pstl-01 SPMV South Africa Esterhuizen et al., 2012

Nhlapo et al., 2016,
KX859239 SPMV KTOB11 SPMV South Africa unpublished

SPMV - [Brazil:Brasilial:2007] isolate

FJ969831 BR:BSB1 SPMV Brazil Paprotka et al., 2010
NC-003803 South African cassava mosaic virus SACMV South Africa Berrie et al. 2001
Amino acids Province and/Country of
Accession no. Isolates names Viruses and strains Origin References
AFD22452 HN:5RC:08 SPFMV-RC Honduras Kashif et al., 2012
NP-734318 Polyprotein SPFMV SPFMV-RC Japan Sakai et al., 1997
AAC59320 CP partial SPFMV SPFMV-RC Korea Ryu et al., 1998

Deng et al., 2013,
AGO086051 SC2CP SPFMV-RC China unpublished
CAB53558 Isolate MBL SPFMV-RC East Africa Kreuze et al.2000
ACJ0O1838 Isolate 3817-1 SPFMV-RC Tahiti Rannali et al., 2009
AET79524 Jiangsul4 SPFMV-RC China Qin etal., 2011, unpublished
CAHO03772 Aus2 SPFMV-RC Australia Rannali et al., 2009
AAB23253 SPFMV_RC SPFMV-RC USA Abad et al., 1992
CAJ19387 Austl142 SPFMV-RC Australia Tairo et al., 2005
AG01854 Zimb 1-2 SPFMV-EA Zimbabwe Rannéli et al., 2009
ACY74480 KBNYL SPFMV-EA Uganda Tugume et al., 2010
AET79520 Fujan3 SPVC Fuji Qinetal., 2013
AEG79935 Hunan 4 SPVC China Qinetal., 2013
CAA04764 Strain CH2 SPVC China Colinet et al., 1998

Ateka et al., 2004a,
AAS88730 Spain 1C SPVC Spain unpublished
ACJ01843 PS1B-4 SPVC Easter Island Rannali et al., 2009
ACJ01829 CTB3-1 SPVC WC, South Africa Réannéli et al., 2009
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AAS38447
AEU17211

AAS99567
ACJ01843

AEU17209
AEG79997
AEG80025
AEG80011

AGO86063
AEU17204
YP-006493343
AEG79999
AEU17202

AGO86062

MD1/1
UMBUM-C

SPVC polyprotein
CTB3-2

UMP2-C

Hainan

Shandong 5
Hunan 4

Isolate SPVGSC2
Umfume-VG
Jesus Maria

Henan coat protein gene

Ump3-VG

SPVG-SC1

SPvC
SPVC

SPvC
SPVC
SPvC
SPVG
SPVG
SPVG

SPVG
SPVG
SPVG
SPVG
SPVG

SPVG

KZN, South Africa
KZN, South Africa

Unknown

WC, South Africa
KZN, South Africa
China

China

China

China

KZN, South Africa
Argentina

China

KZN, South Africa

China

Ateka et al., 2004a,
upublished

Sivparsad and Gubba, 2012
Ateka et al., 2004a,
unpublished

Réannali et al., 2009
Sivparsad and Gubba, 2012
Qinetal., 2013

Qinetal., 2013

Qinetal., 2013
Deng et al., 2013,
unpublished

Sivparsad and Gubba, 2012
Rodriguez et al., 2012
Qinetal., 2013

Sivparsad and Gubba, 2012
Deng et al., 2013,
unpublished

“Sweet potato feathery mottle virus russet crack (SPFMV-RC), SPVC = Sweet potato virus C, SPVG = Sweet potato virus G and SPLCV
= Sweet potato leaf curl virus. “KZN= Kwazulu Natal, WC= Western Cape, GP= Gauteng, LP= Limpopo and MP= Mpumalanga.
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2.6 Detection of begomoviruses, confirmation by rolling circle amplification (RCA) and

full-length genome sequencing

2.6.1 Total DNA extractions and PCR reactions

Total DNA was extracted from selected sweetpotato and |. setosa leaf samples. Leaf tissues
(0.1 g) were frozen in liquid nitrogen and ground using a mortar and pestle. Total DNA was
extracted using the DNEASY® Plant mini extraction kit (QIAGEN). Forward primer SPG1
and reverse primer SPG2 were used to test samples for the presence of SPLCV (Li et al., 2004).
Primers are reported to amplify the conserved regions in the open reading frames (ORF) AC2
and AC1 (Li et al., 2004), yielding the PCR product size of 912 bp. All PCR reactions were
performed using the KAPA® Tagq Ready Mix DNA polymerase (KAPA BIOSYSTEMS) as
described in section 2.3.1. Total DNA was used as a template in a total reaction volume of 20
pl. The PCR cycling conditions described by Wasswa and co-workers (2011) were used to
amplify the DNA. All the PCR reactions were carried out on an Applied Biosystems Veriti®

thermal cycler. The amplified products were analyzed on 1% agarose gel electrophoresis and

gel images were recorded on an Alpha Innotech Alphalmager® HP gel imaging system.

2.6.2 RCA and restriction fragment length polymorphism (RFLP)

RCA as described by Haible et al. (2006) and RFLP were conducted to determine the presence
of the circular DNA and to identify potential begomoviruses in selected samples that tested
positive for SPLCV with PCR. Amplification of the circular DNA (RCA) was performed using
the bacteriophage phi (2) 29 DNA polymerase [Illustra™ Templiphi 200 Amplification kit (GE
Healthcare Life Sciences)] according to the manufacturer's instructions. One to 200 ng of total
DNA was dissolved in 5 ul of sample buffer and denatured at 95 °C for 3 min in the thermal
cycler (Applied Biosystems Veriti® thermal cycler), followed by subsequent cooling at room

temperature. The reaction buffer (5 pul) and enzyme mix (0.2 ul) were added to the denatured
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DNA and incubated at 30 °C for 4 to 18 h, and the DNA polymerase was inactivated at 65 °C
for 10 min. The RCA products were digested with BamHI (BioLabs®) to release the full-length
genome size (£3000 bp) of begomoviruses DNA fragments (Paprotka et al., 2010) and this was
conducted according to the manufacturers' instructions. Products of restriction digestions were
analyzed by electrophoresis on a 1.5% agarose gel, stained with ethidium bromide and gel

images were recorded as described above.

2.6.3 Full genome sequencing of begomoviruses

The RCA products were used to generate a DNA library using the Nextera DNA sample
preparation kit (Illumina), according to the manufacturer's instructions. The DNA amplicons
were sequenced using lllumina MiSeq Benchtop Sequencer (Illumina Inc., San Diego, CA,
USA) at the Agricultural Research Council's Biotechnology Platform, Pretoria, South Africa.
Data was analyzed in CLC Genomic Workbench 8 (http://www.clcbio.com). Generated data
was trimmed for quality and adaptor sequences that were added during the library preparations.
Sequence reads were subsequently mapped to known virus reference sequences (NCBI
GenBank) at a stringency of between 0.95 and 0.99 to generate the consensus sequences.
Trimmed reads were also analyzed by de novo assembly to make provision of reads that did
not map with known references. Generated contigs sequences (3000 bp) were selected and
subjected to nt BLAST at NCBI GenBank to retrieve reference sequences closely related to the
full genome contigs generated. Reads were again mapped to contigs, from which, consensus
sequences were generated. These were aligned (multiple sequence alignment) to the closely
related references with ClustalWw program (CLC Bio Genomic Workbench 8). Sequence
alignment was used to conduct phylogenetic analysis in MEGAG6 (Tamura et al., 2013) using
Maximum Likelihood (1000 bootstraps replicates). Pairwise identity matrix was conducted to

confirm species and strain identity using ClustalWw embedded in the Species Demarcation Tool
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(SDT)- Version 1.2, which utilizes the Needleman-Wunsch algorithm (Mubhire et al., 2013),
ideal for species belonging to the Geminiviridae family. The threshold of 91% nt sequence
identity between full-length DNA viruses was used for species demarcation and 93% to 94%
for strains within the virus group/species (Brown et al., 2015). Generated nt sequences were
translated into aa using ORF finder program (http://www.ncbi.nlm.nih.gov/orffinder/). The
generated replication-associated protein (Rep) and the CP protein encoding sequences were
aligned with reference aa sequences using Clustalw (CLC genomic workbench 8). The Rep
amino acid sequences were also aligned and analyzed for the conserved motifs associated with

begomoviruses.

2.7. Results

2.7.1 Field surveys

A total of 272 (season 1) and 332 (season 2) samples were maintained and analyzed for the
presence of viruses. The average means of virus incidence in season 1 were 23%, 18% and
19% in Gauteng, Limpopo and Mpumalanga provinces, respectively. There were no significant
difference between the three provinces in season 1. In season 2, the virus incidence recorded
for Mpumalanga and Gauteng provinces had average means of 21% and 22%, respectively,
higher than the virus incidence observed in Limpopo Province (4%). Significant differences
existed between Limpopo Province and Mpumalanga and Gauteng provinces due to the low

virus incidence (4%) observed in Limpopo Province.

2.7.2 Indexing and serological analysis
Symptoms observed on I. setosa post grafting were mild to severe and were described as vein
clearing/banding, leaf mottling and chlorosis (Fig. 2.2), which are typical potyvirus symptoms

as described by Clark and Valverde (2013). NCM-ELISA confirmed that symptomatic I. setosa
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were infected with either a single infection of SPFMV/SPVC, which were 52% and 16% in
season 1 and season 2, respectively. Single infection of SPVG was low (0 to 3%) in all seasons.
Co-infections of SPFMV/SPVC with SPVG was 0.74% in season 1 and 12.7% in season 2 and
this was identified as the most common co-infection. Co-infection of SPFMV/SPVC with
ipomovirus SPMMV was 3% and 2.4% in season 1 and season 2, respectively. Co-infection of
SPFMV/SPVC with crinivirus, SPCSV was also observed in few samples (1% to 6%). Typical
symptoms (Clark and Valverde, 2013) associated with begomoviruses, such as the upward
curling of leaves, severe yellowing of the main veins (sweet potato) and greening of the main

veins were observed (Fig. 2.2).

Soshatz

Fig. 2.2. Systemic symptoms associated with potyviruses and begomoviruses as recorded on

indicator plant I. setosa post graft inoculations. (A) Vein clearing/banding on the main veins
of the leaves (single infection of SPVC), (B and C) Severe yellowing of the leaf veins (co-
infections of SPFMV with SPVG), (D) Chlorotic spotting (single infection of SPVG), (E)
Severe yellowing of the leaf veins and chlorosis (co-infection of SPVG with SPMMV), (F, G
and H) Upward curling/rolling of leaves and greening of the main veins (typical begomovirus
symptoms). Samples were collected from Groblersbdridge (GBD-12), Elim (ELMB.7 and
ELM-B.1), Tshiombo (TMB-B.2), Kamhlushwa (KSWB.10), Tjakastad (TJKD B.2),
Mamelodi (MAM-B.10) and Soshanguve (SoshalL?2) in the Limpopo, Mpumalanga and

Gauteng provinces.
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2.7.3 RT-PCR, PCR amplifications, RCA and RFLP

RT-PCR confirmed the presence of the RC strain of SPFMV and SPVC in tested samples.
Amplicons with band sizes of 1356 bp and 1335 bp were generated for the two viruses,
respectively. Viruses were detected either as a single strain infection of the RC strain of SPFMV
or SPVC, or as co-infections of both in RT-PCR tests. SPVG was also detected as a single
infection or as co-infections with the RC strain of SPFMV and SPVC. Degenerate primers
SPG1 and SPG2 successfully detected SPLCV (Fig. 2.3) in samples that showed symptoms

associated with begomoviruses as described above (Fig. 2.2) and in some cases in symptomless

sweetpotato leaf samples.

GBD-B.19
LWD-B.17
Naas-B.6
Naas-B.4
LWD-B.16
Naas-B.11
Naas-B.6
LWD-B.6
Naas-B.12
Naas-B.2
LWD-B.15
TMH-B.2
GBD-B.6
Negative control
Positive control

3
E
]

100 S
Fig. 2.3. Gel electrophoresis image of the PCR generated with the DNA of representative 1.
setosa tested. (M): KAPA™ Universal 1 KB DNA ladder size marker. The 912 bp bands of
SPLCV amplification products are indicated. Samples codes denote areas from which they

were collected. Full-length genome sequences were obtained for the samples indicated in bold
letters.

RCA and restriction digestions with BamHI confirmed the presence of the full-length genome
size (x 3000 bp) of begomoviruses in samples Naas 10, Dzith 10, RDPLT-13-6, Sosha L13,
Elim-B1, Soshal.2 and REF 6 (Fig. 2.4, lanes 2, 3, 4, 5, 6, 8 and 9). Samples were collected
from Dzithobeni (Dzith 11, 10, and 2), Soshanguve (Sosha L13 and Soshal2), Roodeplaat
(RDPLT 13-6) and Refilwe near Cullinan (REF 6) in Gauteng Province, Naas (Naas 10) in
Mpumalanga Province and Elim (Elim-B.1) in Limpopo Province.
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+1400 bp LD DNA |

Fig. 2.4. Gel electrophoresis image showing the RCA products and the restriction digestion of
selected samples with BamHI. (M) KAPA™ Universal 1 KB DNA ladder size marker. Lanes
(1) Dzith 11, (2) Naas 10, (3) Dzith 10, (4) RDPLT-13-6, (5) Sosha LI3, (6) Elim B.1 (7) Dzith 2, (8)
Sosha L2 and (9) REF 6. BamHI revealed the full-length genome (FG) size (3000 bp) of
begomoviruses with samples in lanes 2, 3, 4, 5, 6, 8 and 9. Linearized defective (LD) DNA of
+1400 bp was also obtained with some samples (lanes 2, 3, 4, 8 and 9). Full-length genome

sequences were obtained with samples in lanes 2, 4 and 6.

2.7.4 Sequence analysis (partial genome)

2.7.4.1 Nucleotide sequence analysis of SPVC

VER-7_SPVC and REF-26_SPVC shared 91% nt identity on their own and 91% to 94% nt
identity with the South African CTB3-1, MD1/1 and DVT-3_SPVC (Daveyton 3-C), and OR1-
2, PSB1-4 and PS3A-3, Zimbl-2 from Morea, Easter Island and Zimbabwe, respectively
(Réannéli et al., 2009; Mulabisana et al., 2015). GBD-12_SPVC and MAM-15_SPVC of this
study also shared 86% to 91% nt identity with CTB3-1, OR1-2, PSB1-4 and PS3A-3, MD 1/1,
Zimb 1-2. VER-7_SPVC and REF-26_SPVC also shared 82% nt identity with the South
African DVT-3_SPVC, UMBUMB_C, Ump3-C and UMFUME2-C, and 75% with UMP1-C
(Sivparsad and Gubba, 2012; Mulabisana et al., 2015). Isolates of from this study also shared
the nt identity of 94% with each other. All sequences of SPVC clustered together in a single
species clade within the Potyviridae family tree as expected (Fig. 2.5). It was observed that
VER-7_SPVC and REF-26_SPVC grouped closely with DVT-3_SPVC, CTB3-1, OR1-2,
PSB1-4 and PS3A-3 (Ré&nnéli et al., 2009; Mulabisana et al., 2015), and these were supported
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by the bootstrap value of 98%. Genetic variability was also observed when GBD-12_SPVC
and MAM-15_SPVC formed a sub-cluster of their own with a strong bootstrap value of 97%,
with their main branch connected to the SPVC group, including the South African MD 1/1 and

Zimbabwean Zimb 1-2 (Rannali et al., 2009).

*DVT-3_SPVC South Africa
*VER-7_SPVC South Africa
CTB3-1 South Africa

O
(=:]

T OR1-2 Moorea
LPSB1—4 Easter Island
PS3A-3 Easter Island

— *REF-26_SPVC South Africa
— UMBUMB-C South Africa
UMP1-C South Africa

98| I UMP3-C South Africa

gal| 99 UMFUME-C South Africa
MD1/1 South Africa

Zimb1-2 South Africa
*GBD-12_SPVC South Africa

97 [ *MAM-15_SPVC South Africa

CTB3.SPVG

—
0.05

Fig. 2.5. Phylogenetic analysis [Maximum Likelihood method based on the General Time
Reversible model (Nei and Kumar, 2000)], of the NIb/coat protein/3’ UTR encoding nt
sequences. SPVC clades are depicted. Relationships between the SPVC sequences from this
study (bold*) with those with those from around the world and previously reported isolates
from South Africa are shown. The bootstrap values of 1000 replicates, with which the
associated taxa clustered together, are shown next to the branches. The viruses identified in
this study in the three Provinces, reference sequences and their Genbank accession numbers
are listed in Table 2.1.

2.7.4.2 Nucleotide sequence analysis of SPFMV

Pairwise comparison revealed that SSBles-RC shared 99% to 99.6% nt identity with the
Australian (Aust 6), the Peruvian (KmtMil) and SPFMV-RC isolate reported in China.
Similarly, GBD-10_SPFMV, REF-26_SPFMV, and RDPLT11-04 SPFMV also shared nt

identity of 98.5% to 99% with Aust 6, KmtMil and SPFMV-RC isolate. These also shared the
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nt identity with NZ4-1 (94%) and C(RC) (98%). CTB2-3, RC strain of SPFMV, shared nt
identity with the EA strain Zimb 1-1 (95%) and KBNYL (91%), and also shared the nt identity
of 96% with the South African O strain of SPFMV, isolate CTB3-3 (Ranndli et al., 2009).
Similarly, CTB2-3 also shared the nt identity of 91% to 92% with some of the clones belonging
to the RC strain of SPFMV, making it very difficult to assign it to a strain group. Phylogenetic
analysis demonstrated that samples fell into one of three strain clusters, namely, RC, O and the
EA of SPFMV (Fig. 2.6). Clones from this study (SSBles_SPFMV, GBD-10_SPFMV and
REF-26_SPFMV) grouped with RDPLT11-04_SPFMV (South Africa), kmtMil (Peru), Aust 6
(Australia), SPFMV-RC (China), C (RC) USA, K1 (Korea) and NZ4-1 (New Zealand) isolates
(Abad et al., 1992; Kim et al., 1998; Rannéli et al., 2009; Almeyda et al., 2013; Mulabisana et
al., 2015), with a bootstrap value of 87% to 89%. Strains O and EA of SPFMV were not
identified with the sequences from the current study and the EA strains of SPFMV observed

were those of references KBNYL and Zimb 1-1 (Tugume et al., 2010; Rannali et al., 2009).

—_

*GBD-10_SPFMV South Africa

89
*REF-26_SPFMV South Africa

*RDPLT11-04_SPFMV South Africa
71 [~ SPFMV_Partial _RC China
*S$SBles_SPFMV South Africa

Aust6 Australia = SPFMV-RC
89 [- c(RC) USA
KmtMil Peru
K1 RC Korea
NZ4-1 New Zealand
CTB 3-2 South Africa

CTB 3-3 South Africa
UMBUM-QO South Africa
9 UMP2-0O South Africa
UMP3-O South Africa
100 | Umfume-0O South Africa

UMP1-O South Africa

4|j KBNYL Uganda
76 Zimb 1-1 SPFMV-EA
CTB3.SPVG Zimbabwe

- — SPFMV-0

Fig. 2.6. Phylogenetic analysis [Maximum Likelihood method based on the General Time

Reversible model (Nei and Kumar, 2000)] of the NIb/coat protein/3’ UTR encoding nt
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sequences. SPFMV clades comprised the RC, O and EA strains are depicted. Relationships
between the virus sequences from this study (bold*) with those from around the world and
other South African virus isolates are shown. The bootstrap values of 1000 replicates, with
which the associated taxa clustered together, are shown next to the branches. The viruses
identified in this study in the three provinces, reference sequences and their Genbank accession

numbers are listed in Table 2.1.

2.7.4.3 Nucleotide analysis of SPVG

Samples GBD14_SPVG shared the nt identity of 93% to 95% with other isolates from this
study. Isolates SSBles_SPVG and Naas_SPVG, and RDPLT_BlesSPVG and TsMB1_SPVG
also shared the nt identity of 99% and 99.6%, respectively (Table 5, Appendices). All isolates
from this study also shared the nt identity of 94% (RDPLT_BlesSPVG and TsMB1_SPVG) to
98% (SSBles_SPVG) with reference sequences CTB3, 3900A, HawA2, JAAC, Zimb-H, NZ-
4, 3817, PS13, Zimb1C, SPVG isolate Egypt-1 and SPVG NC (Table 5, Appendices). Genetic
variability was observed between virus isolates in this study and those detected previously from
the Kwazulu Natal Province (UMP1-VG, UMP3-VG; UMFUME-VG, UMBUMB-VG and
UMP2-VG) (Sivparsad and Gubba, 2012), demonstrating the nt identity of 85% and 87%
(Table 5, Appendices). Phylogenetic analysis of SPVG sequences showed that GBD14_SPVG
grouped with UMP1 VG and UMP3_SPVG detected in Kwazulu Natal Province with 99%
bootstrap support (Fig. 2.7). TSMB1_VG and RDPLTBIles-SPVG grouped together with 100%
bootstrap with a branch extending to the Kwazulu Natal Province UMFUME-VG.
SSBles SPVG and Naas4 SPVG grouped on their own from a branch that grouped

UMBUMB-VG and UMP2-VG together (Sivparsad and Gubba, 2012).
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CTB3 South Africa
JAAC Java
3900A Tubuai

57|| HawA2 Hawaii

Zimb1-H Zimbabwe

541 SPVG-NC USA

63

93
73]

- NZ-4 New Zealand
— SPVG Egypt 1

3817 Tanhiti
‘L PS1B Easter Island

Zimb1C Zimbabwe

99

100

*GBD14_SPVG South Africa
UMP1-VG South Africa

ﬂ{ UMP3-VG South Africa
*TsMB1_SPVG South Africa

~|*RDPLT-BIesSPVG South Africa

~ UMFUME-VG South Africa
UMBUMB-VG South Africa

‘L UMP2-VG South Africa

%l  *sSBles_SPVG South Africa

100'*Naas4 SPVG South Africa

Gauteng (RDPLT Bles_SPVG, SSBles-
and Mpumalanga (Naas4_SPVG) Provi

provinces, reference sequences and their Genbank accession numbers are listed in Table 2.1.

2.7.4.4 Amino acid analysis (SPFMV,

CTB3-1.SPFMV

Fig. 2.7. Phylogenetic tree [Maximum Likelihood method [(1000 bootstrap replicates) based
on the General Time Reversible model (Nei and Kumar, 2000)] based on the 5'-proximal part
of the Nib and CP-encoding region nucleotide sequences of SPVG isolates (bold*) from
SPVG), Limpopo (TsMB1_SPVG and GB14_SPVG)
nces. The viruses identified in this study in the three

SPVC and SPVG)

The translation of the nt sequences of the full CP gene of SPFMV was 315 (aa) except for

RDPLT 11-04-RC, which translated into a 207 aa polypeptide. The CP coding regions of SPVC
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encoded 313 aa. The CP aa sequences of SPFMV and SPVC were aligned with reference
sequences (NCBI Genbank) (Fig. 2.8) and conserved motifs, typical of potyviral CP regions
were observed (Table 6, Appendices). The RQ (Arg-Gln) at position 204 to 205 and AFDF
(Ala-Phe-Asp-Phe) at position 246 to 249 associated with potyviruses were observed. The Asp-
Ala-gly (DAG) aa triplet motif, associated with transmission of potyviruses by aphid vectors
(Atreya et al., 1995; Jacquet et al., 1998) was identified at the N-terminus position of the CP
(position 9-11) and this was present in both the SPFMV and SPVC clones. Other identified
conserved motifs, associated with potyviruses included the WCIENG (position 165-170) and
QMKAAAI (position 266-272) in the core centre of the CP gene region (Pappu et al., 1993).
The cleavage site between the NIb and the CP encoding region were VYHQ/S for both SPFMV
and SPVC (Wang et al., 2007). All CP aa sequences of SPVC of this study and reference
sequences had two aa bases missing at position 65 to 66 when compared with the SPFMV
(Table 6, Appendices), which is attributed to deletion of 6 nt (2 aa) from position 190 to 195
of the CP gene (Tairo et al., 2005; Untiveros et al., 2008). The two missing bases are considered
a unique feature of SPVC, when compared to other potyviruses of sweetpotato (Tairo et al.,
2005). The CP aa sequences of SPVC from the current study were variable at position 309
to 313, and these ended with MRGVQ (GBD-12_SPVC and MAM-15_SPVC) and MRGVH
(DVT-3_SPVC, VER-7_SPVC and REF-26_SPVC). The CP encoding aa sequences of the RC
strain of SPFMV terminated with MRGVQ.

The pairwise comparison of the CP aa residues of SPVC isolates (Table 7, Appendices) showed
that GBD-12_SPVC and MAM 15 _SPVC shared 99% identity on their own. Similarly, the aa
residues of SPVC clones of VER-7_SPVC and REF-26_SPVC shared 100% identity on their
own and 96.5% aa identity with GBD-12_SPVC and MAM 15 _SPVC of this study. The aa
residues of the full CP genes of SPVC from this survey (VER-7_SPVC and REF-26_SPVC)

were also identical to the South African DVT-3_SPVC (100%), CTB3-1 (100%), UMBUM-C
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(100%), MD1/1 (100%) and Zimbabwean Zimbl (99%) isolates (R&nnéli et al., 2009;
Sivparsad and Gubba, 2012; Mulabisana et al., 2015). Similarly, the full CP genes of GBD-
12 SPVC and MAM 15 SPVC were also 96% to 97% identical to the above reference
sequences. All clones from this survey shared 96% to 97% nt identity with Fujian 3, Hunan 4,
StrainCH2, SPVC-polyprotein and Spain 1C (Colinet et al., 1998; Qin et al., 2013). The
pairwise comparison of the deduced CP aa residues of the RC strain of SPFMV (Table 7,
Appendices) revealed that clones SSBles SPFMV, GBD-10_SPFMV and REF-26_SPFMV
from the current study shared CP aa identity of between 99.68% to 100% with RDPLT11-
04_SPFMV (Mulabisana et al., 2015). The CP aa residues of the RC strain of SPFMV from
the current study and RDPLT11-04 SPFMV shared the CP aa identities of 99% (average) with
the CP aa sequences of references HN:5RC:08, Polyprotein SPFMV, CP partial, Jiangsul4,
SPFMV-RC, Aust2, SC2 and Aust142-ARC (Sakai et al., 1997; Kashif et al., 2012; Ryu et al.,
1998). CTB3-2 (Réannali et al., 2009) shared the CP aa identity of 97% with the RC strains of
SPFMV from the current study and that of reference sequences (HN:5RC:08, Polyprotein
SPFMV, CP partial, Jiangsul4, SPFMV-RC, aust2, SC2 and Aust142-ARC) and 98% with the
RC strains of SPFMV of China. However, CTB 3-2 also shared 97% CP aa identity with the

EA strain (KBNYL) and O strain (Zimb 1-2) of SPFMV (Rannéli et al., 2009; Tugume et al.,

1 v [ [ i

REF26_SPFMV_RC B SSERTEFKDAGANPPAPKPKDIPPPPTITEVTDPEDPKQAALRAARAKQPATIPESYGRDTSKEKES | VGASSKGVKDKDVNVGTVGTFVVPRVKMNANKKRQPMV 106
GB10-SPFMV_RC 6
LWD3_SPFMV_RC-1 @ 106
SSBlesSPFMV_RC 106
HN: 5RC:08 O Q 106
Polyprotein SPFMV-RC O QanN AR 106
CP partial O N K AR 106
sc2crP O D N RG R R 106
Jiangsu14 O R 106
SPFMV_RC O D N R 106
Aus2 O G 106
Aus142-ARC O N 106
CTB3-2_RC O N D N K R R 106
KBNYL-EA O N v 1 E K v R R 106
Zimb1-1EAOD . N 1 K v R ET R 1. 106
UMBUM-O O N s.1D v L K R 106
CcTB3-3_0 O NIG D IN v K T R 106
GB12-SPVC B .GNPP \ GPYTA.E E E Q VT GEK- - .LRSV.PQR T LHTS .M K. 104
MAM15-SPVC B . GNPP v GPYTA E E E Q VT GEK- - _.MRSV.PQR 1 LHTS . M K. 104
DVT3-SPVC GNPS GPYTA . E | = = Q vT GEK- -PMRSV . PQR 85 L LHTS . M R. 104
REF26_SPVC & GNPS GPYTA . E 1B = Q vT GEK- -PMRSV . PQR 15 L LHTS . M R. 104
VER7_SPVC & GNPS GPYTA . E b E E Q vT GEK- -PMRSV . PQR T L LHTS . M R. 104
Fujian 30 N.N GPYTA . E E E Q vT GEK- - MRSV .PQR T 1 .LHTS .M R. 104
Hunan4 O . N.N GPYTA . E E E Q VT GEK- - _.MRSV.PQR T I.LHTS. M R. 104
StrainCH2 O . GNPP GAFTA . E E E.KQ VT GEK- - .MRSV.PQR A T LHTG. M R. 104
Spain1C O .GNPL GPFVA . E E E Q VT GEK- - .MRSV .PQR T LHTG. M R. 104
UMBUM-C O .GNPS GPYTA . E IUE E Q VT GEK- -PMRSV .PQR T L LHTS . M R. 104
Zimb1-20 . GNPP GPYTA . E E E Q VT GEK- - .MRSV.PQR T L LHTS . M R. 104
SPVC polyprotein @ . GNP P GAFTA . E E = Q VA GEK- - .MRSV .PQR T LHTG. M R. 104
MD1/1 0 . GNPP GPYTA . E YiZE E Q VT GER- -PMRSV .PQR T L LHTS . M R. 104
CTB3-10 .GNPS GPYTA . E 1.E E Q vT GEK- -PMRSV . PQR T L LHTS . M R. 104

Consensus SSERTEFKDAGANPPAPKPKGIPPPPTITEVTDPEDPKQAALRAARAKQPAV IPESYGRDTSKEKES | VGASSKGVKDKDVNVGTVGTFVVPRVKMNANKKRQPMV

Fig. 2.8. Alignment of the CP N-terminal aa sequences of SPFMV (RC, O and EA strains)

and SPVC samples from this current survey (illustrated by boxes with X crosses) with reference
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sequences. The DAG (associated with aphid transmissibility) is indicated by a solid box. Out
of all the SPVC and SPFMV (RC strain) isolates, only REF26_RC and SPFMV-SC2 CPs have
two amino acids (KE and RG, respectively) at positions 65 and 66. Changes in aa residues are
shown and dots denote similar aa residues.

The translation of the nucleotide sequences of the part of the NIb/CP gene regions of SPVG
yielded 210 (GBD14 SPVG and SSBles SPVG), 206 (TsMB1 SPVG and RDPLT-
Bles_SPVG) and 203 (Naas4) aa polypeptides, instead of the full 355 aa CP residues since
primers that targets the 5'-proximal part of the NIb and CP-encoding gene regions were used.
The identified CP-encoding motifs associated with potyviruses included the DAG box at the
N-terminus (position 7 to 9), the KR (Lys/Arg) (position 41 to 42) and WCIENG at position
205 to 210. Other CP-encoding motifs associated with potyviruses (AFDF, QMKAAAL)
(Pappu et al., 1993) could not be identified due to the shorter CP ORF generated with the nt
sequences from this survey. The cleavage site between the NIb and the CP encoding region
was VHHQ/S. Pairwise comparison with the deduced CP aa sequences of SPVG (Table 8,
Appendices) showed that clones from this study (TsMB1_SPVG, RDPLT-BlesSPVG and
SSbles_SPVG) were between 91% and 100% identical. The CP aa sequences of SPVG also
shared an identity of between 92.25% (Naas4-SPVG) to 98.7% (TsMB1-SPVG, SSBles-
SPVG) with Umfume-VG from Kwazulu Natal Province. Clones from the current survey also
shared CP aa identity of 96% (TsMB1-SPVG, SSBles-SPVG), 98% (SSbles_SPVG), 95% to
98% (GBD14_SPVG) and 90% to 92% (Naas 4) with reference virus isolates from NCBI

Genbank.

2.8 Full genome sequencing of begomoviruses
Five dsDNA samples generated with RCA (Naas B.10, Elim-B.1, TMB-B.2, SSB1 and RDPLT
13-6), identified to be infected with SPLCV by biological indexing (Fig. 2.2) and PCR (Fig.

2.3), were sequenced using Illumina NGS. Different read numbers were generated with
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different samples, and these ranged between 33,640 (SSB1) and 15,847,584 (TMB-B.2).
Samples will be referred to as NMP-ZA (Naas 10), ELLP-ZA (Elim-B1), TMBLP-ZA (TMB-
B.2), SSB1-ZA (SSB1) and RDGP-ZA (RDPLT 13-6) going forward. A consensus length of
2780 bp and 2769 bp were generated with isolates SSB1-ZA and RDGP-ZA, respectively,
which mapped closely to SPLCSPV-ZA:WP:2011 isolate Pstl-012 (JQ621843), and a
consensus length of 2781 bp (SSB1-ZA) and 2783 bp (RDGP-ZA) were generated with
samples that mapped with SPMV. Reads of sample NMP-ZA and the contig (£ 3000) of ELLP-
ZA mapped to SPLCSPV isolate TZ-SNG7:12 (KF836891) (Mbanzibwa et al., 2014) and

produced consensus lengths of 2751 bp and 2769 bp, respectively.

Sequence reads of ELLP-ZA also mapped closely to isolates of SPMV and a consensus length
of 2780 bp was produced. Reads of sample TMBLP-ZA mapped with SPLCV and generated a
consensus sequence of 2820 bp. Pairwise identity analysis of the full-length nt sequences of
begomoviruses was performed (Table 9, Appendices). Among the SPLCSPV isolates, SSB1-
ZA shared 95% nt identity with the South African isolate KT10A11l (KX859238). Isolate
RDGP-ZA shared 96% nt identity with SPLCSPV isolates KT10A1l and SPLCSPV-
ZA:WP:2011 isolate Pstl-012 (JQ621843). Isolates of SPLCSPV (SSB1-ZA and RDGP-ZA)
from this study shared 96% nt identity with each other. Isolates ELLP-ZA and NMP-ZA shared
94% and 95% nt identity with the Tanzanian SPLCSPV isolate TZ-SNG7:12 (KF836891),
respectively. The two (ELLP-ZA and NMP-ZA) only shared 90% to 92% nt sequence identity
with the South African SPLCSPV of isolates KT10Al1l (KX859238) and SPLCSPV-
ZA:WP:2011 isolate Pstl-012 (JQ621843) and isolates from this study (SSB1-ZA and RDGP-
ZA). TMBLP-ZA shared 91% nt identity with SPLCV isolate GZ01, SPLCV isolate SPLCV-
PR[BR:OPO:08], SPLCV isolate SPLCV-PR[BR:CA:08] and SPLCV isolate
China:Shandong11:2012. Therefore, TMBLP-ZA appears to be a strain of SPLCV. In

accordance with the demarcation thresholds of same species (91%) and strains (94%) for
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begomoviruses, we propose that ELLP-ZA, NMP-ZA, TMBLP-ZA are classified as SPLCSPV
isolate Tanz: ELLP-ZA, SPLCSPV isolate Tanz: NMP_ZA and SPLCYV isolate South Africa
(ZA): TMBLP-ZA. Similarly, SSB1-ZA and RDGP-ZA can be classified as SPLCSPV isolate

SSB1-ZA and SPLCSPV isolate RDGP-ZA.

Phylogenetic tree of SPLCSPV and SPLCYV isolates generated 4 clusters (Fig. 2.9). Cluster |
consisted of SPLCSPV isolates TZ:ELLP-ZA and TZ:NMP-ZA, which grouped with the
Tanzanian isolate TZ:SNG7:12 (KF836891) (Mbanzibwa et al., 2014) with 98% to 99%
bootstrap support. Cluster Il comprised of Sweetpotato leaf curl Georgia virus (SPLCGV)
isolates only. SPLCSPV isolates SSB1-ZA and RDGP-ZA (cluster I11) grouped with the South
African SPLCSPV-ZA:WP:2011 isolate Pstl-012 (JQ621843) and KT10AIll (KX859238) with
99% to 100% branch support. SPLCV isolate TMBLP-ZA grouped in the IV cluster with

isolates reported in China and Brazil.

The pairwise analysis with SPMV sequences (Table 10, Appendices) confirmed that SSB1-ZA
shared nt identity (98% to 99%) with three South African isolates, namely, SPMV isolate
KT10B11 (KX859239), SPMV [ZA:WP:2011]-Isolate-Pstl01 (JQ621843) and the Brazil
SPMV-[Brazil:Brasilial:2007]-Isolate BR:BSB1 (FJ969831), indicating that they are related
strains. Similarly, SPMV isolate SPMV-ELLP-ZA also shared the nt identity (97% to 98%)
with SSB1-ZA. SPMV isolates RDGP-ZA and TMBLP-ZA also shared 94% to 95% nt identity
with SPMV isolates from this study and reference sequences in the database. SPMV isolate
RDGP-ZA however was 93% identical to SPMV isolate ELLP-ZA, an indication that these

might be different strains within the SPMV group (Brown et al., 2015).
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SPLCVSPYV isolate TZ:SNG7:12

SPLCSPV isolate ELLP-ZA* (S
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SPLC Georgia virus-[16] DNA A

SPLCSPYV isolate KT 10All
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SPLCSPV-[ZA:WP:2011] isolate Pstl-012 —
SPLCSPV isolate RDGP-ZA*

SPLCSPV isolate SPLCSPV-[BR:AlvM:09]

SPLC Uganda virus-[Uganda:Kampala:2008]

— SPLCV isolate ZA:TMBLP-ZA*

ﬂ|jSPLCV Isolate GZ01 segment DNA-A
SPLCV isolate China:Shandong11:2012

100]

100 SPLCYV isolate SPLCV-PR[BR:OP0:08]
100

SPLCYV isolate SPLCV-PR[BR:CA:08]

South African cassava mosaic virus DNA A

0,05

Fig. 2.9. Phylogenetic tree [Maximum Likelihood method based on the General Time
Reversible model (Nei and Kumar, 2000) with 1000 bootstrap replicates] of NCBI Genbank
reference viruses compared with full length genome nt sequences of SPLCSPV and SPLCV
isolates: TZ:ELLP-ZA (Limpopo Province), TZ:NMP-ZA (Mpumalanga Province); SSB1-ZA
(Gauteng Province), RDGP-ZA (Gauteng Province) and ZA:TMBLP-ZA (Limpopo Province),
Bootstrap values are shown next to the branches. The isolates of this study are indicated in bold
letters and an asterix. Begomoviruses identified in this study, in the three Provinces, reference

sequences and their Genbank accession numbers are listed in Table 2.1.

BLASTp (NCBI Genbank) analysis of the begomoviruses C1 ORF-encoded aa sequences was
undertaken. Begomovirus C1 codes for Rep protein (C1) which is essential for viral replication
initiation (Gutierrez, 2000; Lozano et al., 2009). The Rep conserved motif (IRD) in the N-
terminus region was identified as MPRQPGFRVS in SPLCSPV isolates SSB1-ZA, RDGP-ZA

and NMP-ZA (Table 11, Appendices) as described by Lozano et al. (2009); Zhang and Ling
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(2011); Bi and Zhang (2012). The Rep IRD of isolate ELLP-ZA (MARQPGFRVS) differed
from the ones previously described in the literature (Lozano et al., 2009; Zhang and Ling, 2011;
Bi and Zhang, 2012). SPLCV isolate ZA:TMBLP-ZA Rep IRD also differed (MAPPKRFRIS)
from the South African SPLCSPV isolates (Table 11, Appendices). However, it was similar
with the SPLCV-Spain isolate ES:Cl:BG1:02 (EF456741) and SPLCV-Spain isolate
ES:CIl:BG6:02 (EF456744) (Lozano et al., 2009). The Rep IRD motif in the C1 ORF of South
African SPMV isolates were identified as MAPPKRFKIQ in isolates SSB1-ZA, TMBLP-ZA
and ELLP-ZA from this study. These are similar with those of begomoviruses described in the
literature (Lozano et al., 2009; Bi and Zhang, 2012). Rep (C1 ORF) of SPLCV, SPLCSPV and
SPMV isolates from this study demonstrated the three conserved motifs |
(FLTYPQC/FITYPRC), Il (HLHALI or HLHVLV), and 11l (YVDK/YIDK/YIEK) (Table 11,
Appendices) which are characteristic of geminiviruses (Orozco et al., 1996; Orozco et al., 1998;
Vadivukarasi et al., 2007). Motif YVDK is essential for DNA binding site for cleavage (Orozco
et al., 1998). The conserved nonanucleotide region 5’-TAATATTAC-3 of the intergenic
region (IR) (Vadivukarasi et al., 2007; Bi and Zhang, 2012) was also identified in sequences

from this study.

2.9 Discussion

Previous studies detected potyvirus SPFMV (SPFMV: RC and O strain), SPVC and SPVG in
Kwazulu Natal and Western Cape Provinces of South Africa (Rénnali et al., 2009; Sivparsad
and Gubba, 2012). Begomoviruses SPLCSPV and SPMV were confirmed to occur in the
Limpopo Province of South Africa (Esterhuizen et al., 2012). In this survey, it was shown that
RNA potyviruses and DNA begomoviruses occur in sweetpotato cultivation districts in
Gauteng, Mpumalanga and Limpopo Provinces of South Africa. Genetic differences between

sweetpotato virus strains of potyviruses and clustering of isolates were validated by nt
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sequencing of the CP/NIb/3' NTR gene region, phylogenetic analyses, and alignment of aa
sequences. Clones from this study (SSBles_ SPFMV GBD-10_SPFMV, REF-26_SPFMV),
including RDPLT11-04 SPFMV (Mulabisana et al., 2015), shared both the nt (99% to 99.5%)
and the full CP aa (99%) homology with the RC strains of SPFMV. Phylogenetic analysis
based on the CP/NIb/3" NTR encoding sequences could not detect strains O and EA of SPFMV
in the current surveys. However, strain O was detected in Kwazulu Natal Province in a previous
study (Sivparsad and Gubba, 2012), therefore, the introduction of new strains into different
regions in Gauteng, Limpopo and Mpumalanga provinces in the future cannot be ruled out. A
large number of samples in a wider geographical area need to be sampled. Pairwise comparison
of the nt sequences showed that SPFMV strains RC, O and EA share a close identity, as shown
by CTB3-2 (SPFMV-RC strain), which shared the nt identity of 94% with Zimb 1-1 (SPFMV-
EA strain) and 95% with CTB3-3 (SPFMV-strain), a common occurrence since strains within
the same virus group are known to be closely related (Shukla and Ward, 1989; Mori et al.,
1995). It is suggested from our study that aa similarity should be included in virus identification
as this dictates functionality, which is more important for virus pathogenicity, host range and
other biological features during plant host-virus interactions. Clones of SPVC (GBD-
12_SPVC, MAM-15_SPVC, DVT-3_SPVC, VER-7_SPVC and REF-26_SPVC) also shared
the nt identity of 75% to 91%, and full CP aa homology of 96% to 100% with the previously
reported South African isolates (Rannéli et al., 2009; Sivparsad and Gubba, 2012) and

reference isolates from other geographic regions of the world.

SPVG nt sequences of the current study grouped closely with sequences reported in the
Kwazulu Natal Province in based on phylogenic analysis and these also shared nt identity of
85% to 87% with each other, and according to the strain homology cut-off point of (83% to

99%) of potyviruses, these can be regarded as the same strain. Comparison of the CP encoding
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aa confirmed that all isolates from this study are strains of other reported SPVG. The South
African strains of SPVG are also related to SPVG strains reported in other geographic regions
of the world. SPVG was described for the first time in China and later in African countries such
as Egypt and South Africa (Colinet et al., 1994; Colinet et al., 1998; Ishak et al., 2003; Rannéli
et al., 2008). Minor sequence variability between SPVG nt sequences from the current study
with previously reported South African sequences and reference sequences was observed. This
is an indication that closely related variants of SPVG were introduced into South Africa in
contaminated vegetative propagating material. Genetic variability across ORF’s, in particular
the CP, of RNA viruses within a single replicating population (termed quasispecies), which is
associated with minor variations to allow viruses to evolve and adapt in response to host
immune selection pressure and new conditions (Domingo et al., 1998; Rubio et al., 2013). The
DAG and other motifs of structural functionalities in the CP gene region of SPFMV, SPVC
and SPVG isolates were identified in this study, and these did not differ from those reported in
the literature (Atreya et al., 1995; Jacquet et al., 1998). These motifs are important for aphid
transmissibility and are usually under strict evolutionary constraints (Atreya et al., 1995;
Lopez-Moya et al., 1999). Atreya and co-workers (1995) showed that substitution of this motif
with aa residues with minimal side chains (alanine) can affect transmissibility of potyviruses
by aphid vectors. Virus co-infections are common in sweetpotato and other vegetatively
propagated crops (Clark et al., 2012; Hillocks and Thresh, 2000). Indexing on indicator plant
I. setosa, RT-PCR and PCR confirmed the occurrence co-infections of potyviruses on their
own and co-infections with begomoviruses, criniviruses, and ipomoviruses. Co-infections of
samples with the RC strain of SPFMV and SPVC (REF-26_SPFMV and REF-26 SPVC), and
SPFMV with SPVG (SSBles_ SPFMV and SSBles_SPVG) was also confirmed by cloning and

sequencing.
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Indexing on I. setosa and sample analysis with PCR with degenerate primers SPG1 and SPG2
(Li et al., 2004) successfully detected SPLCV in both symptomatic and asymptomatic samples.
While PCR was found to be useful and cost effective in identification, however, in order to
establish species, strain and isolate identity, and to distinguish meaningful genetic variability,
full-length genome sequencing of begomoviruses is necessary. SPLCSPV isolates NMP-ZA
and ELLP-ZA from Mpumalanga (Naas) and Limpopo (Elim) Provinces were found to share
94% nt identity, and 97% and 95% aa identity, respectively, with SPLCSPV isolate TZ-
SNG7:12, confirming that the two isolates are closely related to the Tanzanian isolate. We thus
propose the classification of the two isolates as SPLCSPV isolate Tanz: NMP_ZA (MF359266)
and SPLCSPV isolate Tanz: ELLP_ZA (MF359265), respectively. Phylogenetic analysis
grouped TMBLP-ZA as a distinct strain (91%-92% nt identity) of SPLCV from China and
Brazil isolates. In accordance with the strain demarcation threshold (94%) for begomoviruses
(Brown et al., 2015), we therefore suggest that TMBLP-ZA be classified as SPLCV isolate
TMBLP_ZA (MF359267). To our knowledge, this is the first report of the detection of the
SPLCSPV Tanzania strains and SPLCV in South Africa. Previous studies identified strains of
SPLCSPV and SPMV in South Africa (Esterhuizen et al., 2012). Detection of Begomoviruses
not native to South Africa or Tanzania is an indication of the global spread of Begomoviruses
(Rey et al., 2012) due to introduction and exchange of vegetative sweetpotato germplasm
globally. This perpetuates dissemination of different viruses and strains, which are then also

subjected to natural genetic variation and mutations in their new geographical locations.

Begomoviruses were detected as co-infections of SPLCSPV/SPLCV and SPMV. Severe
curling and rolling symptoms on both indicator plant I. setosa and sweetpotato plants infected
with these viruses is an indication that they may cause significant yield losses in susceptible
varietys (Clark and Valverde, 2013). Furthermore, the presence of begomoviruses in different

provinces of South Africa, and their natural tendency to co-infect with Potyviruses and viruses
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of other taxonomic groups such as SPCSV (Cuellar et al., 2015), is a concern to the sweetpotato
industry and for the small-holder farmers in South Africa. This requires robust management
strategies at national level to prevent loss of quality and yield. More studies to determine the
effects of begomoviruses on the yield of local sweetpotato varietys are required, and future
breeding initiatives should involve screening and development of varietys resistant to multiple
viruses. Available sweetpotato multiplication schemes should adopt an effective system of
indexing of mother varietys to indicator plants, testing for the presence of viruses with both
serological screening methods, and confirmation with more accurate and sensitive molecular
diagnostic tools such as RT-PCR and PCR to ensure distribution of virus free planting material
to farmers and sweetpotato vine cuttings distribitors. In the past, only indexing and testing of
samples with serological techniques was practiced and the unavailability of serological tests
for the detection of begomoviruses contributed in masking earlier detection of these viruses.
Low virus incidences of between 18% (Limpopo Province) and 23% (Gauteng Province) were
recorded in season 1. Similarly, low virus incidences of between 4% (Limpopo Province) and
22% (Gauteng Province) were recorded in season 2. Sweetpotato samples collected from the
fields in Mpumalanga, Kwazulu Natal and Limpopo Province during the 1990's were
symptomless and only developed symptoms after one month of maintenance in the glasshouse
(Jericho and Thompson, 2000). Domola and co-workers (2008) also recorded low virus
incidences in most of the Provinces of South Africa, however, indexing onto I. setosa and
subsequent testing with NCM-ELISA revealed 81% of infection with SPFMV. This suggests
that sweetpotato plants do not always exhibit virus symptoms under South African field
conditions, which poses as a challenge since farmers may not be able to remove virus-infected
plants from the field.

The maximum temperature in some areas in the Limpopo Province (i.e Lephalale, and

Thohoyandou) can be as high as 30°C to 31°C in summer planting season (https://en.climate-
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https://en.climate-data.org/location/26819/

data.org/location/26819/; https://www.worldweatgeronline.com/thohoyandou-weather-

averages/limpopo/za.aspx). This could contribute to masking virus symptoms as indicated by

Ssremba and co-workers (2017) who showed that high temperatures (30° C to 39° C) produces
less virus disease severities in sweetpotato crops as compared with low temperatures (20° C to
29° C). SPFMV is the most common virus and the most widespread throughout South Africa
and co-infection of SPFMV with viruses such as SPVG, SPCSV is the most prevalent (Ateka
et al.,, 2004b; Domola et al., 2008). In this study, analysis with PCR also showed that

begomoviruses are also in mixed infections with these viruses.
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CHAPTER 3

Evaluation of disease incidence, aphids and whiteflies infestation levels on
sweetpotato in the Gauteng, Mpumalanga and Limpopo provinces of South
Africa

3.1 Abstract

Visuses of sweetpotato are associated with production losses in both smallholder and
commercial farmers in South Africa. Due to that, field surveys were conducted following a W-
pattern walking transect during two planting seasons (2012/2013 and 2013/2014) to determine
virus incidences on sweetpotato fields in the Gauteng, Limpopo and Mpumalanga provinces of
South Africa. Virus incidences were recorded using a scale (0-5) where O represented no
symptoms and 5 severe symptoms. Both symptomatic and asymptomatic samples were
collected for virus verification and identification. In season 2 (2013/2014), aphid and whitefly
infestations levels were also assessed using a scale (0 to 4) where no infestation and 4
represented high infestation. Sweetpotato samples were grafted onto Ipomoea setosa (Kerr.) (1.
setosa) to observe for virus symptoms and leaf samples from I. setosa were tested with
nitrocellulose membrane-based enzyme linked immunosorbent assays (NCM-ELISA) and
double antibody sandwich enzyme linked immunosorbent assays (DAS-ELISA). Among
others, viruses such as Sweet potato feathery mottle virus (SPFMV), Sweet potato virus G
(SPVG), Sweet potato virus virus 2 (SPV2) and Sweet potato chlorotic stunt virus (SPCSV)
were tested with serological methods. Data for the two seasons (2012/2013 and 2013/2014)
surveys were analyzed using SAS/Statistical Software Version 9.3, Volume 2, 1999. Disease
incidence varied in different areas within the different provinces in both season 1 and season
2. High disease incidence was recorded in Maungani (62%) and Lwamondo (31%) in the
Limpopo Province, Thulamahashe (41%), Verena (32%) and Tonga (31%) in the Mpumalanga

Province, and Hamanskraal (32%) to Soshanguve M extension (60%) in the Gauteng Province
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in season 1. Similarly, high disease incidences were also recorded in season 2 in Verena (36%)
in Mpumalanga Province and 31% (Daveyton) to 50% (Soshanguve S extension) in Gauteng
Province. Aphids and whiteflies were observed at low frequencies in all the provinces
surveyed. The mean incidence score of aphid infestations was between 0 (Mpumalanga
Province) and 0.44 (Gauteng Province), and the mean score of whitefly infestations was
between 0 (Mpumalanga Province) and 0.3 (Limpopo Province). NCM-ELISA detected
SPFMV in 45% (Gauteng Province) to 80% (Limpopo Province) of samples in season 1 and,
49% (Limpopo Province) to 79% (Gauteng Province) in season 2 from a total of 272 (season
1) and 332 (season 2) of samples collected in the three provinces surveyed. SPFMV is still the
most prevalent virus in South Africa as it was reported in previous studies. Other viruses
detected included SPVG and the highest (36%) infection of SPVG was in Gauteng Province in
season 2. SPV2 and SPCSV were also detected in 3% and 8%, and 2% and 16% of samples in
season 1 and season 2, respectively. Sweet potato mild mottle virus (SPMMV) was detected in
0 (Gauteng Province) to 11% (Mpumalanga Province) in season 1 and infection of 1%
(Gauteng Province) to 8% (Limpopo Province) was also recorded in season 2. Other viruses
detected in the two seasons include Sweet potato latent virus (SWPLV) (1%), Sweet potato
chlorotic fleck virus (SPCFV) (1%), Sweet potato mild speckling virus (SPMSV) (2% to 2.4%)
and Cucumber mosaic virus (CMV) (0-0.7%). Single infection of SPFMV was high in different
provinces and this ranged from 29% (Mpumalanga Province) to 35% (Gauteng Province).
Single infections of SPVG, SPCSV and SPV2 were detected in less than 5% of samples in all
the three provinces in both the two seasons of surveys. The study shows that virus incidences
were recorded in all the three provinces surveyed regardless of the low infestation of aphids
and whiteflies in the field, which is an indication that infected planting material contributes to

virus dissemination.
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3.2 Introduction

Sweetpotato (Ipomoea batatas Lam.) plays an important role as a commercial and food
security crop grown by both smallholder and commercial farmers in all the Provinces of South
Africa. Smallholder farmers prefer sweetpotato because it requires low inputs to grow
(Mukhopadhyay et al., 2011; Motsa et al., 2015). Sweetpotato is prone to fungal and bacterial
diseases, however, viral diseases are the most damaging due to high yield losses attributed to
co- and multiple viral infections (Clark and Valverde, 2013). Comprehensive surveys were
conducted in 1998/1999, and 2001/2003 to determine the incidence of sweetpotato viruses in
the Limpopo, Mpumalanga, Gauteng and KwaZulu Natal provinces of South Africa (Jericho
and Thompson, 2000; Domola et al., 2008). NCM-ELISA and DAS-ELISA detected
potyviruses SPFMV, SPVG, SPV2 and SwPLV, and luteovirus SPMSV, ipomovirus SPMMV
and crinivirus SPCSV (Jericho and Thompson, 2000; Domola et al., 2008). SPFMV was the
most prevalent and was detected in 73% of the samples tested (Domola et al., 2008). Co-
infection of SPFMV with SPCSV is associated with the development of severe symptoms
causing sweetpotato virus disease (SPVD) (Ngeve and Bouwkamp, 1991; Gibson and Aritua,
2002; Clark and Valverde, 2013). Disease surveys are used to obtain disease incidence
information taking into consideration factors such as the geographic distribution, farming
practices and factors contributing to disease dissemination (Creelman, 1968). Surveys serve to
evaluate losses, forecast disease outbreaks, and are used to acquire knowledge on the etiology
and epidemeology of major diseases within a geographic area (Creelman, 1968; Braithwaite et
al., 2006). Field surveys, and detection of sweetpotato viruses by NCM and DAS ELISA
techniques, were also conducted in Zimbabwe (Chavi et al., 1997), Uganda (Aritua et al.,
19984, b), Tanzania (Ndunguru and Aloyce, 2000; Ndunguru et al., 2009), Kenya (Ateka et al.,
2004a;b) and in Ethopia (Tewodros et al., 2011). This study was conducted to determine the

virus disease incidences in the Gauteng, Limpopo and Mpumalanga provinces of South Africa.
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Furthermore, evaluation of the prevalence of common vectors of sweetpotato viruses, namely,

aphids (potyviruses) and whitefly (begomoviruses), was also undertaken. The the frequency or

presence of single or mixed virus infections was also determined.

3.3 Material and methods

3.3.1 Areas surveyed

Fields surveys were conducted in two planting seasons (2012/2013 and 2013/2014) in

Limpopo, Mpumalanga and Gauteng provinces. Fig. 1 in Chapter 2 is the map of South Africa

indicating the study sites in the provinces of Limpopo, Gauteng and Mpumalanga. The

surveyed regions, districts and their Global Positioning System (GPS) coordinates are listed in

Table 3.1.

Table 3.1: Regions (GPS co-ordinates) surveyed during the field surveys conducted to

determine disease symptom incidence and aphids and whiteflies infestation in the Gauteng,

Limpopo and Mpumalanga Provinces of South Africa in 2012/2013 (season 1) and 2013/2014

(season 2).

Provinces District Regions surveyed GPS co-ordinates

Limpopo Vhembe Lwamondo 22°58'01.3"S 30°26'41.0"E
Vhembe Tshiombo 22°48'33.9"S 30°29'52.0"E
Vhembe Dzimauli 22°35'23.1"S 30°26'16.6"E
Vhembe Rammbuda 22°47'42.4"S 30°23'55.4"E
Vhembe Maungani 22°57'49.7"S 30°25'19.5"E
Waterberg district Groblersbridge 22°59'44.8"S 27°57'03.7"E
Vhembe Elim 23°08'44.8"S 30°04'02.8"E
Waterberg district Wynberg 22°59'44.8"S 27°57'03.7"E

Mpumalanga Enhlanzeni Tonga 25°41'40.3"S 31°47'09.4"E
Enhlanzeni Naas 25°40'21.4"S 31°52'06.6"E
Enhlanzeni Mzinti 25°41'46.1"S 31°44'40.5"E
Enhlanzeni Kamhlushwa 25°39'58.0"S 31°40'41.8"E
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Enhlanzeni Tjakastad

(Khuzulwandle) 25°59'17.2"S 30°48'54.3"E
Enhlanzeni Mbhejeka 25°58'26.3"S 30°51'19.8"E
Nkangala Verena 25°28'05.0"S 29°01'06.0"E
Enhlanzeni Snymansbelt

(Baberton) 25°46'08.0"S 31°01'15.2"E
Enhlanzeni Thulamahashe

(Bushbuckridge) 24°43'11.7"S 31°12'23.7"E
Enhlanzeni Witbank 25°52'23.6"S 28°58'06.0"E

Elukwatini 25°44'32.1"S 30°41'26.6"E
Tshwane district Soshar)guve L 95°32'09.5"S 28°06'13.1"E

Gauteng extension

Tshwane district
Tshwane district

Soshanguve S extension
Soshanguve M

25°31'45.4"S 28°0529.7"E
25°32'50.4"S 28°05'42.1"E

extension
Metsweding Cullinan (Refilwe) 25°39'00.2"S 28°31'29.3"E
Metsweding Dzithobeni

(Bronkorspruit) 25°47'00.3"S 28°43'17.0"E
Ekurhuleni Daveyton 26°08'12.4"S 28°30'11.1"E
Tshwane district Mamelodi 25°43'35.0"S 28°23'07.6"E
Tshwane district Roodeplaat 25°36'53.2"S 28°21'18.8"E

3.3.2 Field surveys and sample collections

Fields surveys were conducted and both asymptomatic and symptomatic plants were assessed
and the presence or absence of symptoms was recorded using a scoring scale of 0-5 for both
plants as explained in Chapter 2, Section 2.1. The percentage virus incidence was calculated
by translating the scoring rates (0-5) into percentages as follows: 0 was equivalent to 0%, 1 to
20%, 2 to 40%, 3 to 60, 4 to 80% and 5 to 100%. Samples were collected as vine cuttings of
about 15 cm in length at each sampling point (Chapter 2, 2.1) for further analysis to determine
the identity of single, co or mixed virus infections. The presence or absence of visible adult
aphids and whiteflies on the upper and the bottom sides of the leaves were observed and
recorded in the morning before 11h 00 am. The infestation levels were estimated by direct
counting of adult insects feeding on the upper and the lower sides of the young leaves. A
scoring scale of 0 to 4 was used, where 0 is equivalent to no infestation; 1 (1-5 insects)
equivalent to low infestation; 2 (6 to 10 insects) equivalent to medium infestation; 3 (11 to 20
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insects) equivalent to high infestation and 4 (20 and higher) equivalent to very high infestation.
Scores of 3 or 4 usually result in 100% virus infection (Esterhuizen, University of
Johannesburg, South Africa, pers. comm.). These were also translating into percentages as
explained above. Three shoots per plant were selected as representative samples and the
number of aphids or whiteflies observed on sweetpotato plants were counted and recorded as
described by Ndunguru et al. (2009). Field survey data was analysed as reported in Chapter 2,
Section 2.1. Data on aphids and whiteflies infestation level was analysed using SAS/Statistical
Software Version 9.3, Volume 2, 1999. A combined ANOVA was conducted and the means
of significant effects were compared using Fisher’s unprotected t-LSD (least significant

difference) at a 5 % level of significance (Snedecor & Cochran, 1980).

3.3.3 Viral analysis

3.3.3.1 Indexing

Scions of about 15 cm of sweetpotato cuttings were side-grafted onto the indicator plant I.
setosa (Fig. 3.1) to determine the presence of viruses in samples collected from the field. A
downward cleft was created on the stem of a 3 to 4 weeks old I. setosa plants (3 leaf stage)
with a sharp blade. The upward cleft was also created on the scion of sweetpotato stem and the
two clefts were joined tightly together and sealed with a latex bandage (Stericrepe) or Parafilm
(American National Can™) at the graft union. Plants were transferred to a glasshouse and
maintained at temperatures of 25 to 28°C for 16 hours (day cycle) and 15°C for 8 hours (night
cycle). Plants were watered once a day and supplemented with soluble nutrient fertilization
(Multifeed ®P 5:2:4 (43), Nulandis®) on a weekly basis. Insect pests such as aphids, whiteflies
and mites were monitored and controlled by spraying with recommended insecticides to

prevent virus cross contaminations.

122



Fig. 3.1. Indicator plant I. setosa (A) grafted with sweetpotato scion of a sample collected from
Verena in Mpumalanga Province (B); (C) union that joins the sweetpotato scion and the |I.
setosa cleft (indicated by the red arrow) to prevent infection by opportunistic pathogens; (D)

is . setosa plants at 2 to three leaf stage.

3.3.3.2 Serological Analysis
3.3.3.2.1 Nitrocellulose based enzyme linked immunosorbent assay (NCM-ELISA)

NCM-ELISA was used to analyse the samples for the presence of viruses commonly known to
infect sweetpotato viruses. These viruses include SPFMV, SPMMV, SPVG, SPCSV, SPCFV,
SPMSV, CMV, Sweetpotato latent virus (SPLV), Sweetpotato collusive virus (SPCV) and
Sweetpotato C6 virus (SPC6V). Sources of antibody and the methodology used in processing

of the samples was as described in Chapter 2, Section 2.2.1.

3.3.3.2.2 Double antibody sandwich enzyme linked immunosorbent assay (DAS-ELISA)

DAS-ELISA was used to detect SPV2 and information on the sources of antibody used is

provided in Chapter 2, Section 2.2.1.
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3.3.3.2.3 Detection of samples showing symptoms associated with begomoviruses

Sweetpotato and I. setosa plants showing leaf curling and rolling symptoms associated with
begomoviruses (Clark and Valverde, 2013) were analyzed with nucleic-acid based methods as

already described (Chapter 2, 2.4).

3.3.4. Analysis of data generated with serological tests

Data generated with NCM and DAS-ELISA were combined and analysed using the statistical

methodology illustrated in Chapter 2, Section 2.2.1.

3.4. Results

3.4.1 Field surveys and sample collections

Smallholder farmers in rural areas of Limpopo and Mpumalanga generally grow landraces with
no formal variety descriptions. Commercial farmers in Groblersbridge/Wynberg in Limpopo
Province grow both white fleshed (Blesbok, Bosbok, Ribbok) and the orange-fleshed variety
Beauregard for local and international markets. However, OFSP varieties such as Bophelo,
Ndou, Impilo, Mvuvhelo and Monate were introduced to smallholder farmers in Gauteng and
other parts of Limpopo and Mpumalanga provinces as part of the food diversification programs
to address nutrient deficiency challenges (Laurie and Magoro, 2008; Laurie et al., 2015). Virus
related symptoms which are a result of a possible mix of potyviruses and viruses of other
taxonomic groups were observed in all the three provinces surveyed and the severity of
symptoms varied in each Province. Typical potyvirus symptoms were characterized by purple

ring spots, vein banding, while symptoms associated with co-infections with begomoviruses
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consisted of the leaf curling, rolling and stunting of the plants (Fig. 3.2); (Clark and Valverde,

2013; Wasswa et al., 2011).

Fig. 3.2. Symptoms of sweetpotato viruses observed during season 1 (2012/2013) and season
2 (2013/2014) surveys conducted in the three provinces of South Africa. (A) Vein yellowing
and mild upward curling of leaves observed in Maungani in Limpopo Province, a possible co-
infection of potyviruses and begomoviruses, (B) purple ring spots on older leaves observed in
Verena in Mpumalanga Province, a possible single or co-infections of potyviruses (C) and (D)
severe leaf curling/rolling and stunting of sweetpotato plants observed in the field of

Wagendrift (Moloto) in Gauteng Province, a possible co-infections of begomoviruses.

3.4.2 Virus disease incidences

The means for overall virus disease incidences for each Province recorded in season 1 and
season 2 are shown in Table 1 and 2 (Appendices) and already reported in Chapter 2, Section
3.1. When comparing virus disease incidences within different districts and regions within the
provinces, Maungani (62%) had the highest incidence, which was significantly higher
compared with regions such as Lwamondo (31%), Wynberg (23%) and Dzimauli (21%) in
Limpopo Province, during season 1 surveys. In Mpumalanga Province, virus disease
incidences ranged from 21% (Elekhwathini) to 41% (Thulamahashe) and the incidence in

Thulamahashe was significantly higher than the incidences recorded in other regions of the
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province. In Gauteng Province, virus disease incidences ranged from 16% (Cullinan and
Daveyton) to 60% (Soshanguve extension M). Virus disease incidences in Soshanguve
extension M were significantly higher than the incidences recorded in other areas in Gauteng

Province.

Similarly, Soshanguve S extension (Gauteng Province) had the highest virus disease incidence
(50%) which was significantly higher than the incidences recorded in the other 23 areas
surveyed in season 2. This was followed by Verena (Mpumalanga Province), Mamelodi
(Gauteng) and Daveyton (Gauteng), which had incidences of 36%, 34% and 31%, respectively.
These incidences were higher than those observed in other areas. Virus disease were recorded
in all areas of Mpumalanga Province and incidences ranged from 17% (Mbejeka) to 36%
(Verena). In Gauteng Province, virus disease incidences ranged between 4% (Soshanguve L
extension) and 50% (Soshanguve S extension). In Limpopo Province, virus disease incidences

were between 0% (Tshiombo, Rammbuda, Maungani and Elim) and 11% (Wynberg).

3.4.3 Aphid and whitefly evaluations

Table 3 (Appendices) shows the mean scores of the aphid and whitefly infestation level in the
areas surveyed. Low infestation scores of aphids were observed on sweetpotato plants in
Soshanguve S extention (0.1), Dzithobeni (0.8), Mamelodi (0.3). Medium infestation levels
were recorded in Cullinan (2), which was significantly higher that the infestation levels in other
regions in the three provinces surveyed. Very low to medium infestation levels of whiteflies
were observed in Wynberg (1.6), Tshiombo (0.6) and Rammbuda (0.5) and the infestation
levels in Wynberg were significantly higher than those observed in other areas in the three
provinces surveyed. Aphids and whiteflies were not observed on sweetpotato in Mpumalanga

Province despite observation of symptoms.
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3.4.4 Biological indexing

Symptoms observed on I. setosa varied from moderate to severe, and the most common
symptoms vein clearing/banding, leaf mottling, mosaic, leaf shrinking (deforming), chlorosis
and shoe stringing (Fig. 3.3). Symptoms associated with sweetpotato begomoviruses such as
leaf rolling, upward curling and greening of the main veins of leaves were also observed on 1.
setosa samples even on samples that did not exhibit begomovirus-like symptoms in the field
(Fig. 3.3D). Severe shoe stringing symptoms, an indication of the possible presence of multiple
virus infections of different taxonomic groups were observed on samples LWD-B.9 and TMH-
B.8 collected from Lwamondo in Limpopo Province and Thulamahashe in the Mpumalanga
Province (Fig. 3.3A and B). Typical potyvirus symptoms such as vein banding and yellowing
of the main veins were observed on samples MNG-B.8 and MAM-B.15, collected from
Maungani in Limpopo Province and Mamelodi in Gauteng Province, respectively, (Fig. 3.3C

and E).

1&3‘. >

Fig. 3.3. Symptoms of sweetpotato viruses as observed on I. setosa post-graft inoculations of
representative samples collected from Gauteng, Limpopo and Mpumalanga provinces. (A) and
(B) Severe shoe stringing symptoms on |. setosa leaves and mild chlorotic spots on sweetpotato
leaf, (C) Leaf rolling and vein clearing on I. setosa and mild chlorotic spots on sweetpotato
leaf, (D) Mild upward curling and greening of the main veins on I. setosa and sweetpotato leaf

with no viral symptoms, (E) Mosaic symptoms on the main veins and (F) uninfected I. setosa.
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3.4.5 Serological analysis

The number of samples collected and analyzed with NCM and DAS-ELISA were reported in
Chapter 2, Section 3.1. NCM-ELISA detected different sweetpotato viruses in representative
samples from Baberton (BBT), Verena (VRN) and New Forest (NF) (Fig. 3.4) in Mpumalanga
Province. The purple colour on samples no. 2 (BBT -A.10), 3 (BBT-A.11), 4 (BBT-A.6), 5
(BBT-A.9), 6 (BBT-A.12), 7 (BBT-A.15), 8 (BBT-A.8), 9 (BBT-A.13), 11 (VRN-A.1), 12
(VRN-A.9), 14 (VRN-A.7), 15 (VRN-A.13), 17 (VRN-A.15), 18 (VRN-A.2), 19 (NF-A. 2)
denotes that samples tested positive for SPFMV (Fig. 3.4A). Samples no 1 (BBT-A.14), 10
(VRN-A.12), 13 (VRN-A.3) and 16 (NF-A.3) were also regarded as positive for SPFMV (Fig.
3.4A). Samples 21 (NF-A.1) and 22 (MZN-A.1) had a very faint colour to no colour and were
regarded as negative for SPFMV (Fig. 3.5A). Sample VRN-A.7 tested positive for SPMMV
(Fig. 3.4B, no 14) and sample VRN-A.15 tested positive for SPMSV (Fig. 3.4C, no 17). SPVG

was not detected in this batch of samples.
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Fig. 3.4. NCM-ELISA results conducted with samples collected from different regions in the
Mpumalanga Province during season 1 (2012/2013) surveys. (A) SPFMV, (B) SPMMV, (C)
SPMSV, (D) SPVG and (E) is the representative of control strips of SPFMV, SPMMV, SPCSV
and SPFMV, which were included in the tests. Samples were loaded as follows: (1) BBT-A.14,
(2) BBT-A.10, (3) BBT-A.11, (4) BBT-A.6, (5) BBT-A.9, (6) BBT-A.12, (7) BBT-A.15, (8)
BBT-A.8, (9) BBT-A.13, (10) VRN-A.12, (11) VRN-A.1, (12) VRN-A.9, (13) VRN-A 4, (14)
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VRN-A.7, (15) VRN-A.13, (16) VRN-A.3, (17) VRN-A.15, (18) VRN-A.2, (19) NF-A. 2, (20)
NF-A. 3, (21) NF-A.1 and (22) MZN-A.1. The purple colour is an indication of a sample that
tested positive for a virus and no colour indicates an uninfected sample (i.e. negative).

Representative samples collected from Tshiombo village in Limpopo Province were positive
for SPFMV, SPCSV and SPVG by NCM ELISA (Fig. 3.5). Samples TMB-B.4, TMB-B.8,
TMB-B.10, TMB-B.13, TMB-B.14, TMB-B.18 and TMB-B.19 tested positive for SPFMV
(Fig. 3.5A, no., 4, 8, 10, 12, 13, 15 and 16). Samples TMB-B.2, TMB-B.6, TMB-B.7, TMB-
B.12, TMB-B.14, TMB-B.16 and TMB-B.18 tested positive for SPCSV (Fig. 3.5 B, no., 2, 6,
7,11, 13, 14 and 15). SPVG was detected in samples TMB-B.7, TMB-B.8, TMB-B.10, TMB-
B.13, TMB-B.14, TMB-B.18 (Fig. 3.5 C, no., 7, 8, 10, 12, 13 and 15). Multiple infections
SPFMV, SPVG and SPCSV were detected in sample TMB-B.14 (Fig. 3.5A, B and C, no 13
and 15). Co-infection of SPVG and SPCSV was detected in sample TMB-B.7 (Fig. 3.5, B7 and

C7) and co-infection of SPFMV and SPVG in sample TMB-B.13 (Fig. 3.5, B12 and C12).

Fig. 3.5. NCM-ELISA of representative samples collected from Tshiombo in Limpopo
Province during season 2 (2013/2014) surveys, which shows samples that tested positive or
negative for (A) SPFMV, (B) SPCSV and (D) SPVG. Samples were loaded as follows: (1)
TMB-B.1, (2) TMB-B.2, (3) TMB-B.3, (4) TMB-B.4, (5) TMB-B.5, (6) TMB-B.6, (7) TMB-
B.7, (8) TMB-B.8, (9) TMB-B.9, (10) TMB-B.10, (11) TMB-B.12, (12) TMB-B.13, (13)
TMB-B.14, (14) TMB-B.16, (15) TMB-B.18, (16) TMB-B.19, (17) TMB-B.20, (18) TMB-
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B.15 and (19) Negative control. The purple colour is an indication of a sample that tested

positive for a virus and no colour indicates an uninfected sample (i.e. negative).

Sample LWD-B.9 tested positive for co-infection of SPFMV, SPCSV and SPV2 while sample
TMH-B.8 tested positive for co-infection of SPFMV and SPCSV. These are the samples that
exhibited shoe-stringing symptoms on |. setosa plant (Fig. 3.3A and B). Sample TMB-B.3,
which induced the upward curling of leaves and greening of the main veins (Fig. 3.3D), tested
negative for all 12 viruses that are detected by NCM and DAS-ELISA. This sample tested
positive by PCR for Sweetpotato leaf curl virus (SPLCV) (results not shown). Sample MNG
B.8 and MA-B.15 that exhibited typical symptoms of potyviruses (Fig. 3.3C and D) tested

positive for SPFMV (MNG B.8) and co-infection of SPFMV and SPVG (MA-B.15).

The table of means and the chi-square of probabilities (<0.05% level) obtained with the NCM
and DAS-ELISA tests is shown in Table 3.2. SPFMV was detected in 60% and 56% (average)
of samples tested in both season 1 and season 2, respectively. When Provinces were compared,
SPFMV was detected in 45% (Gauteng Province), 72% (Mpumalanga Province) and 80%
(Limpopo Province) of samples in season 1 and significance differences existed between the
three provinces. In season 2, SPFMV was detected in 49% (Limpopo Province), 50%
(Mpumalanga Province) and 79% (Gauteng Province) of samples and significant differences
existed between the three provinces. The average infection by SPVG was low in season 1
(1.5%) and was high in season 2 (25%). Infection by SPVG ranged between 0% (Gauteng
Province) and 4% (Mpumalanga Province) in season 1. SPVG infection was high in season 2
and was detected in 13% (Limpopo Province), 27% (Mpumalanga Province) and 36%
(Gauteng Province) of samples. Furthermore, SPV2 was also detected and the average means
were 3% and 8% in season 1 and season 2, respectively. In the three provinces surveyed, SPV2

was detected in Gauteng Province (5%) and Mpumalanga Province (4%) and was not detected
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in Limpopo Province in season 1. Infection by SPV2 was detected in season 2 in 9% (Gauteng
Province), 4% (Limpopo Province) and 9% (Mpumalanga Province) of samples. SPMMYV was
detected in 3% and 5% of samples in season 1 and season 2, respectively, and was more
prevalent in Mpumalanga Province (11%) in season 1 and in Limpopo Province (8%) in season
2. SPCSV was also detected in 2% (season 1) to 16% (season 2) on average, and significant
differences were observed between the two seasons. Infection by SPCSV was between 0%
(Mpumalanga Province) and 2% (Limpopo and Gauteng Province) in season 1 and infection
was high in season 2 and SPCSV was detected in 10% (Mpumalanga Province) to 29%
(Gauteng Province) of samples. Other viruses detected include SWPLV (between 0.6% and
1%), SPCFV (between 0.9% to 1%), SPMSV (between 2% and 2.4%) and CMV (between 0%
and 0.7%) in the three Provinces surveyed in season 1 and season 2. Sweet potato caulimo-like
virus (SPCaLV) and Sweet potato collusive virus (SPCV) were not detected and Sweet potato
C-6 virus (SPC-6V) was detected in only one sample collected in Roodeplaat in Gauteng

Province.
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Table 3.2: The y? probabilities (<0.05% level) showing the mean percentage infection by SPFMV, SPVG, SPMMV, SPV2, SPCSV,

SwPLV, SPCFV, SPMSV and CMV is samples collected from Gauteng, Limpopo and Mpumalanga provinces in season 1 and season

2 surveys.
SPFMV SPVG SPMMV SPV2 SPCSV  SwWPLV SPCFV SPMSV CMvV
Mean Season 1 60 1,5 3 3 2 1 1,1 2 0,7
Chi-Square P <,0001 <,0001 <,0001 0,0251 <,0001 0,4994 0,8059 0,6302 0,1176
Means for Provinces
Gauteng 45 0 0 5 2 2 1 0 1
Limpopo 80 2 2 0 2 0 1 2 0
Mpumalanga 72 4 11 4 0 0 0 6 0
Chi-Square P
(Provinces) <,0001 0,078 <,0001 0,1216 0,5137 0,2443 0,7194 0,0169 0,3922
Likelihood Ratio Chi-
Square <,0001 0,044 0,08 0,033 0,3092 0,1372 0,5581 0,0132 0,2669
SPFMV SPVG SPMMV SPV2 SPCSV  SwWPLV SpPCFV SPMSV CMV
Mean season 2 56 25 5 8 16 0,6 0,9 2,41 0
Chi-Square P <,0001 <,0001 0,1538 0,0251 <,0001 0,4994 0,8059 0,6302 0,1176
Means for Provinces
Gauteng 79 36 1 9 29 0 3 1 0
Limpopo 49 13 8 4 15 2 0 5 0
Mpumalanga 50 27 4 9 10 0 1 1 0
Chi-Square Provinces <,0001 0,001 0,0714 0,195 0,0015 0,1206 0,1713 0,1791 0

Likelihood Ratio Chi-
Square <,0001 0,0007 0,0613 0,1599 0,0025 0,1026 0,1593 0,2063 0

Chi-square P= chi-square probability. Sweet potato feathery mottle virus (SPFMV), Sweet potato virus 2 (SPV2), Sweet potato virus G (SPVG), Sweet potato latent virus
(SWPLV), Sweet potato chlorotic stunt virus (SPCSV), Sweet potato mild mottle virus (SPMMYV), Sweet potato chlorotic fleck virus (SPCFV), Sweet potato mild speckling
virus (SPMSV), Sweetp otato collusive virus (SPCV), Cucumber mosaic virus (CMV) and Sweet potato C-6 virus (SPC-6V).
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3.4.6 Virus single, co- and multiple infections

The table of means (averages of Season 1 and 2) and the chi-square probabilities of single, co-
and multiple infections of viruses as detected by NCM and DAS-ELISA are listed in Table 4
(Appendices) and were also reported in Chapter 2, Section 3.2. The results of single virus
infections recorded in different provinces are reported in this section (Table 5, appendices).
Single infection of SPFMV was detected in 34.8% (Gauteng Province), 32.5% (Limpopo
Province) and 29% (Mpumalanga Province) of samples tested. Single infection of SPCSV
ranged from 2.3% (Gauteng Province) to 3.6% (Mpumalanga Province). Single infection of
SPVG was low and was detected in 0.9% (Gauteng Province) to 3.05% (Mpumalanga
Province) of samples tested. Single infection of SPV2 was also observed in few samples, and
was between 0% (Gauteng Province) to 3.08% (Mpumalanga Province). Low percentages of
single infection of SPMMV, SwWPLV or SPMSV were also observed. Provinces varied with
regard to virus co-infections and co-infection of SPFMV with SPVG was detected in 7.44%
(Gauteng), 3.66% (Limpopo Province) and 10.77% (Mpumalanga Province) of samples. Co-
infection of SPFMV with SPV2 occurred in 1% (Season 1) to 1.8% (Season 2) of samples
tested. Co-infection of SPFMV and SPV2 was low and was only detected in 1.86% and 2.56%
of samples in Gauteng and Mpumalanga provinces, respectively. Co-infection of SPFMV and
SPV2 was not detected in Limpopo Province. Detection of co-infection of SPFMV with
SPCSV ranged from 2.6% (Limpopo and Mpumalanga Provinces) and 5.6% (Gauteng
Province). Multiple infection of SPFMV with SPVG and SPV2 were also detected in few

samples (0 to 1.8%) in both the two seasons.
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3.5 Discussion

Sweetpotato viral disease symptoms were observed in both the two seasons in the three
provinces surveyed. However, symptoms varied in different areas within the three provinces
surveyed. High virus incidences were recorded in Maungani and Lwamondo in Limpopo
Province; Thulamahashe, Verena and Tonga in Mpumalanga Province, and Soshanguve
extension S and M, Daveyton and Hamanskraal in Gauteng Province in both season 1 and 2.
In Gauteng Province, high virus disease incidences were recorded in Soshanguve S extension,
Verena, Mamelodi and Daveyton only, and all other areas showed low virus incidence levels.
Virus incidences are reported to vary in different seasons in different production regions and
may increase or decrease, depending on the virus/viruses present in the samples and other
factors associated with symptom development (Sseremba et al., 2017). Ndunguru and co-
researchers (2009) and Gibson and co-researchers (1998) demonstrated that sweetpotato virus
symptoms, including that of SPVD, are variable in different regions of African countries.
Furthermore, smallholder farmers grow mostly local landraces, which probably have
developed the natural ability to mask virus symptoms, resulting in low virus symptoms
incidences when field surveys are conducted. This is supported by the results of this research,
which showed that when representative asymptomatic samples collected from all the regions
were grafted onto I. setosa, typical potyvirus symptoms (severe shoe stringing symptoms, vein
clearing/banding and chlorotic spots) were observed. Similarly, begomovirus symptoms such
as the greening of the main veins, leaf rolling and the upward curling of leaves were also
observed post graft inoculation on |. setosa plants. This confirms previous reports which
showed that disease symptoms were less prevalent or absent in most areas in different
provinces of South Africa and viruses associated with symptoms could only be revealed by
grafting of collected asymptomatic samples onto I. setosa and subsequent testing with different

detection methods (Domola et al., 2008; Mulabisana et al., 2018). However, the ability of some
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varieties to mask virus symptoms pose as a challenge because this makes rouging of virus-

infected plants impossible for farmers.

Low (scoring rate of 1) infestations of aphids and whiteflies were recorded in the Gauteng and
Limpopo Provinces, but not in Mpumalanga Province, in season 2. The absence of aphids and
whiteflies in Mpumalanga Province could be attributed to rainfall [50 mm to 100 mm

(http://www.weathersa.co.za/climate/historical-rain-maps) recorded in Mpumalanga during

the week of the surveys (21 to 31 January 2014). Alicai and co-workers (1999) showed that
high rainfall decreases whitefly populations, which could also be the case with low (scoring
rate of 1) aphid populations. This suggests that viruses (potyviruses such as SPFMV, SPVG,
SPV2; and begomoviruses) associated with symptoms in sweetpotato during these surveys
were likely to already be present in vegetative planting material used for plantings in seasons
1 and 2. High whitefly populations may contribute to transmission of viruses, but are not the
only factor associated with high virus disease incidences, such as that of SPVD (Alicai et al.,
1999). Many of these viruses do not manifest as symptoms in sweetpotato (Karyeija et al.,
1998a; Clark et al., 2012), and vegetative propagation contributes to transfer of infected
material (Karyeija et al., 1998a). Furthermore, brief or non-persistant transmission by vectors
is known for potyviruses of sweetpotato and natural wild host plants growing in sweetpotato
fields or in close proximity of crops as weeds also habour viral diseases and serve as sources
for virus transmission by vectors (Tugume et al., 2008; 2016). Tugume and co-researchers
(2008; 2016) detected viruses such as SPFMV, SPCSV, SPMMV and SPCFV in about 26
Ipomoea species such as I. sinensis, |. cairica, I. acuminate, Hewittiw sublobata (H. sublobata).
All these indicates that sweetpotato viruses will remain a challenge to production if farmers
continue to use infected sweetpotato plants as planting material, not taking into consideration
sanitation processes such as weeding, rouging of infected plants, and most importantly, the use

of virus tested sweetpotato planting material obtained from reputable vine growers..
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From the grafting assays and serological/sequencing identification tests (Chapter 2), SPFMV
was detected in 60% and 56% of samples in season 1 and 2, respectively. A survey in Korea
(2011 to 2014) revealed the incidence of SPFMV to vary (87% in 2012 and 35% in 2014) in
different growing seasons (Kim et al., 2017). Other viruses detected in the three provinces
surveyed are SPVG, SPV2, SPCSV, SPMSV and these occurs in mixed infection with SPFMV.
Co-infections of SPFMV and SPVG (0.74% and 12.7%), SPFMV and SPCSV (1% and 5.74%)
were recorded in season 1 and 2 (Chapter 2). Co-infections of SPFMV and SPVG were
recorded in both Limpopo (4%), Gauteng (7.4%) and Mpumalanga (11%) provinces. Co-
infection of SPFMV and SPCSV was recorded to be between 3% (Limpopo and Mpumalanga
provinces) and 5.6% (Gauteng Province). Irregular occurrence of co-infections of SPFMV and
SPV2, and SPFMV and SPMMYV were also recorded in the three provinces surveyed. Although
virus disease incidences were between only 18% and 23% (season 1) and 4 and 22% (season
2) (Chapter 2), viruses such as SPFMV as single or in co-infections with viruses of other
taxonomic group were still deteted in 45% (Gauteng Province) and 80% (Limpopo Province)
of samples tested in season 1 alone. This indicates that virus symptoms incidences in the field
cannot be used as the only determining factor of whether sweetpotato viruses are prevalent or

not in an area or a region.

Although the infection by SPV2 (between 2 and 4%) and crinivirus SPCSV (0 and 3.1%)
appeared to be low when compared to that of SPFMV and SPVG in the three provinces, the
presence of the crinivirus SPCSV, in co-infection with SPFMV and SPV2 is a concern to the
production of sweetpotato in South Africa. This is due to the fact that the two viruses have been
reported to have synergistic effects that can results in the expression of severe symptoms on
sensitive varieties, causing SPVD (Aritua et al., 1998a; Karyeija et al., 1998a; Valverde et al.,
2007). In fact, leaf samples taken, in this study, from grafted I. setosa with severe mosaic and

shoe stringing symptoms associated with SPVD, were found to have co-infections of potyvirus
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SPFMV/SPV2/SPVG and crinivirus SPCSV. Therefore, there is a need to determine the effects
of co-infection of crinivirus SPCSV and potyviruses on sweetpotato varieties, to determine if
co-infections causes SPVD under field conditions. Begomovirus related symptoms were also
observed in some areas within the three provinces surveyed, and these have been confirmed in
Chapter 2 to occur frequently in co-infections with potyviruses. These can also have a negative

impact on sweetpotato production in South Africa.

Virus distribution, most importantly, SPFMV, SPVG, SPCSV, SPV2, in sweetpotato material
may be attributed to poor agricultural practices such as poor sanitation, which involves cutting
of vines with unsterilized pruning scissors carried out at farm level, or the inflow of infected
planting material from neighbouring borders and the climatic conditions (Gasura et al., 2008).
Farmers (smallholder) in some areas indicated that they retain plants from previous seasons for
use as planting material in the next seasons and this is one possible reason for the apparent
continued infection due to propagation of infected material. The availability of virus inoculum
in the form of sources of planting material retained from previous seasons plays an important
role in the dissemination of sweetpotato viruses, and this has been shown in countries such as

Uganda (Karyeija et al., 1998b).

The information from this study continues to demonstrate that SPFMV remains the most
prevalent detected virus in South Africa, confirming the findings of the study conducted by
Jericho and Thompson (2000) and Domola and co-workers (2008). This highlights the
importance of governmental facilities in South Africa to implement strict rules on virus testing
of sweetpotato varieties to be disseminated to farmers. Informing and training farmers and
extension officials on the importance of viruses and their effects is also crucial and can
minimize dissemination of viruses through planting material. Sweet potato virus C (SPVC) was
previously called the common strain of SPFMV (Tairo et al., 2005) and in this study, it should
be noted that detection of SPFMV with an antibody specific for SPFMV does not differentiate
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between SPFMV and SPVC, which suggests the possible presence of SPVC in SPFMV
infected samples. Further characterization with RT-PCR, cloning and sequencing part of the

genome detected SPVC in some of the SPFMV infected samples (Chapter 2).
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4.1 Abstract

Potyviruses and begomoviruses are regarded as the most common viruses affecting sweetpotato
production in South Africa. The impact of single and mixed virus infections on the yield of
sweetpotato varieties have not been established in South Africa. The objective of this study
was to determine the effects of potyviruses and begomoviruses on sweetpotato total and
marketable yields. Twelve sweetpotato varieties; 8 locally bred and four imported, were
selected for evaluations and were graft-inoculated with different virus combinations: 1) co-
infections of the russet crack (RC) strain of Sweet potato feathery mottle virus (SPFMV) +
Sweet potato virus G (SPVG) + Sweet potato virus C (SPVC) + begomoviruses [Sweet potato
leaf curl Sao Paulo virus (SPLCSPV) + Sweet potato mosaic virus (SPMV)] [(treatment (T)
1)], 2) co-infections of SPFMV (RC strain) + begomoviruses (T2), 3) single infection of the
RC strain of SPFMV (T3); and 4) co-infection of the begomoviruses SPLCSPV and SPMV
(T4). Next generation sequencing (NGS), reverse transcription polymerase chain reaction (RT-
PCR) or PCR confirmed the identification of the viruses in sweetpotato plants used as sources
of virus treatments. Two consecutive field trials were planted in January 2014 and 2015.
Varieties produced significantly reduced total [(F11, 236 = 5.17); P <0.0001)] and marketable
[(F11, 236 = 3.65); P <0.0001)] yield with all the treatments in both the trials. T1 reduced the
total yield by between 66% and 93% in trial 1, and by between 66% and 99.5% in trial 2. The
loss in marketable yield ranged between 67% and 98% in trial 1, and between 58% and 100%

in trial 2 with T1. T2 also led to reduced average total yield of varieties by between 28% and
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94% in trial 1 and the total yield was severely reduced by between 74% and 99% in trial 2.
Similar trends were recorded for the marketable yield of varieties treated with T2. The total
yield reduced with T3 was between 27% and 78% in trial 1 and varieties such as Bophelo,
Hernandez, Impilo and Ribbok had yield reduction of less than 50% when compared to the
other eight varieties. However, the total yield was severly reduced in trial 2 (61% to 99%).
Similar trends were also observed with marketable yield of varieties treated with T3. Total
average Yyield was also reduced with begomovirus co-infections (T4) and yield loss was
between 32% and 84% in trial 1 and varieties such as Bophelo, Bosbok, Mvuvhelo, Ndou and
Resisto had yield reduction of less than 50% when compared to the other seven varieties. Total
yield was severely reduced in trial 2 with T4 and only varieties 199062.1 and Hernandez had
yield reduction of less than 50%. Marketable yield was also reduced with T4 and only varieties
Bophelo, Bosbok, Mvuvhelo and Ndou had yield reduction of less than 50% in trial 1. The
results demonstrate that single or co-infections of potyviruses and begomoviruses have variable

negative effects on the yield of sweetpotato varieties.

Key words

Potyviruses, begomoviruses, single and co-infections of viruses, total and marketable yields,

Next-generation sequencing (NGS)

4.2. Introduction

Sweetpotato (Ipomoea batatas L.) is grown by both smallholder and commercial farmers in
seven provinces of South Africa (Department of Agriculture, Forestry and Fisheries (DAFF),
2016), and it is one of the traditional crops that play an important role in addressing food

insecurity in rural households of South Africa (Bester and Louw, 1992) and other sub-Saharan
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African (SSA) countries (Grineberg et al., 2015). Cream and orange-fleshed sweetpotato
(OFSP) are grown for both home consumption and commercial production (Laurie et al., 2013).
However, due to their richness in B-carotene, a source of pro-vitamin A, OFSP varieties are
currently used in food and dietary initiative programs to address vitamin A deficiency, a global
challenge in SSA (Kurabachew, 2015). Total yields (17%) and marketable yield losses (30%)
were recorded over two seasons due to co-infections of potyviruses (Domola et al., 2008).
Marketable yield is considered to be the storage roots that are between 100-300g (small) and
1kg (large), which are of good quality according to the standards sets out at local markets
(DAFF, 2011; van den Berg et al., 2004). Unmarketable storage roots are those that are
undersized (less than 100g), oversized (more than 1kg), cracked, damaged by rodents, and
those that consist of defects such as thick veins, greening and sprouting (DAFF, 2011; van den

Berg et al., 2004).

Sweetpotato production is constrained by sweetpotato viral diseases globally, and drastic yield
losses have been reported in the Eastern and Western Africa due to synergistic co-infections of
crinivirus Sweet potato chlorotic stunt virus (SPCSV), and potyvirus, SPFMV (Gibson et al.,
1998). Single and co-infections of viruses such as SPFMV, SPVC, Sweet potato mild mottle
virus (SPMMV), Sweet potato virus 2 (SPV2) and SPVG have previously been reported to
affect sweetpotato production in South Africa (Domola et al., 2008; Sivparsad and Gubba,
2012). Potyviruses belong to the Potyviridae family and are transmitted by green peach aphids
(Myzus persicae Sulzer) and cotton aphids (Aphis gossyppii Glover) (Clark and Valverde,
2013). Sweepoviruses such as SPLCSPV and SPMV, now re-assigned to the genus
Begomovirus (Brown et al., 2015), have been reported to occur in the Limpopo Province of
South Africa and recently in Gauteng and Mpumalanga provinces (Esterhuizen et al., 2012;
Mulabisana et al., 2018). Begomoviruses belong to the Geminiviridae family and are

transmitted by whitefly species Bemisia tabaci Genn. (Lozano et al., 2009).
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Different detection methods are available to identify sweetpotato viruses, amongst which are
nitrocellulose based enzyme linked immunosorbent assay (NCM-ELISA), double antibody
sandwich ELISA (DAS-ELISA) and nucleic acid methods such as the reverse transcription
polymerase chain reaction (RT-PCR), PCR, cloning and partial virus nucleic acid sequencing
(Lietal., 2004; Kokkinos & Clark, 2006; Rannéli et al., 2008; 2009). Full-length virus genome
sequencing with high-throughput NGS provides more accurate identification and additional
characterization by providing large sequence data which allows generation of full-length RNA
virus genomes (Patowary et al., 2012; Nhlapo et al., 2018). The first objective of the study was
to confirm the identity of the viruses in sweetpotato used as sources of viruses in yield trials.
Secondly, we aimed to determine the impact of begomoviruses (SPLCSPV and SPMV) and
potyviruses (SPFMV-RC strain, SPVG and SPVC) in various combinations, on the total and
marketable yields of twelve imported or South African sweetpotato varieties in consecutive

season field trials.

4.3. Material and methods

4.3.1 Confirmation of viruses in source sweetpotato material by NCM-ELISA, RT-PCR
and PCR

Viruses present in source sweetpotato material, to be used in field trials, were identified by
grafting onto indicator plant Ipomoea setosa (l. setosa), and analysed by NCM-ELISA (Gibb
and Padovan, 1993) six weeks post graft inoculation. Polyclonal antibodies [(NCM-ELISA kit
supplied by International Potato Center (CIP, Lima, Peru)], were used to confirm identity of
SPFMV, SPVG, SPMMV, SPCSV, Sweet potato chlorotic fleck virus (SPCFV), Sweet potato
latent virus (SWPLV), Sweet potato mild speckling virus (SPMSV), Sweet potato caulimo virus

(SPCaLV), Sweet potato collusive virus (SPCV) and Cucumber mosaic virus (CMV). DAS-

147



ELISA was used to detect SPV2 [(polyclonal antibody supplied by DSMZ GmbH Sammlung
Pflanzenviren, InhoffenstraBe 7 B, D-38124 Braunschweig, Germany]. RT-PCR, using
forward primers FMV1360-F (Tairo et al., 2006) and reverse primer 10820-R (Tairo et al.,
2005), were used to detect the RC strain of SPFMV (Table 4.1). Forward primer SPVC474-F
(Tairo et al., 2006) paired with reverse primer 10820-R (Tairo et al., 2005) were used to detect
SPVC (Table 4.1). SPVG was detected using forward primer PMB-9 and reverse primer PMB-
10 (Rannéli et al., 2008). The presence of begomoviruses was confirmed in PCR reactions
using primers SPG1 and SPG2 (Li et al., 2004) (Table 4.1). Total RNA and DNA were
extracted using RNEASY® and DNEASY® Plant mini-extraction kits (QIAGEN) as per
manufacturer’s instructions. PCR reactions were performed using the KAPA® Taq Ready Mix
DNA polymerase (KAPA BIOSYSTEMS) containing Mg+. Tag Ready Mix (10 pl) was mixed
with 10 uM of each primer and 2-5 ul of the total cDNA in a total reaction volume of 20 pl.
The cycling conditions for SPFMV, SPVC, SPVG and begomoviruses were performed as

described by Rénnali et al. (2008; 2009) and L. et al. (2004).

Table 4.1: Primers (primers sequences) used for the PCR amplification of the RC strain of

SPFMV, SPVC, SPVG and SPLCV.

Fragment Virus

Primer names Primer sequences size (bp)  detected References

FMV1360- SPFMV-RC

Foward 5’-GACCAAGCCCCATACAATGA-3 1356 strain Tairo et al., 2006

10820-Reverse 5’-GGCTCGATCACGAACCAAAA-3’

SPVC474-

Forward 5’-CAGTGAACTAGCACGAAC-3’ 1335 SPVC Tairo et al., 2006

10820-Reverse 5’-GGCTCGATCACGAACCAAAA-3’ Tairo et al., 2005
5- Rannali et al.,

PMB-9-Forward ~ GGAACTATCAGAGTATGCACGAG-‘3 719 SPVG 2008

PMB-10 Reverse ~ 5’-GTTCCATTCTCGATGCAC-3’

SPG1_Forward 5’-CCCCKGTGCGWRAATCCAT-3’ 912 SPLCV Lietal., 2004

5’-ATCCVAAYWTYCAGGGAGCTAA-
SPG2_Reverse 3’
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4.3.2 Confirmation of virus co-infection by NGS

Mixed infections of potyviruses (RC strain of SPFMV, SPVC and SPVG) were confirmed by
NGS in sample SSBles collected from Roodeplaat in Gauteng Province. Total RNA was
extracted as described in 4.2.1 and treated with the Ribo-Zero™ Magnetic Kit (Plant Leaf,
Epicentre) to remove the cytoplasmic ribosomal RNA (rRNA). The generated library DNA
was subsequently sequenced using lllumina MiSeq Benchtop Sequencer (lllumina Inc., San
Diego, CA, USA). The full genome data was analysed using CLC Genomic Workbench 9

(https://www.giagenbioinformatics.com/products/clc-genomics-workbench). Generated reads

were subsequently mapped to known reference sequences obtained from the National Centre
for Biotechnology Information (NCBI) GenBank database

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) at a stringency of between 0.95 and 0.99 to generate

the consensus sequences. Trimmed reads were subjected to de novo assembly to generate
contig sequences, which also, were mapped (nBLAST) to closely related sequences in NCBI
GenBank. Clustal W program in CLC Genomic Workbench 9 was used to align (multiple
sequence alignment) consensus sequences with closely related references (NCBI GenBank).
Sequences were trimmed at both ends to remove excess unaligned sequences. Subsequently,
phylogenetic analysis was conducted in MEGA6 (Tamura et al., 2013) using Maximum
Likelihood (1000 bootstraps replicates). Pairwise identity matrices were conducted to confirm
species and strain identity using Clustal W in CLC Genomic Workbench 9. The species
demarcation criteria for potyviruses were based on the cut-off point of 76% to 77% nucleotide
(nt) identity for same species and 83% to 99% for strains (Adams et al., 2005; Frenkel et al.,
1989). An amino acid (aa) similarity of 90% to 99% (average 95%) for the coat protein (CP)
was applied to demarcate strains (Shukla and Ward, 1989). NGS was also used to confirm the

presence of begomoviruses SPLCSPV and SPMYV in sample SSBles (Mulabisana et al., 2018).
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4.3.3 Field trials to determine the effects of begomoviruses and potyviruses on the yield

of sweetpotato varieties

4.3.3.1 Inoculation of varieties with virus treatments and confirmation of infection

Field trials were planted with 8 locally bred sweetpotato varieties (Bophelo, Impilo, Ndou,
Monate, Mvuvhelo, Blesbok, Bosbok and Ribbok), 3 from the United States of America (USA)
(W-119, Hernandez and Resisto) and one (199062.1) from the International Potato Centre (CIP,
Lima, Peru) (Tumwegamire et al., 2014). Virus treatments (T) were as follows: T1= mixed
infections of SPFMV (RC strain) + SPVG + SPVC + begomoviruses (SPLCSV + SPMV), T2
= mixed infections of SPFMV (RC strain) + begomoviruses, T3=single infection of SPFMV
(RC strain), T4= co-infection of SPLCSV + SPMV. Treatments will be referred to as SPFMV -
RC*SPVC*SPVG*BVs (T1), SPFMV-RC*BVs (T2), SPFMV-RC (T3) and SPLCSV+ SPMV
(T4). Sample SSBles collected from Gauteng Province was used as a source of inoculum for
T1. Varieties were graft-infected onto |. setosa plants harboring the different virus
combinations (T1 to T4). T5 was the 12 uninfected/ virus-free sweetpotato varieties that were
used as controls, and these were obtained from the ARC-Vegetable and Ornamental Plants
(ARC-VOP) (Pretoria, South Africa) sweetpotato scheme. Plants were maintained in an insect
proof glasshouse with a temperature of 25°C to 28°C for 16 h (day cycle) and 15°C for 8 h
(night cycle). Twelve weeks post-graft inoculation, leaf samples were collected and samples
were tested with RT-PCR and PCR as described in section 2.1 to confirm infection with all
virus treatments. Sixteen weeks post-inoculation, plants were multiplied in seedling trays to
generate enough planting material for the field trials. Virus infected (T1-T4) varieties were
retained and maintained in the insect proof glasshouse and were used as planting material for

the second trial in the following season.
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4.3.3.2 Experimental design of field trials planted to determine the effects of potyviruses
and begomoviruses on the total and marketable yields of 12 varieties

Twelve months post graft-inoculation and multiplication of plants, the first field trial (January
2014) was established, and 24 months post graft-inoculation, the second trial (January 2015)
was planted at ARC-VOP (25.6014° S, 28.3603° E). The experimental design was a
randomized complete block with 3 replicates. Cuttings of 300 mm long were planted on ridges
(2 m apart) of 300 mm height and 300 mm wide at a spacing of 30 cm between plants. Plots
consisted of five plants per variety for both treated and control plants and two border rows were
planted to act as barriers to prevent or reduce aphids and whiteflies infesting the experimental
plants. The trials received recommended supplementary fertilisation [(500 kg/ha of NPK
(2:0:1) and 600 kg/ha of Calsiphos, which contains Phosphorus)] a day before planting and top
dressing [(183 kg/ha of LAN and 200 kg/ha of potassium chloride, respectively)] 16 days and
21 days post planting (recommendation from soil analyses provided by the ARC-Institute for
Soil, Climate and Water, South Africa). Plants received 634 mm of water (irrigation) for the
period of 5 months. Synthetic chemicals such Silicron (Profenofos) were applied using a Boom
sprayer, at a dose of 5009 /litre once a month for the first three months to control aphids and
whiteflies. Plants had 5- months growing period, and thereafter were harvested in June 2014
and 2015. Symptoms induced by the sweetpotato varieties infected with different virus
treatments were observed and recorded. Data on the total and marketable yields (tones/ha™)
were recorded. The storage roots produced by each variety per treatment, in each replicate
block, were dug out with forks and all roots were weighed (fresh weight) with a digital floor
platform scale (JADEVER JWI-700S) as the total yield (tons/ha™) produced by each variety.
Thereafter, storage roots were sorted and graded according to marketable and unmarketable
yield. Storage roots considered marketable were between 100g to 300g (small), 301g to 600g

(medium) and 601 to 1000g (large), with no defects and these were weighed separately, per
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each variety per treatment and yields of individual varieties were combined to get the average
of the 12 varieties. Data was analysed using SAS 9.4 statistical software (SAS/ STAS 14.1
Userguide). A combined analysis of variance (ANOVA) (John and Quenouille, 1977) over the
two trials (2014 and 2015) was performed after testing for homogeneity of the trial variances
(Leverne’s test at p> 0.01) (Leverne, 1960), which indicated that the F probability (Fprob) for
the total and marketable yield (ton/ha™*) were 0.031 and 0.1009 (p> 0.01), respectively. The
standardized residuals were acceptable, exhibiting a normal distribution (Shapiro-Wilks test)
(Shapiro and Wilk, 1965), and therefore the means of the significant effects derived from 12
varieties were separated using Fisher’s Unprotected t-test least significant difference (LSD) at
the 5% level of significance (Snedecor & Cochran, 1967). Total and marketable yields were
further categorized according to low (0 to 9 ton/hat), moderate (10 to 20 ton/ha™®) and high (20
to 30 ton/ha?) yields. The percentage (%) reductions in total and marketable yields, due to

different virus treatments, were determined as follows:

Mean uninfected control (T5)-Mean Virus Treatment X 100
Mean uninfected control (T5) 1

Reduction (%)=

4.4. Results and discussion

4.4.1. Confirmation of virus combinations and identities in sweetpotato source material
(used for inoculations in the field trials)

NCM-ELISA and DAS-ELISA detected single and mixed infections of three potyviruses in
sweetpotato plants, used for inoculations in this study, collected from Limpopo Province of
South Africa during the 2012/13 and 2013/14 surveys (Mulabisana et al., 2018). Virus
identities were further confirmed by RT-PCR and PCR. RT-PCR, PCR and NGS also
confirmed the presence of mixed infections of potyviruses, SPFMV (RC strain), SPVC, SPVG

together with begomoviruses SPLCSPV (MF359263) and SPMV (MF359268) in sample
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SSBles selected as a source of virus mixed infections (RC*SPVC*SPVG*BVs) (Mulabisana
et al., 2018). SPV2 was not successfully detected by DAS-ELISA in sweetpotato variety
SSBles initially selected for this study as a source of virus mixed infections

(RC*SPVC*SPVG*BVs).

A total of 31 260 contigs were generated with NGS data and contigs 125, 72, 74, and 111 (>10
000 bp) were selected and designated SPVG isolate SSBles-125_ZA (10781 bp), SPVC isolate
SSBles-72_ZA (10793 bp), SPV2 isolate SSbhles-74_ZA (10731 bp) and SPFMV isolate

SSBles-111_ZA (10803 bp) based on the BLAST (NCBI) results (Table 4.2).

Table 4.2: Near full-length genome sequence isolates of SPFMV, SPVC, SPVG and SPV2

isolated from South African sweetpotato variety SSBles.

Nucleotides Viruses and

Accession no. Isolates names strains Origin

MHO023308 Roodeplaat, South
SPFMV isolate SSBles-111_ZA SPFMV Africa

MH023309 Roodeplaat, South
SPVC isolate SSBles-72_ZA SPVC Africa

MH023310 Roodeplaat, South
SPVG isolate SSB1-125 ZA SPVG Africa

MHO023311 Roodeplaat, South
SPV2 isolate SShles-74 ZA SPV2 Africa

Phylogenetic analyses demonstrated that SPFMYV isolate SSBles-111 ZA was closely related
to the South Africa SPFMV isolate ZA-O (KT069222) (Nhlapo et al., 2018), and the two
clustered in sub-clade, away from isolates reported in other countries (Fig. 4.1A). However,
SPFMV isolate SSBles-111 ZA shared 99% nucleotide (nt) identity with the previously
sequenced South Africa SPFMV isolate ZA-O (KT069222) and 92% to 93% with other RC
strains of SPFMV (SPFMV AM-MB2, SPFMV-RC-Arg, SPFMV RC strain and SPFMV

genomic RNA) (Bejerman et al., 2014, unpublished; Mingot et al., 2016; Qin et al., 2016,
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unpublished; Sakai et al., 1997) (Table 12A, Appendices). This specific isolate was also
confirmed to be the RC strain of SPFMV by cloning of the CP gene region and DNA
sequencing (Mulabisana et al., 2018), therefore, the results indicate that the South African RC
or O strain of SPFMV are closesly related and distinct from other strains reported in other
countries. SPVC isolate SSBles-72_ZA identified from this study grouped closely with the
SPVC-Arg (KF386015) and SPVC isolate HN52 (KP115621) of Argentina and Korea
(Bejerman et al., 2014, unpublished; Kwak et al., 2015), respectively (Fig. 4.1A). SPVC isolate
SSBles-72_ZA shared 97% nt identity with SPVC-Arg and SPVC isolate HN52, and 93% with
other isolates of SPVC, including the South African ECK17 (KT069223) isolate (Nhlapo et al.,

2018) (Table 12A, Appendices).

SPVG isolate SSBles-125 ZA grouped within the SPVG clade with 100% bootstrap support
and shared 83% nt identity with SPVG isolates GWB-G (JN613805) (Li et al., 2012), 1S103
(KM014815) (Kwak et al., 2015) and Jesus Maria (JQ824374) (Rodriquez Pardina et al., 2012)
used as reference sequences (Fig. 4.1B). However, the nt sequence identity of SPVG isolate
SSBles-125 ZA in this study shared only 78% nt similarity with WT325 (KF790759) reported
in Taiwan (Wang et al., 2014, unpublished) (Table 12B, Appendices). The nt identity between
SPVG isolate SSBles-125 ZA with the South African SPVG isolate WCFR11 (KT069224)
(Nhlapo et al., 2018) was also 82.4%, indicating the diversity of 17.6% between the two isolates
(Table 12B, Appendices). Comparison at CP level showed that SPVG isolate SSBles-125 ZA
of this study shared 97% to 97.5% amino acid (aa) homology with SPVG isolates GWB-G,
1S103, Jesus Maria and the South African WCFR11 isolate (Table 13A, Appendices). The
SPVG isolate of this study also shared 94.4% CP aa homology with WT325 reported in Taiwan
(Table 13A, Appendices). According to the CP aa homology cut-off point of 90% to 99% for
potyviruses (Shukla and Ward, 1989), the isolates were considered as the same strains of

SPVG.
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However, while SPV2 was not successfully detected by DAS-ELISA in sweetpotato variety
SSBles initially selected for this study as a source of virus co-infections
(RC*SPVC*SPVG*BVs), subsequently it was detected by NGS. Phylogenetic analysis
showed that the clade of SPV2 isolates, including SPV2 isolate SSbles-74 ZA formed a
separate branch (100% bootstrap support) from the other reference sequences (Fig. 4.1B).
SPV2 isolate SSbles-74 ZA shared only 80% to 81% nt identity with reference sequences
(Table 12B, Appendices), however, comparison of the CP encoding aa sequences of this isolate
with reference sequences SPV2 isolate GWB-2 (JN613807) (Li et al., 2012), SPV2 isolate
TM37 (KX017447) (Maina et al., 2016) and SPV2 isolate HN77 (KP115617) (Kwak et al.,
2015) revealed that all these isolates share CP aa identity of 91% to 95% (Table 13B,
Appendices). SPV2 isolate SSbles-74_ZA also shared CP aa homology of 100% with SPV2
isolate Thomas16A (AY459608) and SPV2 isolate TschilombolV1-1 (AY459612) (Table 13B,
Appendices) from South Africa (Ateka et al., 2007). Therefore, based on the demarcation
criteria (the CP aa homology) of 90% to 99% of potyvirus species (Shukla and Ward, 1989),
all these isolates are closely related as same strains of SPV2. Multiple sequence alignment of
the CP gene encoding aa sequences of the RC strain of SPFMV and SPVC revealed the
presence of the DAG aa triplets motif with SPFMV isolate SSBles-111 ZA and SPVC isolate
SSBles-72_ZA at position 9 to 11. The DAG aa triplets motif was identified at position 8 to 10
with SPV2 and position 7 to 9 with SPVG (Table 14A and B, Appendices). The nt diversity
observed with SPVG and SPV2 suggests that single nt variation occurred but no change in aa
which suggests silent or non-synonymous mutations which did not affect the CP function,
symptom phenotype or transmission (Edwards et al., 2012). This supports the notion that the
CP is highly conserved in these viruses due to its involvement in transmission and insect
recognition (Atreya et al., 1995; Mishra et al., 2013). Moreover, genetic diversity is common

with RNA viruses, and is attributed to viral evolutionary processes that occur due to mutation-
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selection balances, which are essential for their adaptation in host plants (Holmes, 2009). The
inability to detect SPV2 in source of virus combinations and sweetpotato varieties selected for
the experiments is attributed to mixed infections, diverse viral strains, uneven virus distribution
within the plant, and the presence of SPFMV which masks the presence of other viruses
(\Valverde et al., 2007). This was also shown by Ateka et al. (2004) who failed to inoculate
sweetpotato varieties by mechanical or graft inoculations unless varieties were pre-inoculated

with the crinivirus SPCSV.

81 SPFMV isolate GJ122
100~ SPFMV genomic RNA isolate 10-0
SPFMV isolate SPFMV-0-Arg SPFMV-O strain
SPFMV isolate Piu3
SPFMV isolate Ruk73
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100 spFMV isolate ZA-O
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Fig. 4.1. Molecular phylogenetic analysis inferred using the Maximum Likelihood method
based on the General Time Reversible model (Nei and Kumar, 2000) to determine relationships
between the South African (bold) (A) SPFMV (RC strain) and SPVC, and (B) SPVG and SPV2
with the related full-length genome sequences retrieved from Genbank. The bootstrap values
(1000 replicates), with which the associated taxa clustered together are shown next to the
branches. The isolates and Genbank accession numbers used as reference sequences are as
follows: SPFMV: SPFMV isolate ZA-O (KT069222), SPFMV isolate GJ122 (KP115609),
SPFMV isolate AM-MB2 (KU511268), SPFMV isolate RC (KY296451), SPFMV isolate Piu3
(FJ155666), SPFMV-O-Arg (KF386013), SPFMV genomic RNA (D86371), Ruk73
(KP729265), SPFMV-RC-Arg (KF386014), SPFMYV isolate 10-0 (AB439206). SPVC: SPVC-
Arg (KF386015), HN52 (KP115621), ECK17 (KT069223), SPVC-Chinal (KU877879),
CW135 (KP115620) and SPVC-AM-MB2 (KU511269). SPVG: SPVG isolate WCFR11
(KT069224), SPVG 1S103 (KM014815), SPVG isolate Jesus Maria (JQ824374), SPVG isolate
GWB-G (JN613805), SPVG isolate WT325 (KF790759) and SPVG isolate UMP3-VG
(JQ073703). SPV2: SPV2 isolate AM-MB2 (KU511270SPV?2 isolate LSU-2 (KP29268),
SPV2 isolate GWB-2 (JN613807), SPV2 isolate HN77 (KP115617), SPV2 isolate TM37
(KX017447), SPV2 isolate SCN20 (KP115619), SPV2 isolate SC6 (KP115618), SPV2 isolate
Thomas 16A (AY459608) and SPV?2 isolate Tschilombo 1V1-1 (AY459612).
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4.4.2 The impact of virus treatments on total and marketable yields (tones ha™)

4.4.2.1 Symptoms assessment during field trials

Symptoms induced by the four different virus treatments varied, depending on the variety and
virus combinations. Variety 199062.1, treated with SPFMV-RC*SPVC*SPVG*BVs (T1)
exibited severe purple ring spots and mild upward curling of leaves (Fig. 4.2A). Symptoms
observed on variety 199062.1 inoculated with SPFMV-RC*BVs (T2) and SPFMV-RC (T3)
were characterized by very mild chlorotic spots to no symptoms (Fig. 4.2B) and this variety
did not exhibit any virus symptoms with T3 and T4 (Fig. 4.2C and D). Variety Impilo was
sensitive to T1, T2 and T3, and symptoms such as chlorosis and vein banding (T1), mild to
severe chlorotic spots with (T2) and (T3), and mild chlorotic spots to no symptoms (T4) were
recorded (Fig. 4.2 E, F, G and H). Variety Blesbok was also sensitive to all 4 virus treatments
and symptoms such as severe chlorosis and upward curling of leaves (T1), severe chlorosis
(T2), chlorosis and purple ring spots (T3) and mild upward curling of leaves (T4) were recorded

(Fig. 4.21,J,Kand L).

Fig. 4.2. Symptoms recorded on representative sweetpotato varieties in field trials (2014 trial)
planted to determine the effects of SPFMV-RC*SPVC*SPVG*BVs (T1), SPFMV-RC*BVs
(T2), SPFMV-RC (T3) and BVs (T4) treatments on the yield of 12 sweetpotato varieties.
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4.4.2.2 Total yield of 12 varieties subjected to different virus treatments

The results of the combined ANOVA and the mean values performed on the total yield data to
determine the effects of the four virus treatments (T1 to T4) on the total of the 12 sweetpotato
varieties and the uninfected control (T5) is shown in Table 4.3. Significant differences (p<0.05)
were observed between trial 1 and 2 [(F11, 236 = 3.65); P=<0.0001)]. Significant difference
was also observed between the trial, variety and treatment interactions [(F11, 236 = 3.65); P=

0.003)].

Results demonstrated that the 12 varieties responded differently towards the different virus
treatments in relation to yield, in both trial 1 and trial 2. Although varieties differed in their
responses to virus treatments, the yield of almost all varieties was affected by SPFMV-
RC*SPVC*SPVG*BVs (T1) (Table 4.2) and the total yield recorded was between 1.46 tones
(t) ha?! (W-119) and 7.100 tha™ (199062.1) in trial 1, and 0.200 tha (Bophelo, Blesbok,
Bosbok) and 6 tha* (Ribbok) in trial 2. Therefore, the percentage yield reduction was between
66% (Ribbok) and 93% (Blesbok) for the 12 varieties tested in trial 1 and between 66%

(Ribbok) and 99% (Blesbok, Bophelo and Bosbok) in trial 2.

The yield produced by varieties treated with SPFMV-RC*BVs (T2) was between 0.533 tha™*
(W-119) and 10.167 tha™ (Hernandez) in trial 1 (Table 4.2). The reduction in yield was
between 28% (Bophelo and Hernandez) and 94% (W-119). Similar to trial 1, the total yield
produced by varieties in trial 2 was reduced and the recorded yield was between 0.2 tha™
(Hernandez) and 8 tha™! (Blesbok) and the total yield loss was between 74% (Ribbok and

Resisto) and 99 % (Hernandez) (Table 4.2).

Variety 199602-1 was identified as a high yielding variety, however, it was sensitive to virus
infections, and most importantly virus mixed infections. Yield reduction was recorded in

variety 199602-1 with all treatments regardless of the absence or presence of mild symptoms
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(Fig. 4.2) observed during field assessment. Symptomless plants may therefore still harbour
viruses and suffer yield loss, and additionally be able to infect other uninfected plants if mother
plants were not tested before planting material were distributed. Moreover, although moderate
yield was recorded with some varieties, the study revealed that mixed infections of potyviruses
with begomoviruses (T1) and (T2) severely reduced the total yield of sensitive sweetpotato
varieties. The results are in agreement with previous reports that showed that virus complexes
of potyvirus SPFMV and crinivirus SPCSV reduce the yields by + 70% (Aritua et al., 1998;
Gibson and Kreuze, 2015). Bryan et al. (2003) showed that viruses accumulate rapidly, in
sweetpotato leading to variety decline, and virus complexes (SPFMV, SPVC, SPVG and
SPV2) have the ability to affect the development of the adventitious roots by 51%, resulting in
poor or lack of storage roots initiation (Villordon and Clark, 2014). Variety 199062.1 (Peru)
and Impilo (South Africa) were reported to have moderate to high resistance to sweetpotato
viruses (Tumwegamire et al., 2014). The reduction in yield by 50% and higher was recorded
with 199062.1 (T1) and Impilo (T2) in this study, which is an indication that the two varieties
are sensitive to mixed infections of potyivirus and begomoviruses. Resistance breakdown has
been reported to occur, which is attributed to different virus strains or highly virulent viruses,
and co-infections of viruses of different taxonomic group (Winter et al., 1992; Miano et al.,
2008). Ngailo et al. (2013) also indicated that the resistant ability of varieties bred in different
agro-ecological zones may be lost in different countries due to genetic differences in virus
strains, or the environment. Varieties Resisto and W-119 were reported to have low resistance
to viruses (Tumwegamire et al., 2014) and this is in agreement with our findings. Enhanced
reduction in the yield due to co- and mixed infections of potyviruses and begomoviruses in
sweetpotato production fields of South Africa could be attributed to the increased virus titer

when begomoviruses are co-infected with SPFMV, since the HC-Pro (all potyviruses) and
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PIN-PISPO gene of SPFMV acts as suppressors of host RNA silencing, a plant’s defence

against viral infection (Kokkinos, 2006; Mingot et al., 2016).

Treatment 3 was a single infection of the RC strain of SPFMV) led to reduction in total yield
of all 12 varieties by between 27% (Bophelo) and 78% (199602_1) in trial 1 (Table 4.2).
Varieties such as Blesbok (from 26 to 12.03 tha™), Impilo (21 to 13 tha ), Monate (26 to 10.63
tha ), Mvuvhelo (25 to 10.4 tha?) and Ribbok (17.6 to 11.5 tha™t) were affected and these had
a yield reduction of between 35% (Ribbok) and 58% (Mvuvhelo and Monate) in trial 1.
Varieties such as 199062.1, Bosbok, Resisto, Ndou, Hernandez, Bophelo and W-119 produced
severely reduced total yield of between 3 tha (W-119) and 9.20 tha™* (Bophelo) in trial 1 and
the yield reduction of between 27% (Bophelo) and 75% (Bosbok) was recorded for these
varieties. This treatment affected all varieties in trial 2 and the recorded yield was between 0.3
that (Bosbok) and 7.2 tha™t (Mvuvhelo) and the yield reduction for all 12 varieties was between
61% (Hernandez) and 99% (Bosbok). The results obtained are in agreement with the findings
by Gibson and Kreuze (2015) who showed that a single infection with SPFMV has the ability
to reduce yield by 50% (Gibson and Kreuze, 2015). Single infection of SPCSV is also
associated with the reduction of the lateral roots (LR) length, number and density, which also

prevents the storage root from initiating (Villordon and Clark, 2014).

Begomoviruses treatment SPLCSV+SPMV (T4) led to reduction in total yields of all 12
varieties in trial 1 (Table 4.2). The total yield of varieties Impilo (from 21 to 9.4 tha?),
199062.1 (33 to 10.3 tha?), Boshok (23 to 15 tha™t), Monate (26 to 12 tha™), Mvuvhelo (25 to
17 tha™), Ndou (22 to 14 tha™®) and Resisto (17 to 10.6 tha™*) was reduced with T4 in trial 1.
The reduction in total yield for these varieties was between 37% (Resisto and Ndou) and 69%
(199062.1). The total yield of varieties Bleshok (26 to 6 tha™), Bophelo (12.6 to 6.8 tha™),
Hernandez (14 to 6.6 tha™), W-119 (9.3 to 1.5 tha™®) and Ribbok (17.6 to 7 tha™*) was severely
reduced by this treatment in trial 1 and the reduction in yield was between 46% (Bophelo) and
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84% (W-119) for these varieties. In trial 2, varieties that produced moderate total yield with T4
were only 199062.1 (16.9 tha™) and Hernandez (10.4 tha™t), which led to a yield reduction of
23% and 24%, respectively. All other varieties produced the total yield of between 2 tones ha
1 (Mvuvhelo) and 7.4 tha (Monate) in trial 2, translating into a yield reduction of between
67% (Resisto) and 94% (Mvuvhelo) for all 12 varieties. Variety Hernandez is reported to be
high yielding (Loader et al., 2000), however, in this study its total yield was not consistant
with T4 since it produced low yield in trial 1 and moderate yield in trial 2. Nonetheless, it is
clear that variety Hernandez is also sensitive to T4. The reduction in the yield by co-infection
of begomoviruses is also in agreement with the findings by Clark and Hoy (2006), and Ling et
al. (2010) who showed that begomovirus Sweet potato leaf curl virus (SPLCV) is capable of
reducing the storage root yield by 26% to over 60%. This study indicated that single infections
of SPFMV and multiple infections of begomoviruses have negative effects on the total yield
of sweetpotato varieties, and the longer the period viruses are retained in the vegetative plants,

the higher the yield reductions will be experienced.

Figure 4.3 shows the quantity and quality of the storage roots produced by variety Blesbok
with multiple virus infection of potyviruses and begomoviruses. It was undoubtedly clear that
variety Blesbok treated with T1, T2 and T3 produced fewer or thinly developed storage roots,

which were also small in diameter as compared to those produced by the uninfected controls.
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Fig. 4.3. The effects of SPFMV-RC*SPVC*SPVG*BVs (T1), SPFMV-RC*BVs (T2) and BVs
(T4) on the storage roots of variety Blesbok as recorded during trial 2 when field trials were
planted to determine the effects of single, co- and multiple infections of potyviruses and
begomoviruses treatments. (A) and (B) storage roots produced by variety Blesbok with T1 and
T2, (C) storage roots produced by variety Blesbok treated with T4 and (F) storage roots
produced by the uninfected controls (T5) of variety Blesbok.
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Table 4.3: Total yield (TY) (tha™?) in field trials of twelve sweetpotato varieties following the four virus treatments.

Trial 1 % vyield % vyield % yield % vyield
Varieties TY tmtl reduction TY tmt2 reduction TY tmt3 reduction TY tmt4d | reduction TY tmts
199602_1 7,100 78,5 9,167 72,2 7,200 78,16 10,267 68,9 32,967
Bleshok 1,900 92,6 2,400 90,7 12,033 53,24 6,033 76,6 25,733
Bophelo 2,000 84,1 9,033 28,3 9,200 26,98 6,767 46,3 12,600
Bosbok 3,300 85,5 8,600 62,2 5,767 74,67 15,133 33,5 22,767
Hernandez 1,800 87,2 10,167 27,7 8,967 36,26 6,567 53,3 14,067
Impilo 6,500 69,2 10,6 49,8 12,767 39,59 9,400 55,5 21,133
Monate 3,267 87,3 4,233 83,5 10,633 58,52 12,100 52,8 25,633
Mvuvhelo 4,367 82,6 7,033 71,9 10,433 58,38 17,133 31,6 25,067
Ndou 2,900 87,0 4,733 78,8 6,867 69,25 14,100 36,9 22,333
Resisto 3,167 81,3 5,133 69,7 4,567 73,03 10,600 374 16,933
Ribbok 6,000 65,9 7,900 55,1 11,467 34,85 6,933 60,6 17,600
W-119 1,467 84,2 0,533 94,2 2,733 70,50 1,533 83,5 9,267
Trial 2 % yield % yield % yield % yield
Varieties TY tmtl reduction TY tmt2 reduction TY tmt3 reduction TY tmt4 | reduction TY tmts
199602_1 0,800 96,4 1,567 92,9 4,933 77,6 16,867 23,3 22,000
Bleshok 0,200 99,5 7,733 79,9 1,900 95,1 4,400 88,6 38,500
Bophelo 0,233 99,1 2,267 90,8 1,767 92,8 3,033 87,7 24,567
Boshok 0,200 99,2 3,333 86,9 0,300 98,8 2,067 91,9 25,467
Hernandez 1,233 90,9 0,200 98,5 5,267 61,3 10,400 23,5 13,600
Impilo 0,967 96,6 1,167 95,8 1,733 93,8 6,500 76,8 28,033
Monate 0,967 96,8 4,733 84,1 4,433 85,1 7,400 75,1 29,767
Mvuvhelo 3,133 87,2 5,867 76,1 7,200 70,7 1,533 93,8 24,567
Ndou 0,933 94,4 0,700 95,8 2,167 87,1 2,433 85,5 16,733
Resisto 0,767 96,0 4,933 74,0 4,733 75,0 6,333 66,6 18,967
Ribbok 5,833 66,4 4,533 73,9 3,733 78,5 2,933 83,1 17,367
W-119 1,100 94,4 0,93 95,3 7,100 64,0 2,133 89,2 19,733
Statistics for the combined trials ANOVA

Mean: Trials F Prob LSD F Prob: Trial*Var*Tmt (tmt 5

combined (model) (p=0.05) CV% SEM F Prob: Trial*Var*Tmt (tmt 5 included) removed)
8,6 <,0001 7,4585 53,75 2.67 0,003 0,001

Tmt= treatments, CV= Coefficient of Variance, SEM=Standard error of means, LSD= least significant difference, var= varieties.
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4.4.2.3 Marketable yieldsof 12 varieties subjected to different virus treatments

The marketable yield of almost all varieties were severely reduced by virus treatments SPFMV-
RC*SPVC*SPVG*BVs (T1), SPFMV-RC*BVs (T2), SPFMV-RC (T3), and
SPLCSV+SPMV (T4) (Table 15, Appendices) in both trial 1 and trial 2. Significant differences
[(F11, 236 = 3.65); P <0.0001)] were observed between trial 1 and 2. Significant differences
was also observed between the trial, variety and treatment interactions [(F11, 236 = 3.65); P
=0.009)]. The marketable yield in trial 1 with T1 was between 0.2 tha™* (Bophelo) and 6.1 tha
1(199062.1). The yield loss for 12 varieties was between 67% (Ribbok) and 98% (Bophelo).
There was an increase in the reduction of the marketable yield in trial 2 with T1 and the yield
recorded was between 0 (Blesbok, Resisto, Boshbok, Bophelo and W-119) and 4.7 tha?
(Ribbok). The recorded loss for all 12 varieties was between 58% and 100%. In South Africa,
Blesbok is a high yielding commercial variety, which is capable of producing the marketable
yield of 48 tha (Laurie et al., 2015). The reduction in the marketable yield of variety Blesbok
from 22.5 to 1.1 tha* (95%) and 33.6 to 0 tha™* (100%) with T1 in trial 1 and 2, respectively,
indicates that Blesbok is highly sensitive to virus complexes of potyviruses and begomoviruses.
The effects of T2 was almost similar to that of T1 and the reduction in marketable yields was
between 32% (Hernandez) and 100% (W-119) in trial 1, and the marketable yield was severely
decreased in trial 2 and this was between 71% (Ribbok) and 100% (Hernandez, Impilo and W-

119).

The marketable yield recorded with T3 was between 2.3 tha™* (W-119) and 11.6 tha™* (Impilo)
in trial 1, and 0 (Bosbok) and 5.7 tha™* (W-119) in trial 2. The reduction in marketable yield of
varieties Bophelo (24%), Impilo (34%), Ribbok (30%) and Hernandez (41%) was below 50%
with T3, however, the reduction in yield of other eight varieties was between 53% (Blesbok)
and 82% (199602_1) in trial 1. The marketable yield of all 12 varieties was low and the

reduction in yield was between 62% (W-119) and 100% (Bosbok) in trial 2.
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Mixed infections of begomoviruses (T4) also affected the marketable yield of different
varieties and the yield of between 1.2 tha™ (W-119) and 15.6 tha™* (Mvuvhelo) in trial 1 was
recorded, and the reduction in yield was between 29% (Mvuvhelo) and 86% (W-119).
However, the reduction in marketable yield for varieties such as Mvuvhelo, Ndou, Bosbok and
Resisto was less than 40% with T4. In trial 2, the marketable yield recorded was between 0
(Mvuvhelo and Ndou) and 14 ton ha™ (199062.1). The reduction in the marketable yield of
varieties 199062.1 and Hernandez was less than 40% and the reduction in yield of other 10
varieties was between 71% and 100% in trial 2. It is unclear why the reduction in marketable
yield of variety 199062.1 was low with T4 in trial 2, however, we speculate that defects and
mechanical damage affected the yield of the uninfected control (T5), which led to a reduced

loss in the marketable yield of this variety.

4.4.2.4 Average total and marketable yields produced by 12 varieties treated with four
virus treatments over two seasons

Varieties varied with regard to the total and marketable yield produced with virus treatments
[SPEFMV-RC*SPVC*SPVG*BVs (T1), SPFMV-RC*BVs (T2), SPFMV-RC (T3), and
SPLCSV+SPMV (T4)] in both trial 1 and 2 (Fig. 4.4A and B). Varieties Ribbok, Monate,
Bosbok, 199062.1, Impilo and Mvuvhelo produced low to moderate mean total yield of
between 8 and 10 tha! in trial 1 and all other 6 varieties produced severely reduced total yields
of between 1.6 thatand 7 tha®. All 12 varieties produced low mean total yield of between 2.8
that (W-119) and 6 tha™ (199062.1) in trial 2. The average marketable yield produced by
varieties in trial 1 was low (<10 tha™) and the marketable yield of all 12 varieties were severly
reduced in trial 2. Variety W-119 was identified as highly sensitive to virus treatments in both

trial 1 and 2.
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Fig. 4.4. Average total (A) and marketable (B) yields produced by 12 sweetpotato varieties
when subjected to four virus treatments during two seasons. Means with the same letter are not

significantly different (P<0.05). TY= total yield and MY= marketable yield.

4.4.2.5 Average of the combined total yield (TY) (tha™) of 12 varieties infected with

different virus combinations (treatments)

The average total yield (tha™) recorded with all four treatments (T1-4) were 3.6 tha™, 6.6 tones
hal, 8.6 tha™ and 9.7 tha™2, respectively and the yield produced by the uninfected control was
20.5 that in trial 1. This translated into the reduction in the total yield by 82%, 68%, 58% and

52% with T1, T2, T3 and T4, respectively (Fig. 4.5). Yield losses increased in trial 2 and the
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average total yield recorded was 1.4 tha (T1), 3.2 tha™* (T2), 3.8 tha* (T3), 5.4 tha™* (T4) and
23.5 tha™ (T5), also indicating the reduction in the average total yield by 94% (T1), 86% (T2),
84% (T3) and 77% (T4), respectively (Fig. 4.4). Significant differences were observed
between T1 with T2, T3 and T4 due to low yield produced with T1 in trial 1, however, there
were no significant differences between T2, T3 and T4. The average total yield of uninfected

control varieties was significantly higher than the yield resulting from the four virus treatments.

Average yield (TY/tha"') produced by different
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Fig. 4.5. The average of the combined total yield (TY) (ton ha™®) of 12 varieties infected with
SPFMV-RC*SPVC*SPVG*BVs (T1), SPFMV-RC*BVs (T2), SPFMV-RC (T3) and
SPLCSV+SPMV (T4) compared to the uninfected control (T5). Means with the same letter are
not significantly different (P<0.05).

4.5 Conclusion

Sweetpotato viruses are systematic pathogens and are readily transferrable in planting material,
which ultimately cause infection and high yield losses (Clark et al., 2012). Additionally, the
transfer of sweetpotato vegetative material worldwide, despite diagnostic screening, has led to
the distribution of many co-infecting viruses in vegetative material, including South Africa

(Thresh and Cooter, 2005; Rey et al., 2012). Previous studies world-wide have concentrated
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on SPVD as the most important disease of sweetpotato (Gutierrez et al., 2003), but in this study,
virus complexes of potyviruses and begomoviruses were widespread in South Africa, and were
confirmed to have detrimental effects on the yield of sensitive sweetpotato. The total and
marketable yield of all 12 varieties was severly reduced by a complex of potyviruses SPFMV
(RC strain), SPVC and SPVG, in co-infection with begomoviruses. Only varieties such as
Hernandez and Bophelo had a decrease in the total yield by less than 30% with co-infection of
the RC strain of SPFMV and begomoviruses SPLCSV and SPMV. Furthermore, the field trials
herein were designed to represent mixed or co-infections as reflected in several provinces in
South Africa (Mulabisana et al, 2018), and results in this study demonstrate for the first time,
the severe impact these viruses have, singly or in combination, on storage roots yields. This
impacts small-scale and subsistence farmers, not only not only in South Africa but elsewhere
in SSA, and solutions need to be implemented to reduce losses. It is also critical that future
studies investigate the potential interaction of begomovirus and potyvirus expressed genes in
moderating host defence responses, or to determine if synergy influences symptoms, virus titers
and yield loss, as was reported with SPVD, a complex of potyvirus SPFMV and crinivirus
SPCSV (Gutiérrez et al., 2003). Evaluating varieties for virus resistance appears to be the long-
term solution towards addressing sweetpotato virus complexes. Laurie et al. (2013) evaluated
sweetpotato landraces for drought and heat tolerance and three landraces were identified. This
suggests that landraces may provide a gene pool to evaluate for other desired traits, including
virus resistance. Landraces are believed to be exposed to different conditions, including disease
pressures, and may contain natural genes associated with virus resistance (Nwankwo et al.,
2016; Low et al., 2017). Mwanga et al. (2002) also showed that genetic resistance can be

achieved with selection and breeding techniques, and this should also be explored in future.
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CHAPTER 5

CONCLUDING REMARKS

Sweetpotato is one of the most important food crops in Sub-Saharan Africa, particularly to
smallholder farmers in rural areas. One of the most critical factors affecting sweetpotato
production is virus prevalence and the global distribution of sweetpotato viruses due to
exchange of planting material among countries (Gasura et al., 2008). Some key studies have
shown that mixed infections of viruses of different taxonomic groups have a negative impact
on sweetpotato production. The most significant finding of this study was the molecular
characterization of viruses, which confirmed the occurrence of the russet crack (RC) strain of
Sweet potato feathery mottle virus, Sweet potato virus G, Sweet potato virus C, Sweet potato
leaf curl Sao Paulo virus, Sweet potato mosaic virus and Sweet potato leaf curl virus species
in the Gauteng, Limpopo and Mpumalanga Provinces. Genetic characterization of potyviruses
Sweet potato feathery mottle virus (SPFMV), Sweet potato virus C (SPVC) and Sweet potato
virus G (SPVG) was not conducted in the previous studies in these provinces and the recent
discovery of Sweet potato leaf curl Sao Paulo virus (SPLCSPV) in Limpopo Province
prompted the study to investigate the prevalence of begomoviruses in Gauteng and

Mpumalanga provinces.

Field surveys revealed low virus disease incidences in the three provinces surveyed. Low
infestations of aphids and whiteflies were also observed. However, viruses were detected from
both symptomatic and asymptomatic samples, which indicates that plants were already infected
when field surveys were conducted. This is attributed to the fact that some varieties may not

always produce symptoms under field conditions.
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Grafting of sweetpotato cuttings on I. setosa and serological analyses detected SPFMV as the
most prevalent virus, however, SPVG, Sweet potato virus 2 (SPV2), Sweet potato mild
speckling virus (SPMSV), Sweet potato mild mottle virus (SPMMV) and Sweet potato
chlorotic stunt virus (SPCSV) were detected in a substantial number of samples collected from
the three provinces surveyed. Other researchers also reported these viruses in South Africa and
globally, which highlights their importance in sweetpotato production, most importantly
because they occur in mixed infections. The findings of the current study show that the five
viruses identified have the potential of spreading to other parts of the country through
vegetative propagative planting material. This poses a threat to sweetpotato production since
synergistic effects between potyviruses and the crinivirus SPCSV have been reported to severly
reduce the storage root yields in other African countries. Detection of SPCSV in mixed
infection with potyviruses compels future studies to determine if such co-infections have a
negative effect on the yield of locally grown sweetpotato varieties. More studies also need to
be conducted with a large number of samples to determine the prevalence of SPV2, SPMMV

and SPMSV countrywide and their genetic characteristics.

Further characterization of potyviruses SPFMV, SPVC and SPVG were conducted by partial
sequencing, which confirmed the occurrence of these viruses in the three provinces surveyed.
The RC strain of SPFMV was confirmed to occur in all the three provinces and the O and EA
strain of SPFMV were not detected in the current study. Previous studies confirmed the
occurrence of the O strain of SPFMV in the Kwazulu Natal and Western Cape provinces of
South Africa. Therefore, further studies need to be conducted to determine if the O strain of
SPFMV is only confined to the coastal regions of the country or not, and to determine the
possible occurrences of the RC strain in other regions. Genetic variability was observed
between SPVG isolates in this study and those reported in the Kwazulu Natal Province of South

Africa at nt level, however, analyses of the CP encoding aa sequences confirmed that all
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isolates analyzed were the same strain of SPVG. This evidently indicates that SPVG is prone
to evolve, resulting in minor variations to allow the virus to adapt to new conditions, as it is
known with most RNA viruses. We recommend that primers that amplify part of the NIb

protein, the full CP gene and the 3° UTR be used in future to characterize SPVG isolates.

The presence of begomoviruses was determined by rolling circle amplification method (RCA),
polymerase chain reaction (PCR) and next generation sequencing (NGS) sequencing, which
confirmed the frequent occurrence of SPLCSPV, SPLCV and Sweet potato mosaic virus
(SPMV). These viruses were confirmed based on their full genome characteristics compared
to other begomviruses since part of the genome could not provide accurate species and strain
identification. Two isolates of SPLCSPV from Limpopo and Mpumalanga provinces shared a
high level of nt identity with isolates reported in Tanzania and a novel SPLCV isolate South
Africa (ZA) was identified on the basis of strain demarcation threshold of begomovirus, which
confirmed that it was a different strain from SPLCV reported in other countries. However,
more studies with large number of samples from different provinces of South Africa will
confirm how widespread begomoviruses are in the country, most importantly SPLCV isolate

South Africa (ZA).

Mixed infections of viruses is a common phenomenon with viruses of sweetpotato and this was
also confirmed by full-length genome sequences of SPFMV, SPVC, SPVG, SPV2, and
begomoviruses SPLCSPV and SPMV using NGS, which confirmed a possible occurrence of
multiple infections of potyviruses and begomoviruses in sweetpotato growing areas of South

Africa.

Limitations of using full-length nt genome sequences to assign different strains of SPFMV
were experienced. An example of this was when an isolate of this study (SSBles-111 ZA)

shared 99% nt identity with the reference isolate ZA-O (O strain of SPFMV) reported in South
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Africa. However, analysis of the CP encoding aa sequences obtained by cloning and
sequencing of the CP gene region of isolate SSBles SPFMV (MF359251) (Chapter 2)
positively identified isolate SSBles-111 ZA of this study as the RC strain of SPFMV. The
experience highlights the importance of analyzing the CP encoding aa sequences of SPFMV
and other potyviruses to confirm strain relatedness since the CP encoding aa sequences are

associated with functionality and virus pathogenicity.

The discovery of SPV2 infection with NGS in a sample that tested negative for SPVV2 with
DAS-ELISA point to the need for more studies to be conducted with large number of samples
and confirmation of infection must be conducted with RT-PCR to determine if there are certain
strains of SPVV2 which may escape detection with serology. Cloning and sequencing of the CP

gene region will also determine genetic variability within different isolates of SPV2.

The total and marketable yield of sweetpotato varieties tested in this study were negatively
affected by virus treatments, which varied between different treatments and the trials. The study
showed that different virus treatments used have the ability to reduce both total and the
marketable yield. Single infection of the RC strain of SPFMV and mixed infections of the two
begomoviruses was also confirmed to reduce the total yield by 58% to 84% (RC strain of
SPFMV) and 52% to 77% (begomoviruses) on average, in trial 1 and 2, respectively. Virus
treatments reduced marketable yield by 60% to 86% (RC strain of SPFMV) and 57% to 79%
(begomoviruses) in trial 1 and 2, respectively. Varieties such as Ribbok, Monate, Bosbok,
199062.1, Impilo and Mvuvhelo produced low to moderate mean total yields of between 8 and
10 tones ha* in the first planting season. However, it is advisable that farmers and sweetpotato
vine cuttings distributors obtain their planting material from formal facilities or organizations
that produce and supply virus-tested planting material. Sweetpotato vine cuttings distributors
should also regularly inspect mother plants for symptoms and subsequent grafting of mother
material onto the indicator plant I. setosa to ensure that mother materials are not habouring

183



virus infections. Further testing with RT-PCR and PCR may be conducted on symptomless |I.
setosa plants to rule out viral infections. Farmers are encouraged to refrain from using planting
materials retained from three previous planting seasons and are encouraged to change the
planting material after every 3 years to maintain good production. The findings emphasize the
importance of the availability of formal virus free schemes to ensure that plants are virus free
before they are distributed to farmers and sweetpotato vine cuttings distibutors as planting

material.

Future research endeavors should focus on the selection and breeding for resistance to both
begomoviruses and potyviruses as a long-term solution to management of virus disease
complexes. Some landraces have heat and drought resistance potential and selection of virus-
free plants in landraces and evaluation of possible virus resistance needs to be determined.
Landraces are repeatedly planted by smallholder farmers and are overly exposed to virus
complexes and potential virus resistance landraces may be identified for crossing in future
breeding programs. Varieties with some level of tolerance to potyviruses-begomoviruses
complexes will provide a sustainable virus management strategy for rural and smallholder

farmers.

There is also a need to investigate tissue culture technologies, such as chemotherapy,
thermotherapy, cryotherapy and meristem-tip culture as alternative means to develop virus-free
planting material from virus infected sweetpotato mother plants, due to recent discoveries of
begomoviruses since this will ensure preservation of varieties with good traits. Future studies

should also focus on investigating botanical/medicinal extracts for possible antiviral activities.

Viruses such as SPVG and SPV2 were first reported in Asia and Taiwan (Rossel and
Thottappilly, 1988; Colinet et al., 1994). This compels that stringent quarantine regulations

should be imposed at national level, which should involve a thorough screening of both
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symptomatic and asymptomatic and tissue culture plants at borders. Regular monitoring of
illegal influx of vegetative materials and storage roots at borders will also prevent new viruses
and strains entering the country. Kenya Plant Health Inspectorate Service (KEPHIS)

(www.sweetpotatoknowledge.org) is one of the organization that practice quarantine

regulations by maintaining, observing and testing imported plants for pests and diseases before
they are released. It will benefit society if same principles are adhered to in South Africa and
other countries since new virus strains and species will be intercepted and prevented from

entering countries where they are not known to occur.
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APPENDICES

Table 1: Mean percentages of virus disease incidences recorded during the epidemiology

surveys conducted in season 1 in the Gauteng, Limpopo and Mpumalanga Provinces

Mean Mean

Limpopo (%) t-grouping Mpumalanga (%) t-grouping Gauteng Mean (%) t-grouping

Maungani 62 a Thulamahashe 41 a Soshanguve M 60 a

Lwamondo 31 b Verena 32 ab Soshanguve L 47 ba

Wynberg 23 b Tonga 31 ab Hamanskraal 32 bc

Dzimauli 21 bc Naas 26 abc EnkangalaB 24 dce

Tshiombo 10 cd Khuzulwandle 24 bc SoshanguveS 20 dce

Rambuda 0 d Elekhwatini 21 bc Daveyton 16 dce

Kwaggahoek 0 d Leeuport 13 cd Cullinan 16 dce

Groblersbridge 0 d Tjakastad 12 cd EnkangalaD de
Mbejeka d Mamelodi de
Mzinti Roodeplaat e
Snymansbelt

Grand mean 18 Grand mean 19 Grand mean 23

SEM 3.47 SEM 4.45 SEM 678.0143

F.Pr>F 0.001 F.Pr>F <.001 F.Pr>F 10.1

LSD (1%) 13 LSD (5%) 16 LSD (5%) 19

CV% 84.3 CV% 106.7 CV% 111.2508

SEM= Standard errors of means, F. Pr>F= F probability, LSD= least significant difference and CV= coefficients
of variants. Means with the same letter/letters do not differ significantly at the 1% or 5% significant level. * based
on the bracket scoring scale
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Table 2: Mean percentage of virus disease incidences recorded during the epidemiology

surveys conducted in season 2 (2014/2015) in the Gauteng, Limpopo and Mpumalanga

Provinces of South Africa

Mean: bracket

Number of sampling scoring of
Area points symptoms t-grouping
SoshanguveS 20 50 a
Verena 20 36 b
Mamelodi 20 34 bc
Daveyton 20 31 bcd
Naas 20 25 cde
Thulamahashe 20 22 def
Tonga 20 22 def
Kamhlushwa 20 20 efg
Mzinti 20 19 efgh
Snymansbelt 20 18 efghi
Tjakastad 19 17 efghi
Mbejeka 20 17 efghi
Cullinan 20 15 fghij
Dzimauli 20 12 ghijk
Wynberg 20 11 ghijk
Dzithobeni 20 10 hijk
Lwamondo 20 9 ijki
Roodeplaat 20 6 jki
SoshanguvelL 20 4 Kl
Groblersbridge 20 3 ki
Rammbuda 20 0 I
Maungani 20 0 I
Elim 20 0 I
Tshiombo 20 0 I
Means
Gauteng 21,43a
Limpopo 4,375b
Mpumalanga 21,9a
Anova DF MS F. Pr>F
23 3352 <.0001
Error 455 247,20
Ccv LSD
98,83354 9,7815
Shapiro-Wilk (P>W) P=10,981258
Kurtosis 0,23

DF= degree of freedom, MS=Mean square, F. Pr>F= F probability, LSD= least significant difference and CV= coefficients of variants. Means
with the same letter indicates that there was no significant difference between areas at 5% level.
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Table 3: Means scores of aphids and whitefly infestations recorded on sweetpotato plants
during epidemiology surveys conducted in season 2 in the Gauteng, Limpopo and
Mpumalanga Provinces of South Africa.

Mean score:
Sampling Mean Sampling Whitefly
Area points score** t-grouping | Area points infestations t-grouping
Cullinan 20 2,0 a Wynberg 20 1,6 a
Rammbuda 20 1,0 b Tshiombo 20 0,6 b
Tshiombo 20 0,9 b Rammbuda 20 0,5 b
Dzithobeni 20 0,8 b Daveyton 20 0 c
Lwamondo 20 0,4 c Dzithobeni 20 0 c
Wynberg 20 0,4 c Groblershridge 20 0 c
Mamelodi 20 0,3 cd Cullinan 20 0 c
Soshanguve S 20 0,1 cd Kamhlushwa 20 0 c
Groblersbridge 20 0 d Elim 20 0 c
Kamhlushwa 20 0 d Mamelodi 20 0 c
Daveyton 20 0 d Lwamondo 20 0 c
Mbejeka 20 0 d Mbejeka 20 0 c
Elim 20 0 d Mzinti 20 0 c
Naas 20 0 d Naas 20 0 c
Mzinto 20 0 d Dzimauli 20 0 c
Roodeplaat 20 0 d Roodeplaat 20 0 c
Snymansbelt 20 0 d Snymansbelt 20 0 c
Soshanguve L 20 0 d Soshanguve L 20 0 c
Maungani 20 0 d Maungani 20 0 c
Thulamahash 20 0 d Thulamahashe 20 0 c
Tjakastad 19 0 d Tjakastad 19 0 c
Tonga 20 0 d Tonga 20 0 c
Dzimauli 20 0 d Soshanguve S 20 0 c
Verena 20 0 d Verena 20 0 c
Means Means
Gauteng 0,44a Gauteng 0,00b
Limpopo 0,34a Limpopo 0,30a
Mpumalanga 0,0b Mpumalanga 0,0b
Anova DF MS Pr>F Anova DF MS Pr>F
23 4,661 <.0001 23 2,364 <.0001
Error 455 0,274 Error 455 0,1467
CVv LSD CVv LSD
216,174 0,3257 346,162 0,2383

Shapiro-Wilk Shapiro-Wilk
(P>W) P=0.645777 (P>W) P=0,44179
Kurtosis 11,80 Kurtosis 11,04

**Scoring rate: 1 (1-5 insects) equivalent to low infestation; 2 (6 to 10 insects) equivalent to medium infestation;
3 (11 to 20 insects) equivalent to high infestation and 4 (20 and higher) equivalent to very high infestation.
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Table 4: The y2 probabilities (<0.05% level) of single, co and multiple infection of viruses (mean percentage incidences) generated by
detection of viruses by NCM and DAS ELISA in samples collected in season 1 and 2 epidemiology surveys conducted in Gauteng, Limpopo

and Mpumalanga Provinces.

ANOVA SI SPFMV SISPCSV SISPVG SISPV2 SI SPMSV SISPLV SISPMMV  SPFMV+SPVG _ SPFMV+SPV2
Mean Season 1 52.22 0.00 0.00 1.85 0.37 0.37 0.37 0.74 111
Mean season 2 16.01 5.14 3.02 1.21 0.60 0.00 0.30 12.69 1.81
Chi-Square P <.0001 0.0002 0.0040 0.5183 0.6857 0.2678 0.8851 <.0001 0.4812
L'ke"gzct’jiriaio Chi- <.0001 <.0001 0.0005 0.5197 0.6819 0.2056 0.8854 <.0001 0.4756

Means for Provinces (seasons combined)

Gauteng 34.88 2.33 0.93 1.40 0.00 0.47 0.00 7.44 1.86
Limpopo 32.46 2.62 1.05 0.00 1.57 0.00 0.52 3.66 0.00
Mpumalanga 29.23 3.59 3.08 3.08 0.00 0.00 0.51 10.77 2.56
Chi-Square P-Provinces 0.4726 0.7262 0.1711 0.0447 0.0393 0.4069 0.5718 0.0275 0.1003
Likelihood Ratio Chi-
Square 0.4712 0.7329 0.1962 0.0157 0.0316 0.3572 0.4117 0.0227 0.0276

SPEMV+5PVZ  SPEMV+5PV2+ SPEMV+SPVG+ SPEMV+SPVG+ SPEMV+SPMMV+

SPFMV+SPCSV  SPFMV+SPMMV  SPFMV+SPMSV  +SPVG SPCSV SPMSV SPV2+SPCSV  SPVG SPVG+SPV2
Mean Season 1 111 2,59 111 0.00 0.00 0.00 0.00 0.00 0.00
Mean season 2 5.74 2.42 0.91 1.81 0.30 2.42 0.30 1.51 0.91

Chi-Square P 0.0026 0.8908 0.8017 0.0262 0.3660 0.0101 0.3660 0.0426 0.1168
L'ke"hos‘:i;zt'o Chi- 0.0014 0.8909 0.8022 0.0073 0.2745 0.0019 0.2745 0.0143 0.0581
Means for Provinces (seasons combined)
Gauteng 5.58 0.47 0.47 1.40 0.00 1.86 0.47 0.00 0.00
Limpopo 262 4.19 1.05 1.05 0.52 1.05 0.00 0.00 0.00
Mpumalanga 256 3.08 154 051 0.00 1.03 0.00 2.56 154
Chi-Square P-Provinces 0.1735 0.0459 0.5492 0.6661 0.3413 0.6996 0.4069 0.0053 0.0433
Likelihood Ratio Chi-
Square 0.1883 0.0225 0.5300 0.6455 0.3172 0.7099 0.3572 0.0034 0.0336

Chi-square P= chi-square probability. Means within each column with the same letter denotes that areas did not differ significantly at the 5% significant level. SI= Single
infection.
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SPVG isolates of this study

Table 5: Pairwise comparison of the nt sequences generated with part of the NIb, CP and UTR encoding region of SPVG.

CTB3.

3900A

HawA2

JAAC
Zimb1-H
NZ-4

3817

PS1B

Zimb1C
SPVG_isolate_Egypt_1
SPVG-NC
UMBUMB-VG
UMP1-VG
UMP3-VG
UMFUME-VG
UMP2-VG
GBD14_SPVG
SSBles_SPVG
Naas4_SPVG
TsMB1_SPVG1
RDPLT-BlesSPVG

95.56| 95.56| 95.56

96.28

96.28

96.28

95.42

95.56

96.28

95:13

96.58| 96

96.14

95513

94.99

94.99

94.41

95.58
96.13
95.28

95.56
95.56
95.56
95.42
95.56
95313
95:13
94.99
94.99
94.41

91.03
90.88
91.03
91.03
89.84
92.87
93,27
93.67

94.85

94.85

94.85

94.85

94.71

94.85

93.99

91.42

94.44

94.44

94.44

94.44

94.29

94.44

93.58

91.01
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91.03

90.88

- 96.61

91.03

91.03

89.84

94.85| 94.44
94.85| 94.44

94.85( 94.44

94.71| 94.29

94.85| 94.44

94.71 94.29

94.99| 94.58

94.85| 94.44

94.85| 94.44

93.99| 93.58

91.42( 91.01

95.86| 95.01| 93.58) 93.30
95.86 93.99] 93.58
95.01 93.14| 92.74
93.58] 93.99 93.14
93.30| 93.58 92.74J-5




Table 6: Alignment of the CP aa sequences of SPVC and the RC strain of SPFMV isolates showing the conserved motifs associated with

potyviral CP region, which are indicated by a solid box.

SPFMV-RC —

SPVC —

SPFMV-RC —

SPVC —

o

REF26_RC B
GB10_RC &
RDPLT 11-04_RC B

SSBlesSPFMV_RC B

IsolateMBL O
Isolate 3817-1 O
HN: 5RC:08 O

Polyprotein SPFMV O

CP partial O
sca2cpP O
Fujian3 O
Hunan4 O

Strain CH2 O

Spain1C O
GB12-C&®
DVT3-C &
VER7_CH

REF26_C &

MAM15-C &
CTB3-1 0
PS1B-4 O

REF26_RC B
GB10_RC B
RDPLT 11-04_RC @

SSBlesSPFMV_RC &

IsolateMBL O
Isolate 3817-1 O
HN:5RC:08 O

Polyprotein SPFMV O

CP partial O
scacpO
Fujian3 0
Hunan4 O

Strain CH2 O

Spain1C O
GB12-C @
DVT3-C
VER7_C @

REF26_C &

MAM15-C &
CT83-10
PS1B-4 O

SSERTEFK
SSERTEFK
SSERTEFK
SSERTEFK
SDERTEFK
SSESTEFK
SSERTEFK
SSERTEFK
SSERTEFK
SSERTEFK
SNENTEFK
SNENTEFK
SGNPPEFK
SGNPLEFK
SGNPPEFK
SGNPSEFK
SGNPSEFK
SGNPSEFK
SGNPPEFK
SGNPSEFK

SGNPSEFHK

DA
DA
DA
DA
DA
DA
DA
DA
DA
DA
DA
DA
DA
DA
DA
DA
DA
DA
DA
DA
DA

100
|

VPRVKMNANK
VPRVKMNANK
VPRVKMNANK
VPRVKMNANK
VPRVKMNANK
VPRVKMNANK
VQRVKMNANK
VPRVKMNANK
VPRVKMNANK
VPRVKMNANR
VPRIKLHTSK
VPRIKLHTSK
VPRVKLHTGK
VPRVKLHTGK
VPRVKLHTSK
VPRVKLHTSK
VPRVKLHTSK
VPRVKLHTSK
VPRVKLHTSK
VPRVKLHTSK
VPRVKLHTSK

20
|

ANPPAPKPK
ANPPAPKPK
ANPPAPKPK
ANPPAPKPK
ANPPAPKPK

ANPPAPKPQ
ANPPAPAPK
ADPPAPKPK
ANPPAPKPK
ANPPAPKPK
ANPPAPKPK
ANPPAPKPK
VNPPAPKPK
ANPPAPKPK
ANPPAPKPK
ANPPAPKPK
VNPPAPKPK
ANPPAPKPK
ANPPAPKPK

RQPRVNG IS
QPRVNG IS

DIPPPPTITE
DIPPPPTITE
DIPPPPTITE
DIPPPPTITE
NVPPPPTITE

IDPPPPTITE
DIPPPPTITE
NIPPPPTITE
NIPPPPTITE
NIPPPPTITE
GPYTAPEITE
GPYTAPEITE
GAFTAPEITE
GPFVAPEITE
GPYTAPEITE
GPYTAPEITE
GPYTAPEITE
GPYTAPEITE
GPYTAPEITE
GPYTAPEITE
GPYTAPEITE

120
|

I INFQHLSTY
I INFQHLSTY
I INFQHLSTY
I INFQHLSTY
I INFQHLSTY
I INFQHLSTY
I INFQHLSTY
I INFQHLSTY
I INFQHLSTY
I INFQHLSTY
VVNLQHLATY
VVNLQHLATY
VVNLQHLATY
VVNLQHLATY
VVNLQHLATY
VVNLQHLATY
VVNLQHLATY
VVNLQHLATY
VVNLQHLATY
VVNLQHLATY
VVNLQHLATY

40
1

VTDPEDPKQA
VTDPEDPKQA
VTDPEDPKQA
VTDPEDPKQA
I TDPEDPKQE
IVDPEDPKQA
VTDPEDPKQA
VTDPEDPKQA
VTDPEDPKQA
VTDPEDPKQA
VTEPEDPKQA
VTEPEDPKQA
VTEPEDPKQA
VTEPEDPKQA
VTEPEDPKQA
ITEPEDPKQA
ITEPEDPKQA
ITEPEDPKQA
VTEPEDPKQA
ITEPEDPKQA
ITEPEDPKQA

EPEQFEVANT
EPEQFEVANT
EPEQFEVANT
EPEQFEVANT
EPEQFEVANT
EPEQYEVANT
EPEQFEVANT
EPEQFEVANT
EPEQFEVANT
EPEQFEVANT
EPEQHNIGNT
EPEQHNIGNT
EPEQHNIGNT
EPEQHNIGNT
EPEQHNIGNT
EPEQHNIGNT
EPEQHNIGNT
EPEQHNIGNT
EPEQHNIGNT
EPEQHNIGNT
EPEQHNIGNT

ALRAARAKQP
ALRAARAKQP
ALRAARAKQP
ALRAARAKQP
ALKAARAKQP
ALKAARAKQP
ALRAARAKQP
ALRAARAKQP
ALKAARAKQP
ALRAARAKQP
ALREARQKQP
ALREARQKQP
ALREAKQKQP
ALREARQKQP
ALREARQKQP
ALREARQKQP
ALREARQKQP
ALREARQKQP
ALREARQKQP
ALREARQKQP
ALREARQKQP

140
|

RSTQEQF QAW
RSTQEQF QAW
RSTQEQF QAW
RSTQEQF QAW
RSTQEQF QAW
RSTQEQF QAW
RSTQEQF QAW
RSTQEQF QAW
RSTQEQF QAW
RSTQEQF QAW
RSTQEQFRAW
RSTREQFRAW
RSTQEQFRAW
RSTQEQFRAW
RSTQEQFRAW
RSTQEQF QAW
RSTQEQF QAW
RSTQEQF QAW
RSTQEQFRAW
RSTQEQF QAW
RSTQEQF QAW
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]
I

ATIPESYGRD
ATIPESYGRD
ATIPESYGRD
ATIPESYGRD
AVIPESYGRD
ATIPESYGRD
ATIPESYGRD
ATIPESYGRD
ATIPESYGRD
ATIPESYGRD
AVTPESYGRD
AVTPESYGRD
AVTPESYGRD
AVTPESYGRD
AVTPESYGRD
AVTPESYGRD
AVTPESYGRD
AVTPESYGRD
AVTPESYGRD
AVTPESYGRD
AVTPESYGRD

YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV
YEGVKGDYGV

TSKEKESIVG
TSKEKESI1VG
TSKEKES IVG
TSKEKES IVG
TSKEKES1VG
TSKEKESIVG
TSKEKESIVG
TSKEKESIVG
TSKEKESIVG
TSKERGS IVG
TGEK- - SMRS
TGEK- - SMRS
TGEK- - SMRS
TGEK- -SMRS
TGEK- -SLRS
TGEK- -PMRS
TGEK- -PMRS
TGEK- -PMRS
TGEK- - SMRS
TGEK- -PMRS
TGEK- -PMRS

160

|

DDAGMG I LLN
DDAGMG I LLN
DDAGMG I LLN
DDTGMGILLN
DDTGMGILLN
DDTGMGILLN
DDTGMG I LLN
DDTGMG I LLN
DDTGMGILLN
DDTGMG I LLN
DDAGMAILLN
DDAGMAILLN
DDAGMAILLN
DDAGMAILLN
DDTGMAILLN
DDAGMAILLN
DDAGMAILLN
DDAGMAILLN
DDTGMAILLN
DDAGMAILLN
DDAGMAILLN

80
1

ASSKGVKDKD
ASSKGVKDKD
ASSKGVKDKD
ASSKGVKDKD
ASSKGVRDKD
TSSKGVRDKD
ASSKGVKDKD
ASSKGARDKD
ASSKGARDKD
ASSKGVRDKD
VSPQRVKDKD
VSPQRVKDKD
VSPQRVKDKD
VSPQRVKDKD
VSPQRVKDKD
VSPQRVKDKD
VSPQRVKDKD
VSPQRVKDKD
VSPQRVKDKD
VSPQRVKDKD
VSPQRVKDKD

GLMY
GLMY
GLMY
GLMY
GLMV
GLMY
GLMY
GLMY
GLMV
GLMY
GLMY
GLMY
GLMY
GLMY
GLMY
GLMY
GLMY
GLMY
GLMY
GLMY

(WC | ENG
WC I ENG
(WC | ENG
(WC | ENG
(WC I ENG
(WC | ENG
(WC | ENG
WC | ENG
(WC I ENG
(WC | ENG
(WC | ENG
(WC | ENG
WC I ENG
(WC | ENG
(WC | ENG
(WC | ENG
WC | ENG
(WC I ENG
(WC | ENG
(WC | ENG

GLM\

WC I ENG

VNVGTVGTFV
VNVGTVGTFV
VNVGTVGTFV
VNVGTVGTFV
VNVGTVGTFV
VNVGTVGTFV
VNVGTVGTFV
VNVGTVGTFV
VNVGTVGTFV
VNVGTVGTFV
VNVGTTGTFV
VNVGTTGTFV
ANVGTTGTFV
VNVGTTGTFV
VNVGTTGTFV
VNVGTTGTFL
VNVGTTGTFL
VNVGTTGTFL
VNVGTIGTFV
VNVGTTGTFL
VNVGTTGTFL

180
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TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT
TSPNINGVWT

90
90
90
90
90
90
90
90
90
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88
88
88
88
88
88
88
88
88
88
88

180
180
180
180
180
180
180
180
180
180
178
178
178
178
178
178
178
178
178
178
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SPFMV-RC —

SPVC —

SPFMV-RC —

SPVC —

REF26_RC B
GB10_RC B
RDPLT 11-04_RC &
[SSBlesSPFMV_RC @
IsolateMBL O
Isolate 3817-1 O
HN: 5RC:08 O
|Polyprotein SPFMV O
CP partial O

sc2cpP O

Fujian3 0

= Hunan4 O
Strain CH2 O
Spain1C O

GB12-C @

DVT3-C @

VER7_C @
REF26_C @
MAM15-C @
CT83-10

— PsS1B-4 0

REF26_RC B
GB10_RC B

RDPLT 11-04_RC &
SSBlesSPFMV_RC &
IsolateMBL O

Isolate 3817-1 O
HN: 5SRC:08 O
Polyprotein SPFMV O
CP partial O
scz2cpP O
Fujian3 O
Hunan 4 O
Strain CH2 O
Spain 1C O
GB12-C B
ovr-c&@a
VER7_C B
REF26_C B3
MAM15-C B
CcTB3-1 0
PS1B-4 O

MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
MMDGDEQVTY
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PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV
PIKPLLDHAV

PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF
PTFRQIMTHF

GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE
GLDGNVSTQE

EDTERHTTTD
EDTERHTTTD
EDTERHTTTD
EDTERHTTTD
EDTERHTTTD
EDTERHTTTD
EDTERHTTTD
EDTERHTTTD
EDTERHTTTD
EDTERHTTTD
EDTERHTATD
EDTERHTATD
EDTERHTATD
EDTERHTATD
EDTERHTATD
EDTERHTATD
EDTERHTATD
EDTERHTATD
EDTERHTATD
EDTERHTATD
EDTERHTATD

220
I

SDVAEAYIEM
SDVAEAYIEM
SDVAEAYIEM
SDVAEAYIEM
SEVAEAYIEM
SDVAEAYIEM
SDVAEAYIEM
SDVAEAY I EM
SDVAEAYIEM
SDVAEAYIEM
SDVAEAYIEM
SDVAEAYIEM
SDVAEAYIEM
SDVAEAYIEM
SDVAEAYIEM
SDVAEAYIEM
SDVAEAYIEM
SDVAEAYIEM
SDVAEAYIEM
SDVAEAYIEM
SDVAEAYIEM
15
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN
VTRN

I I I ITIITEIIEIITIITIEIIIX

RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR
RNRTKAYMPR

LLG

zzz
e
-
(7M7)

NLLG
NLLG
NLLG
NLLG
NLLG
NLLG
NLLG
NLLG
NLLG
NLLG
NLLG
NLLG
NLLG
NLLG
NLLG

z
-
-
(2]

NLLG
NLLG

MRGVQ
MRGVQ
MRGVQ
MRGVQ
MRGVQ
MRGVQ
MRGVQ
MRGVQ
MRGVQ
MRGVQ
MRGVQ
MRGVQ
MRGVQ
MRGVH
MRGVQ
MRGVH
MRGVH
MRGVH
MRGVQ
MRGVH
MRGVH

240
1

YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM
YGLQRNLTDM

315
315
315
315
315
315
315
315
315
315
313
313
313
313
313
313
313
313
313
313
313
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SLARY|
SLARY|
SLARY|
SLARY]
SLARY|
SLARY|
SLARY|
SLARY]
SLARY|
SLARY|
SLARY]|
SLARY]|
SLARY|
SLARY|
SLARY]|
SLARY]|
SLARY|
SLARY]|
SLARY]|
SLARY|

IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|
IAFDF|

SLARY]|

IAFDF|

200
1

ELHSTTPARA
ELHSTTPARA
ELHSTTPARA
ELHSTTPARA
ELHSTTPARA
ELHSTTPARA
ELHSTTPARA
ELHSTTPARA
ELHSTTPARA
ELHSTTPARA
ELHSTTPARA
ELHSTTPARA
ELHSTTPARA
ELHSTTPARA
ELHSTTPARA
ELHSTTPTRA
ELHSTTPTRA
ELHSTTPTRA
ELHSTTPARA
ELHSTTPTRA
ELHSTTPTRA

I << < << << << << << < << <<=

KEAH
KEAH
KEAH
KEAH
KEAH
KEAH
KEAH
KEAH
KEAH
KEAH
KEAH
KEAH
KEAH
KEAH
KEAH
KEAH
KEAH
KEAH
KEAH
KEAH
KEAH

270
270
270
270
270
270
270
270
270
270
268
268
268
268
268
268
268
268
268
268
268



Table 7: Pairwise comparison of the full CP aa sequences generated with part of the CP-encoding region nt sequences of SPVC and the
RC strain of SPFMV.

z 1 2 3 4 5 6 7 8 T R R R T B B T S
s [ Rersre [ 4 10000] 10000| 9968| 9651 9619 9937| 9841 9at0| 9778) 8a76| sas4| 8381 s413| s381| 8317 s317| 8317| e3st| s317| 8317
Eg _ eB10Rc | 2 | 10000] 10000 9968| 9651 9619] 9937( 9841 9810| 9778 8476| sass| 8381 sa13] 8381| 8317 e317] 8317 e3se| e317] 37
Es | ROPLTT04RC [ 3 | 10000| 10000 9068| 9651 9619 9937| 9841) 9810 o778| 8476 s444| 8381 8413 s381| 8317| e317| s317| 838 s317| 837
@= | ssmesspruvRe | 4 | 9968] ooss 9968 9683 9651 9968 9873 9841 9810l 8444 8413 8349 8381| 8413 s286| 8286 8286) 8413 8286 8286
9 isolateMgL | 5 | 9651] 9651 9651 9683 9651 9651 9683 9714] 9619 8317| s286| 8222 s254| 8286 8222| s222| 8222 s286| 8222 222
z lsolate3817-1 | 6 | 9619 9619] 9619 9651| 9651 9619| 9619| 9651 9556| 8286 8254| 8190| 8222 s254| 8190 8190 8190| 8254| 81.90] 8190
g H:sRcos | 7 | 9937| 9937 9937] 99es| 9651 9619 9841| 9810] o778 sa13| 8381 8317] s349| 8381 s254| 8254] 8254| s3s1| 8254 254
g Pobprotein PRIV | 8 | 9841] 9841| 9aa1| 9873 9683 9619 a4t 9005 9810[ 8340 8317| 8254 s286| 8317| 8190 s190] 8190 s317] 8190 8190
g cPpatial | 9 | 9810] 9810f 9at0] 9841) o714 9651) 9810[ 9905 o778 8317| 8286 8222| 8254| s286| 8150| 8159 8150 8286 8150 8159
® o7 [ scece [ 10 | wr7e| o778| o778| smi0| oeto| osse| 9778 sedo| o77e 8349| 8317| 8254 s286| 8317| 8190 s190] 8190 8317] 8190[ 8190
g Fuian3 [ 11 | 8476| 8476 sa76| 8444 8317| 8286 8413] 8349| 8317 8349 9968 9681 0712 97.12[ 9649 9649 9649 9712 9649 9649
8 — Hunans | 12 | 844d| s444| sass| sa13] 8286| 8254| 8381 s317] s286| 8317 9968 9649| 9681 9681 9617| 9617 9647 9681) 9647 9617
H srancH2 | 13 | 8381 s3s1| 8381| e8340| s222| 8190 s317| 8254[ 8222 8254 9681 9649 og08| 97.12) 9617 9617| 9647 9742 9617|9647
® (U seantc [ 14 | sers| san3| eata[ e3er] s254] 8222] eads[ e2es| s254] s2se] o7.2[ oes1] os0s o712 97.12] o712 9712| 972 9712 9712
z ee2spvc | 15 | 8381| s3s1| 8381 s413| s2ss| 8254| s381| 8317[ e28s| e317| 9712 g6s1| 972f o742 9649| 9649 9649| 9936| 9649 9649
3 oviaseve | 16 | 8317| 8317 sa17| s2ss| 8222| s190] 8254] 8190 8159| 8190 9649] 9617| 9647 97.12] 9649 100.00| 10000 96.49| 100.00[ 100.00
'§ verz_spvc | 17 | 317| e317| ea17| s286| 8222 @190f e254f @190f 8150 @190 9649 9617| 96.47| 97.12] 9649 100.00 10000 9649| 100.00| 100.00|
g —REF26SPVC | 18 | 8a17| 8317] 317 8286| 8222| 8190| 8254 8190 8150 81.90( 9649] 9617 9647| 97.12] 9649 100.00] 100.00 96.49| 10000( 100.00
> mamisseve | 19 | 8381| 83s1| 8381| 8413 s286| s254| 83s1| 8317| 8286 s317| 97.12) 9681| 9712] 9712 9936| 9649 9649| 9649 9649| 9649
§ crea1 | 20 | 8317| 8317 s317| s8286| 8222 s190| 8254| s190] 8159 8190] 9649] 96.17| 9647 9712 9649| 100.00] 100.00| 10000| 96.49 100.00
& pste4 | 21 | 8317| sa17| e317| 8285 8222 8190 s254] 8190] 8159 8190 96.49) 9617] 9647 9712 96.49| 10000 10000 10000] 95.49| 100.00]
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Table 8: Pairwise comparison of the CP aa sequences generated with part of the CP-encoding region nt sequences of SPVG.

SPVG isolates of this study

\

Shandong 5
Hunan 4

Isolate SC2
Isolate SC6
Umfume-VG
Shaamxi4

Jesus Maria
AEU17202.1
- SPVG SC1
TsMB1_SPVG
RDPLT-BlesSPVG
SSBlesSPVG
Hainan
GBD14_SPVG
Naas4

1 2 3 4 5 6 7 8 9 10 11 1172 13 14 15

1 98.10( 99.05( 97.62( 96.67| 97.14 97.14| 95.71| 99.05 95.71| 95.71 97.62 99.05 94.76( 91.90
2 98.10 98.10| 97.62| 96.67| 97.14 97.14| 95.71| 99.05| 95.71| 95.71| 97.62| 99.05 94.76| 90.95
3 99.05| 98.10 97.62| 96.67| 97.14| 97.14| 95.71| 99.05( 95.71| 95.71| 97.62| 99.05| 94.76| 90.95
4 97.62| 97.62| 97.62 97.14| 97.62| 97.14| 96.19| 98.57| 96.19( 96.19| 98.10| 98.57| 94.76| 91.90
5 96.67| 96.67| 96.67| 97.14 97.62| 96.19| 96.19| 97.62( 96.19 96.19| 98.10| 97.62| 94.76| 91.90
6 97.14| 97.14| 97.14| 97.62( 97.62 96.67| 95.71| 98.10| 95.71| 95.71| 97.62( 98.10| 94.29| 90.95
7/ 97.14| 97.14| 97.14| 97.14( 96.19| 96.67 95.24| 98.10| 95.71| 95.71| 97.62| 98.10( 94.76| 90.48
8 95.71| 95.71] 95.71| 96.19( 96.19| 95.71| 95.24 96.67| 96.19 96.19| 97.14| 96.67| 94.76 91.43
9 99.05 99.05 99.05( 98.57| 97.62| 98.10| 98.10| 96.67 96.67| 96.67| 98.57| 100.00| 95.71| 91.90
10 95.71| 95.71] 95.71| 96.19( 96.19( 95.71| 95.71| 96.19| 96.67 100.00| 98.10| 96.67| 93.81| 94.17
11 95.71| 95.71| 95.71| 96.19( 96.19| 95.71| 95.71| 96.19| 96.67| 100.00 98.10( 96.67( 93.81( 94.17
12 97.62| 97.62| 97.62| 98.10( 98.10( 97.62| 97.62| 97.14| 98.57| 98.10| 98.10 98.57| 95.71| 92.38
13 99.05( 99.05| 99.05| 98.57| 97.62| 98.10| 98.10| 96.67| 100.00| 96.67| 96.67| 98.57 95.71 [EESiRG0
14 94.76| 94.76| 94.76| 94.76( 94.76| 94.29| 94.76| 94.76| 95.71| 93.81| 93.81| 95.71| 95.71 90.95
15 91.90( 90.95( 90.95( 91.90( 91.90( 90.95| 90.48( 91.43( 91.90| 94.17 94.17| 92.38 91.90( 90.95
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Table 9: Pairwise comparison of the full-length nt sequences of SPLCSPV and SPLCV generated with TZ:ELLP-ZA, TZ:NMP-ZA, SSB1-
ZA, RDGP-ZA and ZA:TMBLP-ZA isolates of this study collected from Limpopo, Gauteng and Mpumalanga provinces.

SPLCSPV isolate TZ-SNG7:12
SPLCSPYV isolate TZ:ELLP-ZA
SPLCSPV isolate TZ:NMP-ZA
SPLC Georgia virus isolate AR:MDZ
SPLC Georgia virus[16]_DNA_A

SPLCSPV isolate KT 10All

SPLCSV Isolate SSB1-ZA

SPLCSV virus-[ZA:WP:2011] isolate Pstl-012

SPLCSPV isolate RDGP-ZA Palrwise identity (3%)
SPLCVSPV isolate SPLCSPV[BR_AIVM_09] ;go
SPLC Uganda virus [Uganda_Kampala_2008] 36
4
SPLCYV Isolate GZ01 Segment DNA A 92
SPLCV isolate China:Shandong11:2012 Zg
SPLCV isolate: SPLCVPR[BR:OPO:08] :i
SPLCV isclate SPLCV-PR[BR_CA:08] 82
SPLCYV isolate ZA:TMBLP-ZA &0
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Table 10: Pairwise comparison of the full-length nt sequences of SPMV generated with SPMV lIsolate SSB1_ZA, SPMV isolate ELLP_ZA,
SPMV Isolate RDGP_ZA and SPMV lsolate TSMBLP_ZA isolates of this study collected from Limpopo, Gauteng and Mpumalanga

provinces.

SPMV Isolate KT10BII

SPMV Isolate SSB1_ZA

SPMV [ZA:WP:2011] Isolate Psti01

SPMV [Brazil:Brasilia1:2007]_Isolate BR:BSB1
Pairwise identity (%)
100
99
98
97

95
94

SPMV isolate ELLP_ZA

SPMV Isolate RDGP_ZA
SPMV Isolate TsMBLP_ZA

SPLCSV isolate SPLCSPV[BR:AIVM:09]
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Table 11: The alignment of the of the C1 open reading frame encoded aa of SPLCSPV and SPLCV, showing the conserved motifs

associated with begomoviruses. Isolates of this study are marked with an asterisk and conserved motifs indicated by a solid box.

SPLCSPV Isolate SSB1_ZA B
SPLCSPV Tanzania Isolate NMP_ZA ®
KT10A11 0
SPLCSPVisolate RDGP_ZA B
SPLCSaoPaoulo virus-ZAWP:2011 B
SPLCSaoPauloTanz_ELLP_ZA W
SPLCTanzania isolate TZSNG7:12 &
Meremia LCV Isolate Meremia N1 O
SPLCV-PER(PER:CAN1:10) O
>LCB Strain Sudan-Khartoum 402-2016 O
SPLCVisolate US:MS:1B-1a O
SPLCV (Venezuela:Sucre 1764:2009) O
IYW isolate ES:MAL:IG3:06 O
SPLCVisolate ZATMBLP_ZA B

100%

Conservation
o%

SPLCSPV Isolate SSB1_ZA B
SPLCSPV Tanzania Isolate NMP_ZA B
KT10A11 0
SPLCSPVisolate ROGP_ZA B
SPLCSaoPaoulo virus-ZAWP:2011 &
SPLCSaoPauloTanz_ELLP_ZA @
SPLCTanzania isolate TZSNG7:12 B
Meremia LCV Isolate Meremia N1 O
SPLCV-PER(PER:CAN1:10) O
2LCB Strain Sudan-Khartoum 402-2016 O
SPLCVisolate US:MS:1B-1a O
SPLCV (Venezuela:Sucre 1764:2009) O
IYW isolate ES:MAL:IG3:06 O

SPLCV isolate ZATMBLP_ZA &

1

Conservation

on

20
|

MPRQPGFRVS
MPRQPGFRVS
MPRQPGFRVS
MPRQPGFRVS
MPRQPGFRVS
MARQPGFRVS
MPRQPGFRVS
MPRQPSFRVS
MPRQPGFQVK
MPKR--FRIS
MPKR--FRIS
MPKR--FKIQ
MAPPTRFRIS

IMAPPKRFRI S|

AKN |
AKN |
AKN |
AKN |
AKNI

FLTYPK
FLTYPK
FLTYPK
FLTYPK
FLTYPK
AKNIFLTYPK
AKNIFLTYPK
AKNVIFLTYPK
AKNIFLTYPK
SKNY[F ITYPR
SKNY[FITYPR
AKNYF ITYPR
SKNY[FITYPR
SKNYELTYPR

CBLSKETALE
CBLSKETALE
CBLSKETALE
CBLSKEIALE
CBLSKETALE
CBLSKETALE
CBLSKETALE
CBLSKETALE
CBLNKEQALD
CBLSKEDCLS
CBLSKEDCLS
CBLSKEDCLS
CBLSKEDCLS
c

40
|

LLKAVNCPSD
LLKAVNCPSD
LLKAVNCPSD
LLKAVNCPSD
LLKAVNCPSD
LLKAVNCPSD
LLKAVNCPSD
LLKIVNCPSD
MLQKINCPSD
QLLNIQTPTN
QLLNIQTPTN
QLLNIQTPTN
QLLNIQTPTN
QLLNIQTPTS

KLF IRVSQEK
KLF IRVSQEK
KLFIRVSQEK
KLF IRVSQEK
KLFIRVSQEE
KLFIRVSQEK
KLFIRVSQEK
KVFIRVSQEK
KLFIRVAQEQ
KKYIHIAKEL
KKYIHIAKEL
KKYIHIAKEL
KKYIHIAKEL
KKYIHIAKEL

&0
|

HQDGS UHLHA
HQDGS{HLHA
HQDGS YHLHA
HQDGS YHLHA
HQDGSUHLHA
HQDGSUH I HA
HQDGSUH IHA
HODGSUHLHA
HQDGSUHLHA
HEDGEHRHLHYV
HEDGEHRHLHYV
HEDGEHRHLHYV
HEDGEAHLHV
HEDGEHRHLHV

LI
LI
LI
Ll
LI
LI

QFKGKAQF
QFKGKAQF
QFKGKAQF
QFKGKAQF
QFKGKAQF
QFKGKAQF
L I|QFKGKAQF
L IJQFKGKAQF
LVIQFKGKAQF
LVQFEGKFVC
LVQFEGKFVC
LVQFEGKFVC
LVIQFEGKFVC
LVIQFEGKFVC

&0
|

KNPRHFDLQH
KNPRHFDLQH
KNPRHFDLQH
KNPRHFDLQH
KNPRHFDLQH
KNPRHFDLQH
KNPRHFDLQH
KNPRHFDLQH
RNPRHFDLVH
TNSRFFDLVS
TNSRFFDLVS
TNSRFFDLVS
TNSRFFDLVS
TNSRFFDLVS

LSKEDCLS

PNSSSQFHPN
PNSSSQFHPN
PNSSSQFHPN
PHSSSQFHPN
PNSSNQFHPN
PHNSSQFHPN
PHSSSQFHPN
PNSSTQFHPN
PHNSTQFHPN
PTRSAHFHPN
PTRSNHFHPN
PTRSNHFHPN
PTRSNHFHPN
PTRSVHFHPN

100
I

FQGAKSSTDV
FQGAKSSTDV
FQGAKSSTDV
FQGAKSSSDV
FQGAKSSTDV
FQGAKSSSDV
FQGAKSSSDV
FQGAKSSSDV
FQGAKSSSDV
IQGAKSSSDV
IQGAKSSSDV
IQGAKSSSDYV
IQGAKSSSDV
IQGAKSSSDV

KS|Y I EH
KS|Y | EK
KS|Y | EK
KS|Y | EX
KS|Y | EX
KS|Y | EK
KS|Y | EK
KS|Y | EX
KS|Y | EX
KS|Y VDK
KS|Y VDK
KS|Y VDK
KS|Y VDK
KSIY VDK

DGDY
DGDY
DGDY
DGDY
DGDY
DGDY
DGDY
DGDY
DGDY
DGDT
DGDT
DGDT
DGDT
DGDT

120
I

IDWGTFQVDG
IDWGTFQVDG
IDWGTFQVDG
IDWGTFQVDG
IDWGTFQVDG
VDWGTFQVDG
IDWGTFQVDG
IDWGTFQVDG
I DWGEFQVDG
LTWGEFQIDG
LTWGEFQVDG
LTWGEFQIDG
LTWGEFQIDG
LTWGEFQIDG

RSARGGQQTA
RSARGGQQTA
RSARGGQQTA
RSARGGQQTA
RSARGGQQTA
RSARGGQQTA
RSARGGQQTA
RSARGGQQTA
RSARGGQQTA
RSARGGQQTA
RSARGGQQTA
RSARGGQQTA
RSARGGQQTA
RSARGGQQTA

140
I

NDAAAEALNA
NDAAAEALNA
NDAAAEALNA
NDAAAEALNA
NDAAAEALNA
NDAAAEALNA
NDAAAEALNA
NDAAAEALNA
NDAAAEALNS
NDAAAEALNA
NDAAAEALNA
NDAAAEALNA
NDAAAEALNA
NDAAAEALNA

DSAEAALQI I
GSVEAALEI |
DSAEAALQI I
GSAEAALEI |
DSAEAALQI I
GSAEAALEI |
GSAEAALEI |
GSAEAALQI I
GSAEAALAI I
GSKEAALQI |
GSKEAALQI |
GSKEAALQI |
GSKEAALQI |
GSKEAALQI |

180
I

REKLPKDF I F
REKLPKDF I F
REKLPKDF I F
REKLPKDF I F
REKLPKDF I F
REKLPKDF I F
KEKLPKDF I F
REKLPRDF I F
REKLPKDF I F
REKLPEKYLF
REKLPEKYLF
REKLPEKYLF
REKLPEKF I F
REKLPEKFLF
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80
80
80
80
80
80
80
80
80
78
78
78
80
80

160
160
160
160
160
160
160
160
160
158
158
158
160
160



Table 12: Pairwise comparison of the full-length nt sequences of SPFMV and SPVC (A), and SPV2 and SPVG (B) generated with sample
SSbles (indicated with a dot) used as a source of multiple infection for the field trials conducted to determine the effects of single infection

of potyviruses and co-infections of potyviruses and begomoviruses.

SPFMV isolate G)122
SPFMV isolate 10-0
SPFMV isolate SPFMV 0-Arg
SPFMV isolate Piu3

SPFMV isolate Ruk73
@5PFMV-RC isolate SSBles1_ZA
SPFMV isolate_ZA-0

SPFMV RC_strain

SPFMV Isolate SPFMV-RC-ARg
SPFMV genomic_DNA

SPFMV isolate SPFMV AM-MB2
SPVC isolate SPVC Arg

SPVC isolate HN52

@ 5PVC isolate SSBles1_ZA
SPVC isolate SPVC China_1
SPVC isloate CW135

SPVC isolate ECK17

SPVC isolate SPVC AM-MB2
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- SPV2 isolate AM-MB2
SPV2 isolate LSU

SPV2 isolate GWB-2
SPV2 isolate AuScan
SPV2 isolate HN77
SPV2 isolate TM37
SPV2 isolate SCN20
SPV2 isolate SC6
O5p\2 isolate SSBles-74_ZA
SPVG isolate 1S103

SPVG isolate Jesus Maria
SPVG isolate GWB-G

SPVG isolate SC11

SPVG isolate WCFR11

SPVG isolate WT325

Pspvc isolate SSBles-125_ZA

199




Table 13: Pairwise comparison of the CP aa sequences of SPVG (A) and SPV2 (B) generated with sequences of sample SSbles (indicated
with a dot) used as a source of multiple infection for the field trials conducted to determine the effects of single infection of potyviruses

and co-infections of potyviruses and begomoviruses.
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Table 14: Alignment of the CP encoding aa sequences of SPVG (A) and SPV2 (B) generated with sequences of sample SSbles (indicated

with a dot) used as a source of multiple infection for the field trials conducted to determine the effects of single infection of potyviruses

and co-infections of potyviruses and begomoviruses.

SPVG isolate GWB-G O
SPVGisolate 1S103 O

SPVG isolate Jesus_Maria O
WCFR11 0

SPVG isolate SSBles-125_ZA B
SPVG isolate UMP3 O

SPVG isolate WT325 O
Consensus

SPVG isolate GWB-G O
SPVGisolate IS103 O

SPVG isolate Jesus_Maria O
WCFR11 O

SPVG isolate SSBles-125_ZA B
SPVG isolate UMP3 O

SPVG isolate WT325 O

Consensus

SPVG isolate GWB-G O
SPVGisolate 1IS103 O

SPVG isolate Jesus_Maria O
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SPVG isolate SSBles-125_ZA B
SPVG isolate UMP3 O

SPVG isolate WT325 O
Consensus

SPVG isolate GWB-G O
SPVGisolate 1IS103 O

SPVG isolate Jesus_Maria O
WCFR11 0

SPVG isolate SSBles-125_ZA ®
SPVG isolate UMP3 O

SPVG isolate WT325 O

Consensus
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The DAG motif is indicated by a solid box. Changes in the aa are shown dots denotes similar aa residues.
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B SPV2 isolate SCN20 O
SPV2 isolate Tchilombiv 1-1 O
SPV2isolate HN77 O
SPV2isolate TM37 O
SPV2isolate SC6 O

SPV2isolate GWB2 O
SPV2isolate AM-MB2 O
SPV2isolate LSU2 O
SPV2isolate Thomas16A O
SPV2 isolate Tchilomboivi-1 O
SPV2isolate SSBles-61_ZA B
Consensus

SPV2isolate SCN20 O
SPV2isolate Tchilombiv 1-1 O
SPV2isolate HN77 O
SPV2isolate TM37 O
SPV2isolate SC6 O
SPV2isolate GWB2 O
SPV2isolate AM-MB2 O
SPV2isolate LSU2 O
SPV2isolate Thomas16A O
SPV2 isolate Tchilomboivi-1 O
SPV2isolate SSBles-61_ZA B
Consensus RSPRQVTTTSGVRDRDVNAGTVGTFTVPRLQ I TSSKKRLP I VDGRPV INLDHLAVYDPEQTNLANTRS TQEOFKAWYEGVK

180 20 20 20

SPV2isolate SCN20 O GDYGVSDAEMGI L LNGLMVWC IENGTSPNI NGMWVMMDGEEQVTVP IKPLLDHAVPT FRQ IMTHFSDI AEAY I EKRNR I1KA 243

SPV2 isolate Tchilombiv 1-1 O 243
SPV2isolate HN77 O .. 243
SPV2isolate TM37 O .. 243
SPV2isolate SC6 O .. 243
SPV2isolate GWB2 O .. 243
SPV2isolate AM-MB2 O .. 243
SPV2isolate LSU2 O .. 243
SPV2isolate Thomas16A O s o 283
SPV2 isolate Tchilomboivi-1 O . 242
SPV2isolate SSBles-61_ZA B 243

Consensus GDYGVSDAEMGI LLNGLMVWCIENGTSPNINGMWVMMDGEEQVTYP IKPLLDHAVPTFRQIMTHFSDI AEAY IEKRNRIKA

SPV2isolate SCN20 O YMPRYGLORNLTDMSLARYAFDFYE LHSNTPVRAREAHMOMKAAALKNAONRLFGLDGNVSTQEEDTERHTTTDVTRN IHN 324
SPV2isolate Tchilombiv 1-1 O 324
SPV2isolate HN77 O . 324
SPV2isolate TM37 O . 324
SPV2isolate SC6 O . 324
SPV2isolate GWB2 O . 324
SPV2isolate AM-MB2 O . 324
SPV2isolate LSU2 O . 324
SPV2isolate Thomas16A O . 324
SPV2isolate Tchilomboivi-1 O 323
SPV2isolate SSBles-61_ZA B 324

Consensus YMPRYGLQRNLTDMSLARYAFDFYELHSNTPVRAREAHMOQMKAAALKNAQNRLFGLDGNVSTQEEDTERHTTTDVTRNIHN

SPV2isolate SCN20 O LLGMRGVQ 332

SPV2 isolate Tchilombiv 1-1 O 332
SPV2isolate HN77 O v 332
SPV2isolate TM37 O .. 332
SPV2isolate SC6 O s 932
SPV2isolate GWB2 O .. 332
SPV2isolate AM-MB2 O .. 332
SPV2isolate LSU2 O wn 332
SPV2isolate Thomas16A O .. 332

SPV2 isolate Tchilomboivi-1 O . 331

SPV2isolate SSBles-61_ZA B . .. ... .. 332
Consensus LLGMRGVQ

The DAG motif is indicated by a solid box. Changes in the aa are shown dots denotes similar aa residues.
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Table 15: Marketable yield (MY) (ton ha™) in field trials of twelve sweetpotato varieties following the four virus treatments.

Trial 1 . T tmn | 2YiEld oy i | %0YiEld oy i goyield 1oy g | %0ViEld oy s
Varieties reduction reduction reduction reduction
199602_1 6,100 80,1 7,533 75,4 5,433 82,28 8,5 72,2 30,667
Blesbok 1,100 95,1 1,700 92,5 10,667 52,66 3,367 85,1 22,533
Bophelo 0,167 98,2 6,200 34,3 7,200 23,67 5,333 435 9,433
Boshok 2,700 86,9 5,333 74,1 4,767 76,82 12,833 37,6 20,567
Hernandez 1,067 92,0 9,133 315 7,833 41,25 6,033 54,8 13,333
Impilo 5,667 67,8 9,433 46,4 11,600 34,09 7,300 58,5 17,600
Monate 2,433 88,6 3,733 82,5 8,333 60,88 7,067 66,3 21,300
Mvuvhelo 3,833 82,6 6,067 72,4 8,567 61,06 15,633 28,9 22,000
Ndou 2,167 89,4 4,133 79,8 6,100 70,20 12,767 37,6 20,467
Resisto 2,400 84,6 4,733 69,7 3,233 79,32 9,433 39,7 15,633
Ribbok 5,500 66,6 7,233 56,1 11,467 30,36 5,700 65,4 16,467
W-119 0,400 95,3 0,000 100,0 2,333 72,87 1,200 86,0 8,600
Trial 2 % yield % yield % yield % yield
Varieties TY_tmtl reduction TY_tmt2 reduction TY_tmt3 reduction TY_tmt4 reduction TY_tmt5
199602 1 0,367 97,6 0,500 96,8 3,133 79,7 13,933 10 15,400
Bleshok 0,000 100,0 7,000 79,2 1,200 96,4 3,500 89,6 33,667
Bophelo 0,000 100,0 1,300 93,3 0,733 96,2 2,233 88,4 19,267
Boshok 0,000 100,0 2,233 88,6 0,000 100,0 1,400 92,8 19,567
Hernandez 0,967 90,0 0,000 100,0 3,500 63,9 5,833 39,9 9,700
Impilo 0,333 98,6 0,000 100,0 0,900 96,2 5,867 75,0 23,467
Monate 0,800 96,8 4,067 83,5 3,200 87,0 5,167 79,1 24,667
Mvuvhelo 2,200 88,6 4,533 76,4 5,167 73,1 0,000 100,0 19,233
Ndou 0,700 94,1 0,500 95,8 1,967 83,4 0,000 100,0 11,833
Resisto 0,000 100,0 4,167 76,3 3,700 78,9 4,967 71,7 17,567
Ribbok 4,700 58,4 3,233 714 1,333 88,2 1,267 88,8 11,300
W-119 0,000 100,0 0,000 100,0 5,733 62,4 1,567 89,7 15,267
Statistics for the combined trials ANOVA
Mean: Trials F Prob LSD F Prob: Trial*Var*Tmt
combined (model) — (p=0.05)  cvg SEM | FProb: Trial*Var*Tmt (T5 included) (T5 removed)
7,0 0.0012 3,4389 68,71 2,759 0,009 0,002

MY=marketable yields, tmt= treatments, CV= Coefficient of Variance, SEM=Standard error of means, LSD= least significant difference, var= varieties.
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