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ABSTRACT

In 2009, asweet potato begomovirus (sweepovirugs detected fothe first time in
Uganda. An isolate was seznpced, providing the first full sequencéa sveepovirus
from mainland Africawhich differed from other sweepoviruses by at least 13%,
discriminating tlis isolate as a new specié§weet potato leaf curl Ugda virus
(SPLCUV).SPLCUV was quite common in cultivars (cvs) Ejumula, New Kawogo and
318 havinguneven distribution in infected plants and reversion to healthy occurred,
especially incv New Kawogo. SPLCUV was observed not to be synergisegvmset
potato chlorotic stunt virugSPCSV), apparently making it the first report of a sweet
potato virus not synergised by SPCSV. Besides SPLCUV, a ‘mild’ SPCSV ttadin
induced purpling symptoms and 50% yield reduction similar to wild type SPCSV when
infecting alone was identified from Busia district, Ugantdild’ SPCSV wasnever
observed to be emfected with Sweet potato feathery mottle virgSPFMV) in
farmers’ fields Experimentally,'mild’ SPCSV induced mild symptoms ilpomoea
setosaand sweet potato plants aBBFMYV titre was greaten co-infections ofSPFMV

and wild type SPCSV than ino-infections of SPFMV and ‘mild’ SPCSV. Both
RNase3(accession NoOHE575406)and p22(accession No. HE57540%eneson
RNAL1 of ‘mild’ SPCSV compared closely to those reported previoubigteagd RNAL
regionappeas to be expressddss in the ‘mild’ SPCS\Vhfectionthan in the wild type
SPCSVinfection thoughRNA2 continues to be more expressedhe ‘mild’ SPCSV
infection than in the wild type SPCSV infectidRecovey from SPVD symptomsand
reversion from SPFMMvere observed in cv Kampala White-iodected with ‘mild’
SPCSV and SPFMV. Reversion from SPFMV single infectioosuredin several
landraceswith higher rate observedin shoots of resistant than susceptibldtivars

Overall, cv NASPOT 11 was the fastest to revert while cv Beauregard waswlestslo
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CHAPTER ONE

INTRODUCTION

1.1  Morphology, origin and distribution of sweet potato

Though grown as an annualrop, sweet potato Ijomoea batataslL.) is a
dicotyledonous perennial plant. It haslarged starcfilled edible storage root&hich
arelong and tapered, with a variety of flesh and skin colours ranging from white to
orange and purple, and from white to pink, red, purple and bresmectively The

plant has alternate heataped or palmately lobed leavds$.belongs to théviorning

Glory family, the ConvolvulaceagAustin, 1988) that comprises plants with funnel
shaped flowerd. batatasis the only food crop out of the approximately 500 species in
this family (Watson and Dallwitz, 1991; 1994; Onwueme and Charles, 1994). It has a
high genetic diversityith 4x and, more commonlgx ploidy forms (2n = 4x = 60r

2n = 6x = 90).Thewild species may be economically important in breeding for natural
resistance to pests, diseases and climatic conditions. However, manyeo§pleges

are bitter and some are actually poisonous (Onwueme and Charles, 1994; Huang and

Sun, 2000).

Sweet potato was perhaps among fin&t crops that were domesticated and it is
speculated to have originated betw@&msntral and northern South America (Huang and
Sun, 2000) more than @O0 years ago. The south west Hadslands areprobably a
secondary centre of sweet potato diversity (Zhetngl.,2004). The crop is now grown

the World over in tropical, subtropical and warm temperate regions between 40°N and
32°S latitude and at elevations up to 2,500hhe et al., 1995). It is believed that
Columbus introduced the crop to Western Eurepeund 1492. Shortly thereafter,

Portuguese explorers took sweet potato to India, South East Asia, East Indies and
1



Africa (Austin, 1988; Zhanget al., 2004; Srisuwanet al., 2006). The crop was
introduced to East Africaluring the 16" century by slave traders (Woolfe, 1992;
Allemannet al, 2004). Sweet potato mawve reached Uganda along trade rotras

both east and west. Since then, its cultivation here has greatly increased and the crop i

now widely grown in all regions of the country.

1.2 Importance of sweet potato

1.2.1 Importance of sweet potato globally

Worldwide, expressed on a dry matter basis, sweet potato is the sixth most mnporta
food crop after rice, wheat, potatoes, maize and cassava. It ranks fifth in degelopi
countries and is the second most important root crop after potato (CIP, 1999a). It
flexibility in farming and food systems, ability to do well lrarsh as well as good
environments and relative resista/tolerance to pests and diseases make sweet potato
an important crop (Woolfe, 1992). More than 95% of the total 105 million metric
tonnes of sweet potato produced in World each year comes from developing
countries(Scottet al, 1999;Hijmans et al, 2001; FAO, 2007). Asia is the leading
producer with over 90 million tonnes produced annya8y million tonnes being
produced by China. Africa is the second largest producer (Table 1). In Africa, the crop
is an important food crop in much tfe subSalaran region and is grown on about 2.1

x 10° ha with an estimated production of 9.9 x*1QqFAO, 2008). Sweet potato is
especially important in countries in the Great Lakes region of East Afriganda

having the largest productioRAO, 2007; 2008).



Table 1 World sweet potato production (percentages in parentheses) citing the major

sweet potato producing countries

Production in milliormetrictonnes

1982 1992 2002 2005 2009

China 110.63 105.75 120.84  (83%) 80.5 (75.6%)
(85.1%) (84.6%) (85.1%)

Nigeria * * 2.84 (2%) (2%) 3.3 (3.1%)
Uganda 1.43 (1.1%) 1.875(1.5%) 2.84(2%) (2%) 2.7 (2.5%)
Vietnam 2.34 (1.8%) 2.5 (2%) 1.42 (1%)  * 1.32 (1.2%)
Indonesia 1.69 (1.3%) 2.25(1.8%) 1.42 (1%)  * 1.88 (1.8%)
Others 16.51 (12.7%) 13.88 (11.1%) 12.64 (8.9%) (13%) 16.8 (15.8%)
World total 130 125 142 * 106.5

production

* production data is not given

Source: FAQ(2009)

Sweet potato yields two to four times more food per unit area per unittiemegrain

crops It plays a central role in the food security for millions of people across South
America, Africa and Asia and has had a long historical importance in disasterthaief
Japanese used it when hurricanes demolished their rice fields, it saved livesaxeChi
when they were hit by famine in the early 1960s, and the crop saved rural Ugandans
from hunger wherEast African cassava mosaic VirueEACMYV) epidemics hit the

country in the 1990s (CIP, 2010).

In East Africa, sweet potato is grown predominantly by the poorest peopleadispeci

women,for both home consumption and to supplement household income by sale to

3
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local markets and urban ceedty any effort towards improving the creypll therefore
havea huge potentiakspecially for the poor African woman. Improving sweet potato
Is quite possible because of its natural biodiversity and high nutritive value. The
International Potato Center (CIR3s a fundamental role ints research in developing
countries especiallyby providing local scientists as well as resource poor farmers with

technol@gies and breeding material that better fit local conditions.

The energy density, carbohydrates anidronutrients of sweet potato are comparable
to other starchy staples (Talle Sweet potato has as well got some therapeutic values.
The crop is an exdtlent source of vitamin A [in the form of betarotene in orange
fleshed sweet potato (OFSPihportant in sight and fighting disease, and vitamin C
having healing properties as an antioxidant foddew varieties have high levels of
antioxidant anthocyan which can also substitute for synthetic colouring agents
(Wallerstein 2000; BovellBenjamin, 2007)Sweet potato is the richest lefat source

of vitamin E contributing to heart health, with efoeirth the calories of bread. The
crop also has consideble amounts of iron, potassium, zinc and essential trace
elements such as manganese, chromium, selenium and molybdgoneti-Benjamin,
2007). Sweet potato roots are usually boiled aatenfor a mealwith other foods
especiallyonesrich in protein sah as beans, vegetables, peas raerdt(CIP, 1999Db).
Sweet potato can be processed into animal feed, starch, flour, candy and. altehol

flour is used to make mandazehapas, cakes, doughnuts, biscuits, etc.



Table 2 Nutritional values for swegiotato (per 100g raw edible portion) as compared

to some other staples

Sweet potato Banana Cassava Potato
Vitamin C (mg) 22.7 9.1 20.6 19.7
Calcium (mg) 22.0 6.0 16.0 7.0
Energy (kcal) 105.0 92.0 160.0 79.0
Water (g) 72.8 74.3 59.7 79.0
Protein (g) 1.7 1.03 1.4 2.1
Carbohydrate (g) 24.3* 23.4 38.1 18.0
Iron (mQ) 0.6 0.3 0.3 0.8
Potassium (mg) 204.0 396.0 271.0 543.0

* is for low dry matter American varieties

Source: INIBAP(1999)

1.2.2 Importance of sweet potato in Uganda

Of all cropsgrown inUganda, sweet potato is the most widely cultivated
(Mwanga and Wanyera, 198 The country produces 2 million tonnes of the crop each
year,making it thethird largest producer in thé&/orld after Chinaand Nigeria(Table

1). Sweet potato is mainly for local consumptiddganda isfifth in per capita
production and consumption in tA&orld after theSolomonlislands, Tonga,
Rwanda and Papua New Guiné&aveet potato is normally cheaper than
cerealbasedfoods especially for the low income people and, chipped
dried, is especially importarduring the dry seasofHall et al, 1999. It is an
important staple crop throughout the country and it ranks second to banana in western
and central regions and second to cassava in eastern Udgastamthaet al., 1995

Mwanga and Wanyerd 988 FAO, 200§.



Sweet potato hasshort growing perioénd its storage roots can be left in the ground
after maturity but, once harvested, they have a short storage life. ditrdsaetes make

the crop suitable for piece meal hesting for subsistence famili€gvoolfe, 1992),
although weevils limit its iground storageSweet potato is gaining importance in
Uganda because of the loss of cassava due to cassava mosaic disease (€MD) a

cassava brown streak disease (CBSD).

1.3  Swed potato cropping systems and management in Uganda

Sweet potato is grown in all regions of Uganttee drier regions of the eastern and
northern parts of the counttyavethe greatst prodution (FAO, 2008).Everywhere
the crop is growmainly as a monoap by resource poor farmers, especially women,
on small plots of less than 0.5 ha (Bashaa&tlad, 1995; Caret al, 1998; Ebreget

al., 2004b; Abidin, 2004; Abidiet al, 2005).

Uganda experiences two types of sageasons. Some parts of northern Uganda get one
long rainy season a yeéso-called unimodal) while the other parts of eastern, and the
whole of southern and western parts of the country get two,-ardess evenly spaced

but relatively shottrainy seasons a yeflsimodal)(Basalirwa, $95; Rugumayet al,

2003). Regardless of the nature of seasons, sweet potato is mainly planted at the
beginning of rains. Crop harvesting starts during the latter part of ttme saason and
continues througlat leastto the start ofthe dry season (Bhaasheet al, 1995). The

main management practices in sweet potato include seed bed preparation jeghieefor
onset of rains, making mounds of approximately 1 metre in diameter or ridges,
selecting healthy looking cuttings for planting and weeding adtlenceduring the

growing period. It is not a common practice in Uganda to ajgptiiser or pestcides.



Intercropping is not recommended because of the growth bélilte plant which
completely covers the grounfarmers normally grow different cultivars separately,
although often in the same plot. However, in some highly populated areas, such as
Kabde in western Uganda, intercropping with plants such as beans (when sweet potato
cropsare still young), cassava and banana is inevitable becauselogthpopulation
pressure (Bashaasled al, 1995). Crop rotation is quite common and crops mainly
involved include sorghum, millet, maize, beans, sesame and groundnut (&batgt

2004a).

1.4  Constraints to sweet potato production

Despite the many adntages offered by the cultivation of sweet potato, production is
mostly in developing countries and by resource plaomers (FAO, 2007).Sweet
potato production has declitheover the past two decades; in many developing
countries any increase in production is attributable to an increase in area under
cultivation per serather than yield increase per unit area (FAO, 2008). This low
productivity is a result of many production constrairAfiotic constraints such as
inadequate soil fertility (or lack okftilizers added) and lack of irrigation are probably
the most important. The most important factors that severely limit sweet potate yie
worldwide about which something can be done cheaply and/or quickly, however,
include use of inferior low yieldinguttivars, poor cultural practiceendpoor methods

of utilization of the crop including postarvest processing, pests and dised3isgases
caused by fungi, bacteria, nematodes, mycoplasma and viruses have bebedlé&scri

affect sweet potato producti¢@lark and Moyer, 1988).

The most important pest limiting sweet potato production in Uganda and worldwide is

the sweet potato weeviCylas spp. (Chalfantet al, 1990; Bashaashet al, 1995;



Nottingham and Kays, 2002). There are three species of potEb weevil;Cylas
puncticollisand C. brunneusare found in Africa andC. formicariusis foundin the

United States, Asia and the Carribean. The weevil causes most damage when it attacks
the storage roots but it can survive on sweet potato foliagectapddebris thereby
potentially damaging the crop throughout the year. Under optimal conditions for the
weevil, total yield loss can occur mainly through the tunnelling effect causdee in t
storage roots and stems (Sutherland, 1986; Chadfaadt 1990).Sweet potato weevils

also render the storage roots unfit for consumption as the affected roots betteme bi
often coupled with a bad smell (Akazaetal, 1960; Uritaniet al, 1975; Satcet al,

1981).

Apart from the low potential yield of the varie$ grown and weevils, viruses pose the
next most important biotic constraint (Clark and Moyer, 1988hre than35 sweet
potato viruses are known worldde (Table 3 and Appendix 1 of which 12 are
recognised by the International Committee of Taxonomyinisés (ICTV) (Sheffield,
1957; Winteret al, 1992; Gibsoret al, 1998; Lotrakulet al., 1998; Kreuze, 2002
Clark and Hoy, 2007Clark et al, unpublished). In recent surveys of the Ugandan crop
for viruses (Careet al, 1998; Mukasat al, 2003; Ariuaet al, 2007),Sweet potato
feathery mottle virugSPFMV: Potyvirus Potyviridag, Sweet potato chlorotic stunt
virus (SPCSV:Crinivirus; Closteroviridag, Sweet potato mild mottle virSPMMV:
Ipomovirus; Potyviridag Sweet potato chlorotic fleck wvis (SPCFV: Carlavirus
Flexiviridae) and Sweet potato caulimlike virus (SPCalLV Caulimovirus
Caulimoviridag, in decreasing order of prevalence, have been identified. Sweet potato
leaf curl Uganda virus (SPLCUV Begomovirus Geminiviridag has also been
identified there and the limited survey data suggest it may come after SRRMV

SPCSVin importance (Wasswet al, 2011).
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1.5 Problem statement

Sweet potato viruses are next to weevils in economic importance (Clark and, Moyer
1988). The most important disease is the sweet potato virus disease (SPVD) due to the
synergistic effect of SPFMV and SPCSV. SPVD can reduce root yieldfexted

plants by up to 98%nd the leaf area is greatly redud&thaefers and Terry, 1976;
Ngeve, 1990; Ngeve and Bouwkani®91, Gibsonet al, 1998 Karyeijaet al, 2000;
Gutierrezet al, 2003).SPCSV also synergises other viruses; the synergistic effect of
SPCSV and SPFMV is less common but results in sweet potato severe mosag diseas
(SPSMD) and can reduce yield by 80Btukasaet al, 200§. The vyield effect of other
disease complexes involving SPCS¥ch as SPCS¥ndSweet potato mild speckling
virus (Potyviridae Potyvirug, and SPCSV and Cucumber mosaic vilBiso(moviridag

Cucomoviruyis not yet known.

Sweet potatsinglevirus infections can also have significant effects on yield. SPFMV
the most prevalent virugn Ugandareduces yields of infected plants B{% with
smoother and less mature storage roots but induces no or only mild leaf symptoms in
infected plantgGibsonet al, 1997; Njeruet al, 2004). Some strains of SPFMV can
also lead to root crackingCampbellet al, 1974; Usugiet al, 1994)and internal
corkiness Milgram et al, 1996; Karyeijaet al, 1998a) SPCSVthe second in
prevalence also reducgelds by 50%(Gibsonet al, 1998; Mukasat al., 2006)and
stuntsthe infected plant§Schaefers and Terry, 1976; Gibsetral, 1998).Sweet potato

leaf curl virus(SPLCV) has been reported to reduce yields of infecte®@eauregard

by 26%and resultsni dark skin and grooving aftorageroots (Clark and Hoy, 2006)

which become unusable and unsaleable.



A number of strategies including use of resistant varieties, phytosanitation and
chemical control of the vectors have besedto control sweet potataral diseasesin
Uganda, several cultivars such BASPOT serieshave been bred and selected for
yield, quality and resistance single virus infectiondut resistance breaks down upon
co-infection of SPFMV and SPCSV. On the other hand, there is no ecsratty
available chemical treatment to cure diseases of viral origin (Bock, 1994hgenical
control of vectors is an expensive approach to many resource poor farmers in
developing countries like Uganda. Also, a number of insecticides have effectively
controlled plant pests in the past but resistance has developed rapidly and notably,
Bemisia tabac{a vector for SPCSVSPLAQUV, SPMMV and many other plant viruses)

has developed resistance aoganophosphorussecticides Prabhakeret al, 1985;
Toscanoet al, 1997. Aphis gosgpi (a vector for many other plant viruses including
SPFMV) has developed resistanceggrethroids (Ahmacet al, 2003. The use oin

vitro raised virus free material is also very expensive and not feasible for the case of
Ugandh. There wadherefore, a need for alternative approaches for management of

sweet potato viruses.

1.6  Jdustification of the study

Vegetative propagation should result in build up of viruses from generation to
generation(Okpul et al, 2011). However, appantly because of the natural resistance
mechanisms causing recovery and reversion, virus incidence appears garcrél

reach 100% in sweet potato fields planted with local varieties despite the abuatlance
virus vectors and lack of symptoms in most of infected plants preventing positive
selection. This scenario apparently relies on reversion to ensure a proportion of virus

free plants at all times and, in the absence of immune cultivars, the benefitcthgele
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symptomless (which are often virusdyé&sibsonet al, 1997) cuttings in the control of

virus diseases cannot be overlooked (Ckdrél, 2003; Basilicet al, 2005).

There are a few reports on recovery or reversion from SPFMV in sweet potato
landraces in Ugandds{bsonet al, 1997; Aritia et al, 1998l). Aritua et al. (1998b)
observed reversion from SPFMV infection in the landraces New Kawogo and
Tanzania. Cultivar New Kawogo is very resistant and cv Tanzania is moderately
resistant to SPFMV (Mwangat al, 1995). In view of the appareimiportance of this
mechanism, my research study examined reversion in a range of resistant and
susceptible Ugandan sweet potato landraces and improved varieties infected with

SPFMV and tested if a low SPFMV titre is common to cultivars that revert.

Prevous research has paid particular attention to SPFMV and SPCSV mainly because
of the ubiquitous nature of these viruses (Coéieal., 1992; Winteet al, 1992; Hoyer

et al, 1996; Alicaiet al., 1999b) and their roles ($PVD)development (Hanh, 1979;
Ngeve, 1990; Gibsoret al, 1998; Karyeijaet al, 2000; Gutierrezet al, 2003).
However, many sweet potato viruses which apparently have limited distribution, and
totally new viruses may be presesnt in Uganda. This is indirectly indicateteloly
degeneraon (Clark and Valverde, 2001; Nakazawa, 2001) rumoured to occur in
Ugandan landraces such as New Kawogo resistant to known viruses. Also, Mukasa
al. (2003) found out that 11% of sweet potato plants in Uganda displaying virus like
symptoms failed to et to the antisera used. Two symptomless plants of sweet potato
cv New Kawogo from a garden in Kampala, central Uganda, were established in a
quarantine greenhouse at NRI, UK. Scions were-gid#ted tol. setosaseedlings

which surprisingly developed leaf curling symptoms, symptoms unlike those of known
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viruses in Uganda. This suggested that an unknown virus was present and its aetiology

needed to be confirmed.

Similarly symptomless sweet potato cultivars were collected from various distficts
Ugandain November 2008 with the intention of having virus free material. These were
maintained in a screenhouse at the Makerere University Agricultural Res$estitite

at Kabanyolo (MUARIK), near Kampala. These plants were tested for vinsseg
NCM-ELISA, and one plant of cv Kampala White from a field in Busia had SPCSV by
itself, causing only mild chlorosis symptomslirsetosa This is unusual because most
plants infected with SPCSV quicky become infected also with SPFMV (Gétsal
1998). This strain of SPCSV seems therefore not to, or only weakly, synergis®/SPF
and there was therefore a need to closely investigate this phenonfdmoyverall
objective of this study was therefore to identify new viruses and virus straingeet s
potato landracesn Uganda, their involvement in synergism and the implication of

SPFMV titre on the phenomenon of reversion.

1.6.1 Objectives of the study
The specific objectives were;
i.  To characterise the leaf curling virus and determine its prevalence in Ugandan
sweetpotato landraces
ii.  To understand how the SPCSV isolate in Busia was nehfeoted with
SPFMV
lii.  To confirm that sweet potato landraces do revert from SPFMV and whet&er titr
of the virus or some other factor determines whether plants of differentie@sriet

revert
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Chapter 2 reviews literature related to this study and expands on the knowledge gaps
identified that required further study. Chapter 3 describes the identificatidn a
characterization of a new sweet potato virus in Uganda. Chapter 4 examines the
synergistic effect of the ‘mild’ SPCSV as compared to the wild type SPCSM\nitsp
co-infected with SPFMV and seeks a mechanism for the differences observed. Chapter
5 examines the phenomenon of reversion in Ugandan sweet potato landraces with
varying lewels of resistance and if virus titre is an indicator of cultivars that revert from
SPFMV. Chapter 6 provides a general discussion, conclusion and recommendations

based on the research described in chapters 3 to 5 and previous literature.
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CHAPTER TWO

LITERATURE REVIEW

2.1  Viruses of sweet potato in théVorld

Sweet potato viruses were first reported in th8 & and East Africa in the 1930s and
many occur wherever the crop is grown (Moyer and Salazar, 1988glly, bioassays
including host range, symptoms and vector transmission were the major means of
characterising them (Moyer and Salazar, 1989). With advances in microscapygger

and molecular techniques, virus identification and characterisation havdy great
improved (Torrance andones, 1981; Torrance, 2005) and many virus and-iikeis
particles have been identified (Moyer and Salazar, 1989; Onuki and Hanada, 1998;
Loebensteiret al, 20(B). There are at least Jhutativevirus speciescurrently known

to infect sweet potato itné World but only 12 of these are recognised by ICTV (Table

3). Apart from SPCSV and SPFMV, which are ubiquitous (Holletgsl, 1976; Cohen

et al, 1992; Winteret al, 1992; Hoyet al, 1996; Colineket al, 1996; Alicaiet al,

1999h, most of the wuses are restricted to some regiams have not yet been
identified elsewhere(Table 3 and Appendix 1 However, there is a likelihood of
identifying more sweet potato viruses given the widespread presence ofsviestor
viruses (Gerling, 1990; Blackman and Eastop, 2000) #wedmovement of plant
material that may be infected with vectors /andiiruses.The phytosanitary restrictions

on the movement of sweet potato material between and within regions should be

strictly followedto prevent the rapid spread of sweet potato viruses and virus strains.
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Table 3. Some of the sweet potato viruses that have been reported worldwidkcagdisedy ICTV

Virus Family Genus Vector Distribution Reference(s)

Sweet potato chlorotic stur Closteroviidae Crinivirus Whiteflies Worldwide Cohenet al, 1992; Winteret al, 1992;

virus (SPCSV) Hoyeret al, 1996; Gibsoret al, 1998;
Alicai et al, 1999b.

Sweet potato mild mottle virt Potyviridae Ipomovirus  Whiteflies East Africa Hollings et al, 1976; Colinet et al,

(SPMMV) 1996.

Sweet potato feathery mott Potyviridae Potyvirus Aphids Worldwide Abad et al, 1992; Colinet anc

virus (SPFMV) Kummert, 1993; Sakaket al, 1997;
Kreuzeet al, 2000; Abackt al, 2007.

Sweet potato latent viru Potyviridae Potyvirus Aphids Taiwan, Peru, China, Liao et al, 1979; Colinetet al, 1997,

(SPLV) Japan Yun et al, 2002.

Sweet potato mild specklir Potyviridae Potyvirus Aphids Argentina, Peru, Colinetet al, 1997.

virus (SPMSV)
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Sweet potato virus (BPVG) Potyviridae

Sweet potato leaf curl viru Geminiviridae

(SPLCV)

Sweet potato leaf curl Georgi Geminiviridae
virus (SPLCGV)

Ipomoea vyellow vein viru Geminiviridae
(IYVV)

Cucumber mosaic virulCMV)  Bromoviridae
Sweet potato leaf specklir Luteoviridae

virus (SPLSV)

Tomato spotted wilt wirs Bunyaviridae

(TSWV)

Potyvirus

Begomovirus

Begomovirus

Begomovirus

Cucumovirus

Enamovirus

Tospovirus

Aphids

Whiteflies

Whiteflies

Whiteflies

Aphids

Aphids

Thrips?

China, Egypt, U.&

U.SA, Sicily, Kenya

China, Brazil, India,

Italy, Japa

U.SA

Spain

Israel, Egypt, Kenya

Peru, Cuba

U.S.A, Canada

Colinetet al, 1994; IsHaket al, 2003;

Soutoet al, 2003.

Lotrakul et al, 1998; Mianoet al,

2006.

Lotrakul et al., 1998.

Bankset al, 1999.

Cohen and Loebenstein, 1991.

Fuenteset al., 1996.

Clark and Hoy, 2007

? = unassigned vector
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2.2 Viruses of sweet potato and their epidemiology in Uganda

The first suspected viral disease of sweet potato in Eastern and @éntaalas reported

in 1939 from the Ituri province of the Democratic Republic of Congo and then in Uganda
in 1944 (Hansford, 1944). It is now thought to have been caus&®BWYV and SPCSV
which still commonly occutogetherin sweet potato fields in Ugandausing SPVDIn
contrast,only a few cases of SPMMV, SPCaLV and SPCFV have been reported in the
country (Careyet al, 1998; Gibsoret al, 1998; Arituaet al.,2002; Mukaseet al, 2003;
Aritua et al, 2007). Wasswaet al (2011) reported SPLCUV(Begomovirus;
Geminiviridae) for the first time in Uganda and in tN&orld. This was the second time for
aBegomovirugo be reported in sweet potato in sub Saharan Africa, the first time being in
Kenya by Miancet al. (2006).Mainly whitefliesor aphids are involved in the transsion

of sweet potato virused @ble 3. It is apparent, howevethat the use of virus infected
planting material is also an effective means of perpetuating and dissemswtiagpotato

viruses (Stevenson and Hagedorn, 1973; Carrol, 1981; Wang and Maule, 1994).

2.2.1 Family Potyviridae

Two sweet potato viruses in this fam|i$PFMV (Potyvirus monopartite, transimitted by
ahids with type speciesPotato virus Y and SPMMV (Ipomovirus monopartite,
transimitted by whiteflies with type species SPMN\are known to occur in Uganda.
SPFMV is the most widespreadus and SPMMVprobably rankgourth after SPCS\and
SPLCUVIn prevalence (Caregt al, 1998; Arituaet al.,2002; Mukasaet al, 2003; Aritua
et al, 2007 Wasswaet al, 20L1). Other genera ofPotwiridae include Tritmovirus
(monopartite, transimitted by mitewith type speciesWheat streak mosaic virys

Bymovirus(bipartite, transimitted by fungwith type specie8arley yellow mosaic virgs
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Rymovirus(monopatrtite, transimitted by mitesgith type speciesRyegrass mosaic virus

and Macluravirus (monopartite, transimitted by aphidsth type speciedaclura mosaic
virus). Potyviruses are the economically most important and largest group of plant viruses
(Shuklaet al, 1994); they make up more than 30% of all known plant vir(Skaklaet

al., 1994). Researchers have paid particular attention to SPFMV given its ubiquitous
occurrence (Cohemet al, 1992; Winteret al, 1992; Hoyeret al, 1996; Alicaiet al,
1999h and involvement in synergism with SPCSV (Hanh, 1979; Ngeve, 1990; Gabson
al., 1998; Karyeijeet al, 2000; Gutierrezt al, 2003),probably reducing the chances of

identifying other sweet potato viruses.

SPFMV hasa monopartite genome made of positive single stranded RNA (ssRN&) of
10.6 kb which is larger than the average (9.7 kb) of a potyvirus genome (Moyer and
Kennedy, 1978; Shuklat al, 1994; Sakaet al, 1997; Souteet al, 2003). The virus has
flexuous filamentous particles of about 850 nm in lenttiorms ‘pin wheel’inclusion
bodies in the cytoplasm of infected cells (Soet@l, 2003). It has a coat protein (CP) of
38 kDa which is extremely large compared to other potyviruses. The SPFMV genom
contains a single open reading frame (ORF) having untranslated region} §Ud&th 5

and 3-ends (Carringtoret al, 1989a). Virusencoded proteaseBl, HGPro and NlaPro,
process the large polyprotein (3493 aa) to mature proteins (Rienlghah, 1992). While

the NlaPro is responsible for the cleavage of thée@ninal two-thirds of the polyprotein
(Dougherty and Carrington, 1988), the P1 and-PHG mediate their own cleavage from
the polyprotein (Carringtoret al, 1989a). The mature processed proteins and their

functions are indicated in Table 4.
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SPFMV is transntied by sapand by many aphid species includind\. gossypii, A.
Craccivora, Lipaphis erysimand Myzus persicaén a nonpersistent manner (Stubbs and
McLean, 1958). While a few strains can infétotiana benthamianand Chenopodium
species(Clark et al, 1986) SPFMV mostly infects plants the family Convolvulaceae
especially thegenusipomoea(Campbellet al, 1974) Two strains of SPFMV isolates,
common strain (C) and russet crack (R@@re identified and characterized on the basis of
symptoms, host range and serology (Moyer and Kennedy, 1978; Mogkr1980; Cali
and Moyer, 1981; Usugt al, 1994). Using serology, Cali and Moyer (1981) shotined
RC strain to have a number sfibstrains Following phylogenetic analysis of the CP
sequences byHi€uzeet al (2000) two more strains were added; strain group O and strain
group East Africa (EA). Many other strains such as the S strain (8a#igi1997) are also

known to exist.

Table 4. Known functions of some genome encoded proteifbfviridae

Protein Functions Referencés)

P1 proteinase (PR¥0) Protease Carringtonet al., 1990;
Modulator of gene Anandalakshmet al., 1998;
silencing Verchot and Carrington
Virus replication 1995

Third protein (P3) Genome amplification  Meritset al., 1999;
Movement Suehiroet al, 2004

Cylindrical inclusion proteir RNA helicase Lain et al, 1990;

(Ch Cell- to-cell movement  Carrington et al, 1998;

Robertset al, 1998
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Helper component proteinas

(HC-Pro)

Protease

Aphid transmission
Suppressor of gene
silencing

Cell-to-cell and systemic
movement

Virus replication

Carringtonet al., 1989b;
Atreya et al, 1992; Sasay:
et al, 2000;

Wang and Maule, 1994;
Kasschau and Carringto
1998;

Klein et al, 1994; Kasschau
et al, 1997; Roas et al,
1997,

Kasschau and Carringto

1995

6 kDa protein 1 (6K1)

Virus replication

Riechmanret al, 1992

6 kDa protein 2 (6K2)

Symptoms

Spetz and Valkonen, 2004,

Long distance movement Rajamaki and Valkonen,

Virus replication

1999;
Restrgpo-Hartwig and

Carrington, 1994

Nuclear inclusion protein

(Nla)/ Nla proteinase (Pro)

Protease

Virus replication

Doughertyet al., 1989;

Daros and Carrington, 1997.

Nla/ viral protein genome

linked (VPQ)

Binds to initiation factor
elF(iso)4E
Cell-to-cell and systemic
movement

Virus replication

Wittmanet al., 1997;
Schaacket al, 1997;

Schaacket al, 1996
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Nuclear inclusion protein | RNA-dependent RNA  Hong and Hunt, 1996

(NIb) polymerase

CP Encapsidation of RNA  Jagadistet al, 1993;

Cell-to-cell and systemic Dolja et al, 1994; Doljaet

movement al., 1995;
Aphid transmission Atreyaet al., 1995;
Virus replication Wang and Maule, 1994;

HaldemarCabhill et al, 1998

SPMMV, the type member of the genlpemovirus(Colinetet al, 1996), was isolated in
East Africa from sweet potato plants in the 1970s (Holliegsal, 1976). SPMMV
morphology, virion size, cytoplasmic ‘pin wheel’ inclusions and the viral genome
organisation are similar to those of potyviruses (Holliegal, 1976 Colinetet al, 1998).

It has flexuous filamentous particles between-830 nm in length (Hollingst al, 1976).

The positivesingle stranded RNA genome is about 10.8 kb (Sakail, 1997; Colineket

al., 1998). Despite the similarity to other potyviruses, sequences in the CP core fegion o
SPMMV show many differences from other members ofRbéyviridae (Colinet et al,
1996; 1998).Also, SPMMV has a wide host range that includes species in 14 plant
families (Hollingset al, 1976) as compared to BV whose host range is mainly limited

to Ipomoea speciefClark et al, 1986). SPMMV occurs in Uganda at low incidences in
single and multiple infections with other sweet potato viruses (Aetwd, 2002; Mukasa

et al, 2003). The virus is thought toebspread byB. tabaciin a persistent manner

(Hollingset al, 1976).
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2.2.2 Family Closteroviridae

The family Closteroviridaeis characterized by flexuous filamentous virions ranging from
7002000 nm in length (Coheet al, 1992).Closteroviridaehas tlee taxonomic groups
basedon virus genome organization and type of vector needed for virus transmission.
These groups include gen@osterovirus(monopartite, transmitted by aphids), genus
Ampelovirus(monopartie, transmitted by mealybugs) am@nus Crinivirus (bipartite,

transmitted by whiteflies) (Wislest al, 1998).

SPCSV a crinivirus,is the only virus of the familZlosteroviridaeknown to infect sweet
potato. It is a bipartite phloetimited virus that is transmitted by two whitefly speciBs,
tabaciandTrialeurodes abutilonean a semipersistent nostirculative manne(Sheffield,
1957; Schaefers and Terry, 1976; Cobkeal, 1992; Wisleret al, 1998;Simet al, 2000).
It is not sap transmitted. SPCSV has a wide host range includirmyshromoeaspecies,
N. benthamianaN. clevelandii Amaranthuspalmeri and wild species of Lisianthus
(Eustoma grandiflorum (Cohen et al, 2001). Its genome comprises two SSRNAs
(Agranovsky, 1995) encapsidated by the major coat protein {@aAgrapsidatig about
95% of RNA and the minor CP (CPmkgncapsidating only about 5% of RNAPCSV
possesseihe second largest sSRNA genome among plant virusesCéftes tristeza virus
(Kreuzeet al, 2002); the genome probably has 12 ORFs, RNAL1 (9407 nt) héivang
putative ORFs and RNA2 (8223 nt) containing seven putative ORFs. Jdral 2ioes not
have a poly (A) (Agranovsket al, 1991) tail and the Herminus has a methylated

nucleotide cap (Cohest al, 1992).
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Sweet potato plants singly infected withGG®/ show only mild symptoms (Gibsen al.,
1998; Mukaseet al, 2006). However, the virus synergises hetereges viruses in co
infections causing severe symptoms (Gibsbal., 1998; Karyeijeet al, 2000; Mukasat
al., 2006) The disease caused WhBRFMYV is synergised isnown as sweet potato virus
disease (SPVD@and is the commonest of these complex8RCSV isolates can be
differentiated into East African (EA) and West African (WA) isolatemmnad after the
regions from which they were first dedwed (Alicai et al, 199%). Serological and
molecular characteristics show that all East African isolates and some Samgthcén
isolates belong to the EA group while isolates from elsewhere Wikl including West
Africa belong to the WA group (Alicaet al, 199%; Fenbyet al, 2002; IsHaket al,
2003). Fewer of the genome encoded protein functions are known compared to those

encoded byotyviridaegenomes (Table dersusb).

Table 5.Known functions of some genome encoded proteins of clostesear

Protein Functions Referencés)

L-Pro/RPro Proteinase Agranovskyet al, 1994; Pengt al, 2001
Cell-to-cell Penget al, 2001;
movement Peremyslovet al, 1998; Peng and Dolje
Replication 2000

Met-Hel-RdRp RNA dependent Peremyslowet al, 1998; Yetet al, 2000;
RNA Polymerase  Erokhinaet al, 2001
Localized to

membranes

23



SHP Cell-to-cell Alzhanovaet al., 2000

movement
HSP70h Cell-to-cell Peremyslowet al, 1999;
movement Alzhanovaet d., 2001;

Virion assembly Napuliet al, 2000
Attached to virion

P60 Cell-to-cell Satyanarayanet al, 2000;
movement Alzhanovaet al, 2000

Virion assembly

CP RNA encapsidation Agranovskyet al, 1995;
Cell-to-cell Alzhanovaet al, 2000: 2001
movement

mCP/CPd RNA encagidation Agranovskyet al, 1995; Tiaret al, 1999;
Cell-to-cell Alzhanovaet al, 2000; 2001;
movement Tianet al, 1999

vector transmission

2.2.3 Family Geminiviridae

Viruses in the familyGemniviridae have particles that resemble paired spheres (Bbock
al., 1974; Lazarowitz, 1992) made of a protein coat asldNA that is either single
component for monopartite viruses or two components referred to as DNA A and DNA B
for bipartite viruses (Lotrakul, 2000). The circular ssDNA has a number &sQRrying

amongsthe different genera. However, the ORF encoding CP maps to similar positions on
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the single component genorard DNA A of the two component viruses. Also, the ORFs
involved directly in DNA replication are found on the complementary seitte DNA of
both monopatrtite viruseand of DNA A ofbipartite viruses.Geminiviruses have a highly
conserved Alrich noncoding intergenic region (IR) (TAATATTAC) that is in a similar
position in both monopartite and bipartite viruses (Lazarowitz, 198%) which is

essential for replication (Stanley, 1995).

Geminiviruses infecboth monocotyledonou86squePérez, 2000; Hanet al.,2001)and
dicotyledonous plants (Maff 1999; Legg and Fauquet, 2004; Liaegal, 2008) ancare
transmitted bythree goups of insectdeafhoppers, treehoppeos whiteflies (Chunget al,

1985; Lotrakul, 2000; Lotrakuet al, 2001). The family is divided intofour genera
(Mastrevirus, Begomovirus, Curtovirus and Topocuviru3 on the basis of genome
organization, virus host range and virus vector species (Fauquet and Stanley, 2003; Stanley
et al., 2005). Geminiviruses infecting sweet potato are restricted to two genera

MastrevirusandBegomovirus

2.2.4 GenusMastrevirus

The name Mastrevirus was derived from the type epies Maize streak virus
Mastreviruses are monopartite, infect both monocotyledonous (Lazarowitz, 1988) and
dicotyledonous plants (van Regenmodehl, 20®) and are transmitted by leafhoppers in

a persistent mannefhe Mastrevirusgenome isc. 2600 to 2800 nucleotidesd contains

two conserved IR, the large IR (LIR) and small IR (SIR) located at oppositeo€tiaks

viral genome (Figli; Gutierrez 1999; Hanget al, 2001). In addition, the genome has four

ORF, two in the virion strand designatedl ¥dand V2 which are essential for virus
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movement (Lazarowitzt al, 1989; Boultonet al, 1993) and the other two in the
complementary strand designatedl &nd C2(Fig. 1i). V1 encodes protein involved in

virus movement from celio-cell of host plants. V2, C1 (also known as Rep A gene) and
C2 (also known as Rep B gene) encode virus replication associated proteinsnBoult
2002 Palmer and Rybicki, 1998). The Rep A gene occurs exclusively in mastreviruses
(Boulton, 2002).Some sweet potato contain a measittus which is identifiable only by

deep sequencing, which appears to cause no symptoms and which is presenvenmyly at

low titres (Mbanzibweet al, 201J.

LIR IR

(p.n%uc\w,,
\

V1 (MP)
c1
(RepA) 1 ﬁ‘
(Rep)
va(CcP) {
—
C2 \—/

V1(CP)

(RepB) oy .
1) Mastrevirus 11) Curtovirus
IR
v2
/2
c1
(Rep)
ACH
(Rep)
V1 (CP)
c2
b
= C3 (REn)
11) Topocuvirus ) Monopartite Begomovirus

Figure 1. Genome organisation of the fo@eminiviridaegenera. The curved sections
each repreent an ORF and the circle going through all the curved sections is the ssSDNA

Source: Fauquaet al (2005).
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2.2.5 GenusCurtovirus

Curtoviruses,type specieBeet curlytop virus are monopartite virusegansmitted by
leafhopper species Clrculifer tenelus) in a persistent manner and infect only
dicotyledonous plants (Mumford, 1974; Stanletyal, 1986). The genome is. 3000
nucleotides and has one IR and seven ORFs, four in complementary strand and three
overlapping in the virion strand (Fig. LiV1 encodes CP, V2 encodes proteins involved in
regulation of ss and dsDNA, and V3 encodes movement protein (MP) that texabth

to-cell movement of the virus within host plant. The complementary strand ORF C1
encodes replication (Rep) protein, @%rotein of unknown function, C3 Rep enhancer

(REN) protein and Cd protein that can initiate cell division (Hormuzdi and Bisaro, 1995).

2.2.6 GenusTopocuvirus

There is only one virusTomato pseudgourly top virusthat is currently known to be a
Topocuvirusand thisoccurs in the southern United StatdsAmerica It is monopartite
andtransmitted by treehoppeiMicrutalis malleiferaFowler) in a circulativgpersistent
manner to only dicotyledonous plants (Briddetral, 1996). The genome hasonserved

IR and six ORFs, two in the virion strand that encode for CP and MP, and four in the

complementary strand that encode for replication (Hig. Gutierrez, 2002).

2.2.7 GenusBegomovirus

Most geminiviruses are begomoviruse¢Bere areat least102 species and 4gutative
species(Fauquetet al, 2003). The type specias Bean golden yellow mosaic virus.
Begomoviruses infect only dicotyledonous plants and are transmitt&d taypaciandB.

argentifolii whitefliesin a persistent manner (Markhahal, 1994) Most begomoviruses
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are bipartite (Stanlegnd Gay 1983) with their genomeomprisingcircular DNA A and
DNA B componentgRevill et al.,2003)with different nucleotide sequences, in addition to
aconserved IR in each genomic component (Ortild., 2000; Lotrakul, 2000; Lotrakul

et al, 2003). However, an increasing number b&fgomovirusesare being identified
including all sweet potato geminivirusésweepoviruseswhich havea single genomic
component equivalent to the DNA A component of bipartite begomoviruses (Roeyr

et al, 1992; Briddon and Markham, 1995; Briddon, 2002) (Hig). These also infect
only dicotyledonous plantare transmitted by whiteflies and are therefore retained within
the genusBegomovirus The ssDNA molecules dfegomoviruses have. 2500 to 2800
nucleotides.The monopartite genome encodesotein products responsible fearious
functions;AC1 is involved in replication, AC2 acts in transcription, AC3 encodes for REn
protein, AC4 appears to influence symptom dmmentand AV1 encodes coat protein
which is essential for insect transmissi¢Briddon et al, 1989; Boultonet al, 1989;

Lazarowitzet al, 1989 Regderet al, 1994).

Most begomoviruses cluster as either New or Old World but sweepoviruses apipaae to

no clear origin (Briddoret al, 2010).All the ‘New World’ and most of the ‘OldVorld’
begomoviruses have two component genomes with only a few single component ones in
the ‘Old World’ (Fig. 2). This geographical distribution is still clear despite worldwide
movement of infected plant material and the frequent-gpiecies recombination events
common with begomovirusefGarridocRamirez et al., 2000). Following phylogenetic
analysis, begomoviruses reported from swaetato and othetpomoeaspeciesappear
distinct from all other begomoviruses, branching from the main line of begomoviruses

early in their phylogeny(Fig. 2), and have been named sweepoviruses (Fauquet and
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Stanley, 2003; Briddomt al, 2005). Sweepoviruses include SPLCV, ICLCV, SPMCG
and IYVV (references are in Tablea®d Appendix 1). A number of putative species have

been reported from Spain (Lozaebal, 2009)and Uganda (Wassve al, 2011).
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Figure 2. Phylogenetic tree of begomoviruses showing position of sweepovitBses.

after some GenBank accession numbers indicates ‘bipartite’ vifidaed al, 2008).
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2.2.7.1 Taxonomic criteria for species demarcation in famileminiviridae

The basic requirement for considering any particular virus as a distincespethat mar

than one discriminating character should be considered for distinguishing species (May
and Pringle, 1998; van Regenmorstl al, 2000; Fauqueet al, 2005). The following
characteristics have been established for classification of geminivifRadshm et al,

1995; Brownet al, 2001; Fauquet and Stanely, 2003; Fauetiel., 2003; Briddoret al,

2008; Fauquegt al, 2008).

I Presence or absence of the DNA B component determining whether the virus is
monopartite or bipartite.

il. Presence or absence@RF AV2. ‘Old World’ begomoviruses have both AV1
and AV2 whereas AV2 is missing in ‘Neworld’ begomoviruses.

ii. Natural host range and symptom expression. Some geminiviruses infect either
dicotyledonous or monocotyledonous plants while others infect both.

2 Different vector species. Insects involved in transmission of mjgmises
include leafhoppers, treehoppers and whiteflies.

V. Nucleic acidsequence identity. Identity <89% is generally indicative of a
distinct species.

Vi. Amino acid sequence identity. Identity <90% may be indicative of new species.
In addition, virions of different virus species should react differently with key
antibodies.

Vii. Use of Rep protein to trasieplicate genomic component. If the Rep protein

cannot trans-replicate the genomic compon¢imgdicates a distinct species.
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viii.  Use of pseudorecombinar(isnly possible for bipartite viruseslor a distinct
species, there should be no pseudorecombination between compohents

already known virus species.

2.2.8 Family Flexiviridae

Virus members werérst collectively assigned tahe family Flexiviridaein 2004 Adams
et al, 2004) and by the year 2009three new families - the Alphaflexiviridag
Betaflexiviridaeand Gammaflexiviridae were split from the original family by the ICTV
(Astier, 2008).Carlaviruses of the famil¥lexiviridae with type specie€arnation latent
virus, have a positivsense ssRNA genome with virion size6if0 - 690nm in length.
Virus particles are highly flexible and filamentous thus the nkhagiviridae (Foster and
Taylor, 1998; Astier, 2008). The gen@arlavirus contains thirtyfive described species
and twentynine tentative species (Astier, 2008) amtransmissibldy sap andn a semi
persistent manndyy the aphids The vector oSPCFV iscurrently not knownAppendix
1). SPCFV forms ‘pin wheel’ aggregations in the cytoplasm of infected éelfn{set al.,
2004). The virus infects sweet potato and some plant species in the families
ConvolvulaceaeChenopodiaceaand Solanaceaebut causes mild or no symptoms in

infected sweet potato plants (Foster diaglor, 1998; Arituaet al, 2009).

2.3 Virus identification

Determining viruses present in plants is-pgquisite to any control measure (Agrios,
2005). There are several ways of identifying plant viruses. Vintecied plants can be
identified through symptom expression in host plants but symptoms vary with cropsspecie

or varieties, season, pathogstnain and whether the plant is infected with one or more
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viruses (Moyer and Salazar, 1989; Mukasal, 2003). In latent infections, plants can be
considered virus free whetiney areactually infected making it difficult for farmers,
extension workers or even researchers to select for virus free plants (blall#GH) More
reliable techniques used for virus identification include electron microscopy, seralogic
tests, plant infectivity assays (indicator plants/biological tests) aneioumtid analysis
(Torrance and Jones, 1981; Torrance, 2005; Lievens and Thomma, 2005;elamhes

2006).

2.3.1 Plant infectivity assays

Different plants respond differently to viruses; some show clear and distingthg@ns

while others remain symptomless after infection with different viruses. Tivbggh are

very susceptible and show clear symptoms are used as indicator plardg 1989; De
Bokx, 1970; Allen and Matteoni, 1991; Candresse, 20BiAnt species commonly used
includeGomphrena globosa, Phaseolus vulgaris, Chenopodium quinoa, C. amaranticolor,
Petunia hybrida, Ndebneyi, N. benthamiand&|. tabacumand Ipomaea species (Lister,
1959; De Bokx, 1970; Allen and Matteoni, 1991). For sweet potato virusas$,and|.
setosaare commonly used. setosas considered to ba nearuniversal indicator plant for
sweet potato viruses (Clark and Moyer, 1p8Bifferent indicator plans have different
optimal growth stages at which they should be inoculated with the virus for the best
response. The cotyledons of faba beans are very sensitive to some virusasagAll
Matteoni, 1991) while plants lik€henopodiuntan beused up to the ten leaf stage (De
Bokx, 1970). However, most indicator plants likesetosaare best used at the two leaf

stage.
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There are quite a number of ways used to inoculate indicator plants with the virus, some
being better than others for a givg@lant and virus type. Those most commonlgdis
include use of vectors, sap and grafting (Lister, 1959; Cagtiad, 2008). With insect
inoculation, virus free insect vectorsared for generations on confirmed healthy plants in
cages are collected taking care not to damage them. Vectors are starved for a pediod of 3
hours and then fed on diseased plants for a period ranging from a few minutes to a couple
of days depending on the relationship between the virus and vector (Girardeau and
Ratcliffe, 1960; Schaefers and Terry 1976). The relationshaégther norpersistent, semi
persistenbr persisten{Smith, 1924; Watson, 1960; Watson and Plumb, 1972; Brown and
Bird, 1992; Bedfordet al, 1994;Wisler et al., 1998; Sim et al, 2000; Johnsoet al,
2002).The viruliferous vectors are then transferred to healthy indicator plantg&s ¢ar

inoculation feeding for 3-4 hours (Cohand Duffuss1989; Escritet al,, 2000.

Sap inoculation involves preparirggvirus suspension from infected plants. Theusiin

sap is then introduced into healthy indicator plants. To avoid inhibitors in plant sap
purified virus suspensionsan beused (Lister, 1959; Semancik and Weathers, 1965).
There are several ways of introducing the inoculum to indicator plants.fldsgpoay gun

often coupled with the use of an abrasmects inoculum deep into the tissues of the host
plant. Also inoculation can be done by stroking the plants withgar or even &oft brush
contaminated with virusentry wounds for viruses are produced on leaves of indicator
plants byusingan abrasive such as carborundum or celite (Garnsey, 1974). Indicator plants
react by forming localized lesions on the inoculated leaves or by showstgnsg

symptoms on new leaves in a week or so (Lister, 1959; Garnsey, 1974).
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Often, inoculation of. setosais by grafting. During grafting, a vascular union is formed
between stock and scion. Because plantsadmeost always systemically infected by
viruses, viruses spread through the union (Navatral., 1984; Galipienscet al, 2001).
Grafting is time consuming but is less laborious for a few plants and moraweetisin
some techniques like ELISA. Although the technique is in most cases limited tty close
related plantssome distantly related specidsy example,of solanaceous plants like
potato, tomato and thorn apple are graft compatible (Nauetyal., 1958; Ashkennazi,
1974;Schneider, 1978). Parasitic dodder pladtgqcutaspecies) caalsobe used in cases
of some species where virus transsion through grafting is rarely successful though it is
guite cumbersome. Species such Gscampestrisand C. subinclusacan be used to
transmit virusesgonnecting the vascular systemdlofdiseased antéstplants Carraroet

al., 2008.

Plant infetivity is nonspecific and, using grafhoculatedl. setosa detects nearly all
viruses that infect sweet potato. The technique is slow requiring a long tinoel peri
symptoms to showin addition, symptom expression is influenced fagtors such as
envronmentand virus strains (Lister, 1959; Garnsey, 1974) and it is important that the
plants be kept long enough to allow the symptoms to appteavever, it can be very

sensitive andhdicator plants areftenused as the first of a series of tests.

2.3.2 Electron microscopy
Virus particles can beisualisedonly using an electron microscope (MacRae and Mukesh,
1998). Tissue extracts are negatively stained with an electron dense stain f2%h as

sodium phosphtungstate (PTA) or uranyl acetate and viewedder a& electron
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microscope Brenner and Horne, 1959The advantagef electron microscopy is that it
does not require virus specific reagents and can identify a broad range of viruses
(Nebesafoval and Vancova 2007).The techniqualsodoes not require special storage of
samples; it has been used by Schoefpal (2004) for the detection of viruses in infected
tissue preserved for decades in unknown solutions. Elongate virus particlesasu
SPFMV and SPCSV which are flexuous rods and rod shaped or filamentous viruses are
readily distinguished from spherical ones such as SPh@\fmay not be identified further
Electron microscopylsoworks well only if high concentrations of viruses giresent

The equipment isvery expensiveand cumbersomgMacRae and Mukesh, 1998).
Moreover, unlike ELISA angolymerase chain reactiofCR techniques (Hu, 1995),
electron microscopy is not suitable for screening large numbers of esnBecause of
these limitations of electron microsggpmmunological and molecular methods have been

developed (Boltovetst al.,2002; Mumfordet al,, 2006).

2.3.3 Serology

Serology involves use of antibodies which are produced in aniafi@sinjection with
specific antigens (Cadendinojosaand Campbell, 1981; Bazin, 1982; Cerovskaal.,
2002). Plant viruses are essentially made of proteins and nuclei¢ anidisa protein
component generally the coat proteiprovidesantigers when a suspension of purified
virus particles is injectedhto an animalfor example a rabbit or mouset is against these
antigens that antibodies are formed (Bazin, 1982; Nikola¢\ad, 1995; Abouzidet al,
2002; Menget al, 2003). Antiseum produced from a single cell type extracted from the
spleen of an immunized mouse consaime type of immunoglobulin or antibpand is

termed amonoclonal antibody (MAb; Bazin, 1982ammondet al, 1992). These
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antibodies aremostly used for specific virus detectiothough some are quite bba
Polyclonal antibodies (PAb) are a mixture of immunoglobulins naturally produced in
rabbits or other animals when they are injected with viral antigen (Ceretsida 2002)
and are used foslightly broaderspectrum virus detectigrior example, all stains of a

virus (Hammoncet al, 1992).

Serology providesquick method andthe procedure is simple. However, serological
techniques are limiteghainly to detectingvirus coatprotein,and coaproteinsare prone to
degradation by proteases samplemaerial whennot kept under special conditions (
80°C) for long periods (Torrance and Jones, 198iijyoids consist of naked RNA
unencapsidatedy a protein coat (Tsagriet al, 2008; Diener, 1971) and cannot be
detected serologidgl Again if the virusitre is very low, a serological technique may give
false negative results (Owens and Diener, 1#benshade and Moyer, 19&2andresse
et al, 200Q. Furthermore, serology is less effective where changes such as recombination
(common in geminivirusesGarido-Ramirezet al., 2000; Pita et al., 2001) occur in the
coat protein of viruses. Serology includes techniques such as serolegadific
electron microscopy (SSEM) and enzyme linked immunosorbent assay (EBHESA is

mostwidely used today.

2.3.3.1 Serologicallyspecific electron microscopy

The technique combines both serology and electron microgétgikian et al, 1972)
SSEM involves coating of theitrocellulosecoatedcopper EM grids with antiserum. The
grids are floated on sap extraetsd the virus is theretained bythe antibodies. The grid

then stained and viewed. Trapped virus can also be ‘decorated’ by coatinghitaitai
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furtherantibodies before staining. The detection can be enhanced by tagging the antibodie
with gold or amilar labeling (Kapikianet al, 1972). SSEM is quite sensitive afairly
quick but involves the use of electron microscope which makes it expensive (MacRae and

Mukesh, 1998) and is probably most suited to analysis of a few samples.

2.3.3.2Enzyme inked immunosorbent assay

Enzyme linked immunosorbent assay (ELISA) is rapid, simple (all stems aes be done

at room temperature), economical in use of antisera and relatively sensitivvmagsietect

as little as 10 ng of virus. The technique is suited to testing large numbers of samples
(Hammondet al, 1992) and can be used simultaneously to detect and quantify the virus by

observing and measuring the intensity of colour development.

Different types of ELISA are known depending on the numbeardibodies used during
the reaction and whether direct or indirect and these include, in increasing obrder
sensitivity, nitrocellulose membrane (NCELISA; that used bythe CIP uses two
antibodies: one to find the virus and another, tagged with an enzgrdetect th)s double
antibody sandwich (DAS-ELISA; uses two antibodies: one to trap and another, vagged
an enzyme such as alkaline phosphatase, to Hetedttriple antibody sandwich (TAS
ELISA; uses three antibodies: one to trap, one to find the virus and another, tagged with an
enzyme, to detect thisThe sensitivity of the technique increases with the increase in
number of trapping antibodies (Hobésal.,1987; Hammonet al 1992; Stipkovitset al.,
1993).ELISA procedures are either direct (Hobdtsal., 1987) or indirect (Stipkovitet

al., 1993)in two ways;there is directversusindirect ELISA based on whether the antigen

is directly trapped by the substrate (NEELISA) or indirectly by an antibod{DAS- and
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TAS-ELISA), or whether thevirus is directly detected by a labelled antibody (DAS
ELISA) or indirectly detected by firatsing avirus specific monoclonahurine antibody

(MAD) followed by a labelled antnouse antibody (TAELISA).

In NCM-ELISA, sap or sempurified virus is fir¢ spotted onto the nitroellulose
membrane and allowed to dry for 30 minutes. The blattedhbrane can then be kegit
room temperature conditiorier future analysisallowing samples to be taken different
laboratorieso continuethe detection. Remaimgy absorption sites are then blocked with a
high protein solution. Thenembrane is therfollowing CIP protocolprobed withthe first
virus specificantibody(lgG) for reacting with the antigen (Priou, 2001) followedamyi
rabbit antibody which finds the first antibadys sensitivity is comparable to that of DAS
ELISA yet it is simpler to perform than DABLISA and TASELISA (Banymandhub-
Munbodh 1997).Unlike with DAS- and TASELISA, after adding the substratdCM-
ELISA positive reactions stored at room temperature remain stabledos.yFor positive
reactions, colour development is proportional to the amount of virus in the sample thus
allowing somevirus quantification (Priou, 2001However, NCMELISA is generally less
reliable than DAS and TASELISA for both detection and quantification of the virus

because colour intensity is measured by visual observation.

With DAS- and TASELISA, microtitre plates are used as a support for reagents instead of
a nitrocellulose membrane. DASLISA first involves the use of polyclonal 1gG to coat
the plate, then the test sampbae applied This is followed by the antiirus conjugate
(IgG-AP) diluted in a high protein conjugate buffendthenby an appropriate substrate

for colour development. Results are assessed by visual inspection and@eotnetric
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measurement of absorbance (Clark and Adams, 1977). WithELASA, polyclonal IgG
coating antibody again is used to coat the plate followed by the test samples. Htvgve
is followed by a monoclonal IgG antibody (detecting antibddyted in a high protein
conjugate bufférprepared in a mousagainst the antigefvirus). This isfollowed by an
antibody against mouse conjugated with alkaline phoapb@tised in rat or gogigG-AP
diluted in a high protein conjugate buffer) that ‘finds’ the -@migen mouse antibody (or
Mab above) (Clark and Adams, 1977). Substrate is added and, like theEDSS,
results are assessed by spectrophotometric measurement of absorbancan(Chsatkms,

1977).The resits are semguantitative.

By using different antibodie separate microtitre plates,is possible to simultaneously

test plants for different viruses (Hammoed al, 1992; Ndowora and Lockhart, 2000;
Jameset al., 2006). Alsq using a mixture of sm#ic antibodies several viruses can be
detected (but not distinguished) at the same time using the same membrane or microtitre
platefor example, for phytosanitory purposétowever,ELISA has got some limitations.
Antibodies that can detect SPFMV, SPMMAhd SPCSV are readily available but
antibodies for the detection of some viruses like SPLCV are not yet developed. The
technique is less sensitive than some techniques such as PCR (Hu, 1995) esptwally if
virus titre in the plants is low. ELISA alsequires polyclonal or monoclonal antibodies
specific for each virus of interest that do not cross react with plant proteinm{bladet

al., 1992; Abouzicet al, 2003.
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2.3.4 Nucleic acid analysis

Nucleic acid analysis procedures are based on theipienof nucleic acid hybridization
between two morer-less complementary single strands of nucleic acid (Strachan and
Read, 1999). Nucleic acid detection is very sensitive and can detect virus in plant tiss
with low virus titres that could not be detected by serology (Hu, 1995). The technique can
also be used to detect vis which lack the CP and could thus not be detected by
immunology. Several nucleic acid analysis procedures are now available, majmedes

to increase sensitivity (Peteztal, 2004), alter specificity (Kutyaviet al, 2000) or allow
automation of detection (Rutledge, 2004; Lievens and Thomma, 2005; Mustfaid

2006).

2.3.4.1Nucleic acid spot hybridization

Nucleic acid spot hybridization involves immobilizing DNA or compésrtary DNA
(cDNA) on a nylon membrane. The nucleic acid is then probedandbéled sequence by
molecular hybridization (Cox and Singer, 2004), different methods being usedaafter
depending on the label. DNA or RNA probes are used of which each has got aglvantag
and disadvantages. Unlike DNA probes, sirgjlanded RNA probes can hybridize with

the target sequence without-aanealing and RNARNA hybrids are more stable than
DNA-RNA hybrids. However, the potential risk of degradation of RNA prohes td
RNAase contamination during hybridization and high costs of generating such probes
make the use of DNA probes more common in virus detection assays (Cox and Singer,
2004). Nucleic acid spot hybridization can detect both single and double strandsdfor

nucleic acids of viruses. The technique is more sensitive than ELISA, capable thdetec
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5-10 pg of virus. However, nucleic acid spot hybridisation is labour intensive and takes

longer than ELISA (Hu, 1995).

2.3.4.2Polymerase chain reaction

PCR sgarts with nucleic acid extraction from the plant tissue by methods such as CTAB
(cetyl trimethyl ammonium bromide; Lodht al 1994) and TRizol (Stewart and Via,
1993). These methods are designed to extract DNA and/or RNA. PCR involviés
reactionssynthesizing several copies of DNFor RNA viruses including SPFMV and
SPCSV, a cDNA strand complementary to the virus has to be synthesised figst usi
reverse transcriptase (RT) enzyme thus the name reverse transcriptiorefaaly chain
reaction RT-PCR). Like for ELISA, multiplex PCR can be used to simultaneously detect
several viruses in a sample (Bertolgti al., 2001; Wittweret al, 2001). PCR/RIPCR

uses forward and reverse oligonucleotide primers which bind to op@rsls#3'-5" and

5’-3’, respectively) of the viral nucleic acid region of interest (Gibbs and Mackenzie,
1997). Some primers can be designed using regions of the viral genome awhich
conserved among viruses of one grauplthese are used to detect more thae w@irus
within a group (Roja®t al, 1993; Wyatt and Brown, 1996; Gibbs and Mackenzie, 1997;
Saldarelliet al, 1998;Chen and Adams, 2001). On the other hand, specific primers are

designed to anneal to specific regions of a virus isolate, strain oespec

Multiple copies of DNA are made using Taq DNA polymerase in repetitive steps of
denaturation, annealing and extension carried out in a thermocycler rapidigiraipa
temperatures in a cycle. Final results are obtained at the end of the reactiamgby gsl

to separate the different components, staining using ethidium bromide and finally
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visualizing using ultraviolefUV) light. PCR assays are highly sensitive (Hu, 1995) but the
techniquerequires prior knowledge of the viral genome of at least two sections of about 25
nucleotides upon which forward and reverse primers are designed (Gibbs andifiacke

1997).

2.3.4.3Reaktime quantitative polymerase chain reaction

Realtime quantitative polymerase chain reactiofgPCR) uses the principle of
conventional PCR (Gibsomet al, 199@; Giulietti et al, 2001; Liu and Saint, 2002). Like
for PCR, if the target nucleic acid is RNA, it is changed first to cDINAfluorescent
labelsare addedDuring the reaction, signals from the labels are captured bgoimguter

and displayed.gPCR streamlined the problem of quantifying gene expressions in
organisms (Ginzinger, 2002) and the important feature git@R is that the amplified
DNA is simultaneously detected and quantified as it accumulates in the redbieoa are

two methods commonly used gPCR; the SYBR green and the fluorescent probe method

(Bustin, 2004).

2.3.4.3.1SYBR green method

SYBR green is a dsDNA intercalating dye for non probe assays (Zpdér 2004).This

green dye which binds to allsDNA and emits light that is detectadd transnited to a
computer during the reaction is added to the usual PCR mixture3)Fighis dye only
fluoresces when bound to dsDNA. Therefore, an increase in DNA product during PCR
leads to an increase in @rescent intensity detected by computer (Liu and Saint, 2002).
Though sensitivity partly depends on cDNA synthesis conditions (Lekatnak 2002)

the SYBR green method is generally less sensitive thaordscent probe methaas the
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dye binds nosspecfically to all dsDNA including primedimers (Peteret al, 2004).
SYBR greengPCR sensitivityis greatlyimproved by reducing primegimer formation

(Vandesompelet al, 2002; Peterst al, 2004).
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Greendye emits light after
bindingto dsDNA

Figure 3. dsDNA-dye complex showing light being eneitl

2.3.4.3.2Fluorescent probe method

In the fluorescent probe method, a normal PCR mixture is prepared (Liu and Saint, 2002)
and in addition to the forward and reverse primers, a probe with a quencher at the 3’ end

and fluorescent reporter dye at tHexird is added. Some of the dyes used for the quencher
are TAMRA, non florescent quencher (NFQ), black hole quencher (BHQ)daok
guencher while reporter dyes include FAM, VIC or JOE among others. Because the
reporter dyes have a short wave length (ndismgreen) they can fluoresce while the
guencher dyes (normally red), as they have a long wave length, remain udaffigdte

the reaction. In addition, the probe is phosphorylated at the quenchesn@'to stop it

from extending during the reactionThe probe is designed to hybridize between the two
primers (Fig.4). As with the primersthe probe is designed to be complementary to the
target DNA/cDNA and both RNA and DNA probes can be used (Kutyatial, 2000;
Costaet al, 2004). When intact, the probe will not fluoreg@eis quenched)During a

PCR reactionthe primers and probe anneal to the respective complementary DNA strands.

The forward primer is extended and the probe is displaced by the new strand. In addition
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the Taq polymerase has an exonuclease activity that cleavegditerréye from the 5’ of

the probe. Separation of the reporter dye from the quencher molecule results in
fluorescence (Fig4). Fluorescence increases exponentially as the number of amplified
copies increases until reagents reduce resulting in a linear phase andiioadlyplateau
when all reagents are depleted (Costaal, 2004). Applied Biosystems developed the
florescent probe method described above and this tyge©R is often known as Tktan

after their brand name.
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Figure 4. The mechanis of TagMan # CRRT-gPCRreaction

Source:http://www.nature.com/emboj/journal/v20/n9/fig_tab/7593722a_F2.html

As the reaction proceed®r both SYBR green and fluorescent probe methods, the

amplicon accumulation is detected and translated @GR sigmoid graph (Figh). The

graph has three phases exponential phase (reagents are abundant and the curve grows

exponentially),a linear phase (reaction starséowing down as a result of decrease in

reagents) and plateau phase (reagents depleted
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y-axis showsthe number of nucleic acid amplified copies (or normalized repdter

while the xaxis shows the cycle numbierthe reaction.
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Figure 5. ThegPCRamplification graph

The exponential phase is the most important and reliable phase for detection and
quantification of nucleic acid. Therefore, two important values of the curve angutedn
within this phase. One is the threshold line value (red line,Sithat indicates the value

for amplified nucleic acid copies at which background fluorescence can no longiranter
with the target reaction fluorescence. The other value is the cycle thte&iplvalue

(blue line, Fig 5) that shows the cycle number at which significant increase in amplicon
was first detected at the threshold liféese two values are used to calculate the relative
quantity of target nucleic acidsingfor instance, thetPe" Peltd CMmethod(Livak and
Schmittgen, 2001) takg into accounta housekeeping gen® normalisedifferences in

target nucleic acid¢oncentrations between samp(&geller et al, 2000; Van Hielet al.,

2009) BecauseggPCR amplicons are detected as they accumulate after every cycle, the
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technique can be used for simultaneous detection and quantification of DNA/RNA. The
greaer the starting copy of the targeted nucleic acid, the sooner a significeadasadn
fluorescence is observeohd thesmalker the Ct valueA negative reaction (green line, Fig

5) shows no Ct value and is instead indicateduadetermined’or negative(Livak and
Schmittgen, 2001)Although any Ct value above 38ay betreated as suspect, the reaction
continues for 40 cyclesThe fluorescent @be method is a more sensitive and reliable

technique thathe SYBR green method but is more expensive (Bustin and Nolan, 2004).

With conventional PCR, results are obtained at the end of the reaction by rumigel,t

staining using ethidium bromide @rfinally visualizing usindJV light. gPCR is a faster,

more sensitive and safer method. It detects the PCR products as they accumihiate
reaction after every cycle and avoids the usgedfdangerousthidium bromide andV

light (Souazeet al, 1996; Ginzinger, 2002).

2.4  Symptoms and yield effects of sweet potato viruses

There are many sweet potato viruses reported worldwide but only a few have bean show
to affect yieldand especially when they occur in -fections. amage ido the quality

and size of leaves andf storage roots. Some viruses of major economic importance
include SPFMV, SPCSV, SPMMV and SPLCV. SPFMV is found worldwide wherever
sweet potato is grown (Table 3) and some strains can imdoteracking (Campbelét

al., 1974; Usgi et al, 1994) and/or internal corkiness in susceptible cultivars (Milggm

al.,, 1996; Karyeijaet al, 199&). SPFMVtinfected plants caryield 50% less than
uninfected controls with smoother and less mature storage roots but foliage sesgig

to remain unaffected (Gibsoet al, 1997 Njeruet al, 20094. SPFMYV rarely induces leaf
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symptoms in infected plantxcept when first infectingBrunt et al, 1996; Kokkinos,
2006)when symptomsan include leaf mottling, vein chlorosis, dwarfing and poowgno
(Fig. 6). Effects are much worse if SPFMV -aofects with SPCSV, resulting in synergism
of the SPFMV; plants develop leaf symptoms (Fig. 6) typical of a potyvirus {mosa
stunting, vein clearing etc). The disease is called SPVD and it reducesefdstoy up to
98% (Schaefers and Terry, 1976; Ngeve, 1990; Ngeve and Bouwkamp, 1991; &ibson

al., 1998;Karyeijaet al, 2000; Gutierreet al, 2003).

SPMMV also rarely causes symptoms of leaf chlorosis and rug®ésity6) in susceptible
sweet potatglants when it occurs as single infection andeéms to have neffect on
yield. The virusis, like SPFMV, alsosynergised by SPCSVeaf symptomsheninclude
chlorosis, rugosity, leaf strapping and dark green isléRuds 6), and tle disease is calte
sweet potato severe mosaic disease (SPSWMD)t reduces the storage root yield by up to

80% (Mukasaet al, 2006).

By itself, SPCSV stunts sweet potato plants and can cause reddening, purplilogadicc
yellowing of leaves(Fig. 6) (Schaefers anderry, 1976; Gibsoret al, 1998). These
symptoms can be mild or absent but yield loss of up to 50% has been reported @bibson

al., 1998; Mukasat al., 2006).

SPLCVis reported tdavereducel the yields of cultivar Beauregam U.S.A by 26% and
caued grooving and skin darkening (Clark and Hoy, 2006) but the disease rarely causes
interveinal chlorosis and leaf curling symptoms in infected plants (Bbckl, 1974).

SPLCUV was found not to bs&ynergisedvhen ceinfectedwith SPCSV perhaps the only
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sweet potatenfecting virus not to béWassweet al., 2011). There is a need to combat the
effects of these viruses by exploiting the possible resistance meaulkatosviruses of

economic importance. This can sustain sweet potato production in developing countries.
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Figure 6. Virus associated symptoms in sweet potato plaatsplantwith SPFMV
showing vein clearing b) purpling and chlorotic spots typical of SPCSV, c¢) mottling
characteristic of SPMMV, djlark green islands (arrows) associated wibFinfection of
SPMMV + SPCSV, epand f) severe symptoms due toinfection of SPMMV + SPCSV
and SPFMV + SPCSV, respectively, g) external root cracking induced bygbet icrack
strain of SPFMV, h) internadorkiness attributed to SPFMV and i) storage roots of healthy
plants (left) and SPVD affected plantglit) (Mukasaet al, 2003; 2006alsocontribution

by S. FuentesndL. Salazay
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2.5  Control of viruses

Unlike some fungal and bacterial diseases, plant viral diseases cannot be chemically
contolled (Hadidiet al, 1998; Clarket al, 2002). Therefore, strategies for viral disease
control have tofocus on preventive measuyesspecially oneshat can supplement each
other. These strategies must be designed to be simple, inexpensive and witimmteial
capacity of the farmers. Preventive measures can be achieved in severavhetys
include quarantine, resistant varietiesus free planting materiaind chemicals to control

the vector(Hollings, 1965; Hadidet al, 1998; Allam, 2000; Clarkt al, 2003). Biological
control of vectors can be effective for a few viruses but the cost of prodarethgeleasing
natural enemiemaybevery high (Baueet al.,2008) and it is often thesect vectorshat
move toa crop that are important to virtiensmission rather than the resident population.
Seed propagation couldiso be used to control viral diseases as seeds of some virus
infected plants may be virus free. However, this may not be an option in sweet potat
becausat is mainly propagated \getativelyand therebeing high variability in the seed

derived progeny.

2.5.1 Chemical control

Viruses cannot be directly controlled by use of chemicals but this can be ilydirect
achieved through controlling their vectors (Palundical, 2001). Everthen, chemical
control is effectiveonly for vectors thahave tofeed on a crop for several houiemt
persistently and persistently transmitted viruks SPCSVand SPLCV, respectively
which gives enough time for the vector to succumb to the p#sbeifore it transmits the
virus. If the vector needs to probe a diseased plant for oslyod time to transmitthe

virus (i.e. nonpersistentlytransmitted viruses like SPFMY}hen chemical controls
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unlikely to beeffective (Perringet al., 1999).Also, ®veral insecticides controlled pests in

the past but manpestshave now developed resistan@&:.tabacj a vector for SPCSV,
SPLCV and many other viral diseases of sweet potato and other crops, has developed
resistance t@rganophosphorusisecticides (Prabhakeet al, 1985 Toscancet al., 1997.

Ahmad et al. (2003) reported cases &. gossypi,a vector for SPFMV, developing
resistance to pyrethroids. Besides, chemical control is an expensive strateggny

resource poor farmers in Africa andnmostly feasibleonly in screenhouses.

2.5.2 Quarantine

There is considerable evidence tlatrently ubiquitous viruses (SPCSV and SPFMV;
references are in Table 3) were taken to areas where they had never existed bffotre. In
in some areas, these \@es have been identifiezhly recenly (Valverdeet al, 2004
Abad et al, 2007).Many othersweet potato viruses still hawerestricted distribution
(Table 3and Appendix L Many areas where these virusesnad currently occur appear
to have favourable environments for the viruses and vectors and inaseaseectors are
rife. Thus, the focal point in the control of potentiiéease epidemidsy such viruses is
firstly to restrict the movement of any plant material likely to carry the virus between
regions. The government of Uganda should implement rigoraise of inspection,
certification and movement permits for sweet potataterial as the newly introduced
strains may have more severe effects on the local varieties and the governyéatvena

limited capacity to contain them
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2.5.3 Use of resistant cultivars

The use of resistant or tolerant varieties has obvious advantages in decreasisgdabe |
due to virus diseases (Aritue al, 1998a; 1998b). Resistant cultivars can be developed
through a conventional breeding programme $£€iral1990; Valkonen, 1994) or through
transformatiorusing viralgenes (Abekt al, 1986).Resistance to SPCSV and SPFMV is
controlled by two separate recessive genes inherited in a hexasomic oisaetiad
manner (Mwang et al, 2002; DiazPendonret al, 2004).1t is therefore complicated (but

not impossible) to breed for.

It may also be possibl@ the future to transfer resistance genes figid sweet potato
related species (Valkonen, 1994; Huang and Sun, 28@dyeijaet al (1998b) identified

a wild Ipomoea specieshat exhibited extreme resistance to SPFMV, SPCSV and a
combination of both viruseslowever,accessions of this wild species need to be studied to
verify whetheror not this was an aspect of nbast esistance described by Heath (2000).
Moreover, mostwild species are diploid in nature whereas sweet potato is a hexaploid
complicatng the process of incorporating resistance from the wild species through cross
breeding(Diaz et al, 1996) Wild plants abo contain numerous undesirable traits. Apart
from all that, conventional breeding is laborious and requires much time (Jennings, 1957).
Each generation takea minimum of sweet potato growing season and a series of
backcrosses are needed to remove the undesirable characteristics &VilEgril989;

Morales, 2001).

Because sweet potato is vegetatively propagateday eventuallysuccumb to multiple

virus infectionsandcurrently, there are no cultivars with total natural resistdo various
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virus infections. Sweet potato landraces such as New Kawogo and many othersafom E
Africa have considerable resistance to SPFNIWvangaet al, 1995;Mukasaet al, 2006)

but resistance breaks down upaminfection with SPCSV(Gibsonet al, 1998) and they
arerelatively poor yielding (Gibsoet al, 2000). In single infections, these cultivars show
mild and transient symptoms or no symptoms at all (Giletoal., 1998; Mukaseet al,
2003). Considerable effort has beaadeby breeders and many cultivars have been bred
and selected for yield, quality and resistance. However, such varsiederesistant to

one or a few viruses buge susceptible to others. So, breeding for virus resistance might
require geng from severalsource plants further delaying andneplicatingthe process.
Breeding for resistance may also eventugllye rise to more severe virus isolates (van den

Boschet al.,2006; van den Bosatt al.,2007).

Of late, somebreeding programs havavolved farmers, researchers, extension workers
ard other stakeholders working togett{é/itcombeet al, 1996; Toomey, 1999; Solest
al., 1999; Gibsoret al, 2008; Mwangaet al, 2011).These participatory plant breeding
programsinvolve all plant breeding beneficiaries rabst stefs of breeding farmers and
researchers in particular being invet at an early stagdhe technique avoids losing
farmers’ preferred attributes in the new varieties aesults intheir better adoption
(Sthapitet al, 1996; Kornegayt al, 1996; Pandey and RajataserreRi999; Sperlinget
al., 2001; Witcombeet al.,2003; Gibsoret al, 2008; Mwangaet al, 2011). Farmers will
easily adopt a new variety if, in addition to the new characteristics inccedorsich a
variety retains a considerable percentage of its ofligittabutes. Otherwise, farmers have
a tendency of retaining much of their own stock (planting material) for répgaaten

though they know that such stock is not doing so well. Some of the attributes that make
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farmers retain their own planting materaak good eating quality, early maturity and good

storage root size.

Strategies have been sought to overcome the many limitations of conventicathhdpre

This has mainly been through transformation exploiting the viral CP gene thereby
mimicking CRmedided crossrotection (Baulcombe, 1996; Beachy, 1997;séral1998;
Savenkov and Valkonen, 2001; Cipriagti al, 2001; Okadeet al, 2001). Transgenic
resistance to a virus using viral CP was first achieved by Abal (1986); thereafter
several virusderived genes (Beachy, 1997) and untranslatable sequences (Lindbo and
Dougherty, 1992) have been successfully used to obtain transgenic plants resistant t
viruses. Since SPCSV plays a pivotal role in the development of synergism and SPVD
(Gibsonet al, 198; Karyeijaet al, 2000), transgenic resistance to at least SPCHgjtitm

be appropriate to control SPVilut SPCSV breaks CRediated resistand&reuzeet al,

2008). Also, achieving transformations without causing accidental deleterious efiects o
the phnt variety in the meantime is difficult and viruses may develop mechanisms to

suppress gene silencing in resistant transgenic plants (llitaér 2001).

The natural resistancef sweet potato plants to viruses is throughchanismsuch as
gene silening and reversion. In past studi€ibsonet al (1997) and Mukaset al (2006)
found many cultivars in Uganda to be naturally quite resistant to SPFMV and S8PMM
strains, showing only mild initial symptoms, from which they usually recovernaayl

revertto being uninfecte@Aritua et al, 1998l).
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2.5.3.1Gene silencing

Upon infection with viruses, plants employ a mechanism known as gene silageingt

the foreign genes entering the plant (Waterhaisa., 2001a; Vaucheret, 2001; Voinnet,
2001). Gae silencing is either dhe postiranscriptional (Palaquet al, 1997; Hamilton

and Baulcombe, 1999; Hammord al, 2000; Dalmayet al, 2001) or transcriptional
(Vaucheret, 2001) level. Ahe postiranscriptional level, the silencing mechanism target
messenger RNAN(RNA) before it is tranisted into respective proteins. The silencing
system is very specific and preciskegrading only foreign and unusual mRNiAst at

sites of infection. Shortly thereafter, a systemic signal is sent to distalopaines plant to
degrade any particles homologous to mRNA perceived by the plant to be aberrant (Voinnet

and Baulcombe, 1997; Palaaatial, 1997; Ruizt al, 1998; Llaveet al, 2002).

Double stranded RNA (dsRNA) from a replicating virus or secondary strdctings has

a crucial role in RNA silencing as it produces small interfering RNAs (SiRNASs)
(Waterhouseet al, 2001b) through the action of the RNase Ill enzyme Dicer (Berretein
al., 2001; Tijstermammand Plasterk2004; Phanet al, 2004). siRNAsare 2125 nucleotide
doublestranded RNAs and it is these siRNAs that mediate degradation of any mRNAs
from foreign particles (Hannon, 2002). A slightly similar pathway involves the use of
microRNAs (miRNA) instead of siRNAs (Carrington and Ambros, 2008RNAs are
produced from factors encoded as sleop precursors in the genome which are then
processed into miRNA through the action of RNase Il enzyme Drosha togetih&ieer
(Leeet al, 2003). miRNAs and siRNAs closely resembéeh othein size,structure and
function (Carrington and Ambros, 2003). Although miRNAs can target and destroy

MRNA, they mostly act by binding and inhibiting the translation of mRNA. At the
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transcriptional level, RNA silencing is before transcription; here the gene d& ma
inaccessible to transcriptional machinery by RNA silencing mechaiigamlcombe,

1996).

Despite RNA silencing, many viruses (both DNA and RNA viruses) manageetd their
host plants quite successfully (Voinredtal, 1999; Yelinaet al, 2002). Thé is because
viruses, in turn, deploy virdencoded proteins which suppress both transcriptional and
post transcriptional RNA silencing (Anandalakstehal, 1998; Kasschau and Carrington,
1998; Voinnetet al, 1999; Voinnetet al, 2000; Ahlquist, 2002; Moissiard and Voinnet
2004). Several viral RNA silencing suppressors have been reported and these tinelud
HC-Pro (potyviruses; Kasschau and Carrington, 1998), 2b (cucumoviruses; Beigakti
1998), P1 (sobemoviruses; Voinnet al, 1999), pl9 (todmusviruses; Lakatoet al,
2004), the 25 kDa movement protein (Potexviruses; Voimteal, 2000), the AC2
(geminiviruses; Voinnegt al, 1999) RNase Ill endonucleag®Nase3)and 22kDa RNA
silencing suppressor proteip22) (criniviruses;Kreuzeet al, 2002; Carmell and Hannon,

2004)genes.

Cuellaret al. (2009) showed that sweet potato plants transformed with RNase3 gene from
SPCSV synergise SPFMV and other viruse®lRNase3 alsccleaved synthetic double
stranded siRNAs of 21, 22 and 24 base pairs ifbpitro to products of approximately 14

bp that are inactive in RNA interference (RNAi)d affected total SiRNA isolated from
SPFMV-infected sweet potato plants, suggesting a vmachanism for suppression of
RNAI by cleavage of siRNA. Thesesults implicatd RNase3 in suppression of antiviral

defence in sweet potato plants. By synergising a range of unrelated Jincketing
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SPFMV to cause SPVIRNase3s revealedasa proteinthatcan mediateviral synergism,

a function previously described only for P1/HRZo. A role for p22 as a pathogenicity
enhancer of SPCSV is provided by complementary expression of p22 in transgernic swee
potato plants (Cuellaet al, 2011). However, Cular et al. (2008) showed that many
isolates of SPCSV apart from those from Uganda do not have a p22 gene yet synergis
SPFMV. Therefore, p22 is not essential for synebyy appears to assist it, dbe
symptoms were more severe with the {g2oding isoltes. Cahizareset al (2008)
showed in another closteroviruBgmatochlorosis virug thatap22 gene haa suppressing

effect no RNA virus other than SPCSVencodes an RNase3 or uses two independent

proteins cooperatively for RNA silencing suppresgiéreuzeet al, 2005).

2.5.3.2 Recovery and reversion in sweet potato plants

In turn, plants evolved an even greater level of host resistance thainrestia-encoded
RNA silencing suppression (lat al, 1999). This is manifested through possibilities of
diseased plants to recover from disease symptoms and subsequently have low drus titre
(Gibson and OtirNape, 1997; Mukasat al, 2006), or totally reverting from virus
infection (Gibsoret al, 1997; Arituaet al, 1998b;Fondonget al, 201Q. Recovey was
first reported in the 1930s when symptomatic cassava plants infectedfridtlin cassava
mosaic virus(ACMV) started to producenew leaves without symptoms (Storey and
Nichols, 1938). Since then, severather vegetatively propagated plants have rbee
reported to suppress virusymptoms completelya phenomenon known as recovery.
Cuttings from recovered portions may grow without the virus and thikhas called

reversion (Storey and Nichols, 1938; Gibsdral, 1997).Researchers have obserisath
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recovery(Gibsonet al, 1997; Arituaet al, 1998b; Mukasat al, 2006;Gasuraet al.,

2009) and reversioAfitua et al, 1998b)in sweet potato

Although viruses are known to systemically infect their host plants (Betl, 1990),
resistance to wuses in sweet potato has been attributed to the ability of plants to restrict
virus movement (Toussaiet al, 1984; Carringtoret al, 1996). Inconsistent with this,
however, Kreuze, (2002) found resistance to SPFMV to be attributed todeigusdation

rather than virus movement. In addition, genotype has also been reported to influence
recovery(Gasuraet al, 2008) and probablyreversionin sweet potatglants. Because
recovery and reversion seem to be important phenomena behind survival of swiet pota
landraces byhe selection and use of virus free planting material by farn@&bsd@net al,

1997: Arituaet al, 199®), this study looked at ways of exploiting the phenomenon,

especially finding ifa lowvirus titre isa common factoto cultivars tlat revert.

2.5.4 Selection and use o$ymptomlesssweet potato planting material

Farmers in Uganda have considerable experience in growing sweet potatowaradvgde
range of traditional cultivars and varieties developed by researdhcluding the
NASPOT series bred in Ugandslwangaet al, 1995). NASPOT 11 (Tomulabulajas
selected byboth farmersand researcherduring participatory breeding. The local elite
cultivars commonly grown include Tanzania, Dimbuka, New Kawogo, Semanda and
Ejumula. Farmers normally collect healthy looking cuttings from old standnog

especially in the neighbouring fields, thus vegetatively propagating the crop.
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As stated previously,weet potato plants rarely express symptoms when infected with
single viruses Kokkinos 2006; Mukasaet al, 2006)but that most of the symptomless
sweet potato is actually virus free (Gibsetnal, 1997)confirms the farmers’ decision to
select symptomless material as being largely correct. However, some of thelnnadgr

be infected ath so farmers may suffer some vyield loss because oflthcg-infection with
SPCSV, many sweet potato viruses produce severe foliar symptoms which ibabeas
identified Hanh, 1979; Ngeve, 1990; Gibsenhal, 1998; Karyeijeet al, 2000; Gutierrez

et al., 20B; Mukasaet al, 2006)and again drmers can easily selecbdt to choosesuch

SPVD affected planting material.

2.5.5 Virus elimination

Several deliberate methods such as electrotherapy, chemotherapy, cryopresedrssitie
culture and thermotherapy can be employed to eliminate viruses from propagati
material. Electrotherapy involves the application of electrical pulses to elimimatewy
from eitherin vivo or in vitro plants and the technique has been successfully used to
eliminate Almond mosaic virufrom almond trees (Quacquaredi al, 1980) andPotato
virus X in potatoes (Lozoy&aldaniaet al, 1996). Chemotherapy involves use of
antimetabolite chemicals such as ribavirirAZacytidine, and Peazauridine that block
the virus nucleiacid synthesis/replication. Chemical treatment is either done directly by
sprayingin vivo plants or indirectly by adding these chemicals to media oftro plants
(Bittner et al, 1987; De Fazio, 1987; Toussagtt al., 1993). Thermotherapy (see next
section) involves keeping plants or tissudtavred material close to the uppentperature
tolerance of the matial usuallyfor several week<ryopreservation (cold treatment) may

be used to eliminate viroids [e.g., Potato spindle tuber viroid (PSTVd)$evieplication
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and accumulation are favoured by high temperaturé®(3@0°C) so thermotherapy (heat
treatment) is ineffective (Lizarraget al., 1980; Brison, 1997; Lizarragat al., 1991;

Helliot, 2002).

Tissue culture may include use of callus tissue or apical meristems in tissue oultur
meristem tip grafting and meristem tip culture (Jayaseal., 2001; Lizarragaet al.,
1991). With callus, somatic embryos and adventitious buds have to be derived from the
callus (organogenesis)Somatic embrggenesis from ovules or seedlings derived
apomictically from nucellus tissue can also result into virus free plantsrg€el993).
Meristem tip grafting is mainly used for virus elimination in tree species ratherérbs.

The rootstock is obtained frowirus free seedlings and the scion can consist either of a
meristem tip removed directly from the diseagedivo mother plant, or be a small shoot
resulting fromin vitro culture of a meristem tip (Bhojwani and Razdan, 1983). Meristem
tip culture involes the excision of meristematic domesd.1 mm long) from infected
plants and growing them on tissue culture medium (Kaiser and Teemba, 1989; Allam,
2000). To enhance virus elimination efficiency, meristem tip culture usuallgwsl|
thermotherapy and myaeliminate several plant viruses (Berg and Bustamante, 1973; Wu

and Su, 1991; Wassved al, 2010).

2.5.5.1Thermotherapy for virus elimination

Thermotherapy the most common method of freeing planting material of viisighe
exposure of diseased plants to hot air or water for a period of time usually measured in
days or weeksT'he high temperature inacétes and eventually eliminat¢he plant viruses

(Kassanis, 1950; Nyland and Goheen,%39&alkey, 1976; Wang and Hu, 1980; Kaiser
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and Teemba, 1989;eéemaet al, 1999; Wasswat al, 2010). Thermotherapy can be
done either on potteith vivo plantsor in vitro plants before meristem tip excision (Zapata

et al.,1995; Cheemat al,, 1999). The temperature and duration of exposure depend on the
virus andheat tolerance of the plant (cultivar) (Kerr and Mahmood, 2601)s generally

above the optimum for growth.

In vivo thermotherapy has been done on a number of plants to eliminate several viruses as
well as virus complexes. For instance, Keg ler (1967, 1968) observed eliminaBtumof

pox virus(PPV) from plum trees using a temperature of 37°C f8nieeks, followed with
grafting the recoveredreen shoots on virtfsee roostocks. Janeckova (1993) used a
combined method oh vivo thermotherapy anth vitro chemotherapy to eliminate viral
complexes of PP\Rrunus necrotic ringspot virulNRSV) andPrune dwarf virugPDV)

from four plum cultivarsin vitro thermotherapy alone is also sufficient for elimination of
some virusesACMV was eradicated from cassava whervitro plants were kept at 8¢

for 6 weeks under a 16 hours light and 8 hours dark period (Kaiser and Teemba, 1989)
Similarly, Cassava brown streak virl€BSV) was eradicated from meristem tip derived
plantlets ofin vitro cassava plants heat treated atC36or 8 hours darkness and°@for

16 hours light for a period of 4 weeks (Wasswt al, 2010). In sweet potato,
thermotherapy routinely used by GHrolvesa temperature of 38°C for one month before
meristem culture to eliminateaxious viruses (Lizarraget al, 1992). According to Panta

et al (2007) and ElI Far and Ashoub (2009), SPFMV was freed from plants by
thermotherapy followed by meristem culture using temperature range-87°85 with

light intensity of 5000 lux for 30 days.
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Virus free material is multiplied into thousands of plants firgtly vitro and later
acclimatizedn vivoin vector free screenhouses. Virus free plants are then used as mother
plants either for direah vivo multiplication orin vitro micropropagabn. Multiplication is

then done at the county/subcounty level in open fields of selected farmers for mass
generation of cuttings for distribution to subsistence and commercialusemrhe use of
sweet potato virus free plants can restore cultivar'sralgexcellent yield and quality for

a period of over three years (Basiibal.,2005).
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CHAPTER THREE

FIRST IDENTIFICATION OF A SWEET POTATO BEGOMOVIRUS
(SWEEPOVIRUS) IN UGANDA: CHARACTERIZATION, DETECTION AND

DISTRIBUTION

Paper published®lant Pathology Journg|2011); 60: 1030 - 1039

Authors P. Wassw&’, B. Ottd, M. N. Maruthf, S. B. Mukas W. Mongef, and R. W. Gibsch

®Natural Resources Institute (WRUniversity of Greenwich, UK’ Department of Crop
Science, Makerere University, P.Box 7062 Kampala, Ugand&he Food and

Environment Research Agency (FERA), UK.

3.1 Introduction

Sweet potatolpomoea batatgsan important food crop in much of s@aharan Africa, is
grown on about 2.1 x fBa with an estimated production of 9.9 X’t1(FAO, 2008).
Africa has the second largest production after Asia; here, the crop is esp@acpaiyant

in countries in the Great Lakes region of East Africa, Uganda having thetlprgdaction
(FAO, 2008). Viruses pose the second most importantchsotistraint after weevils (Clark
and Moyer, 1988). In recent surveys, several viruses incl@irteMV, SPCSV, SPMMV,
SPCFV and SPCaLV have been identifiefiecting sweet potato crops in Uganda (Carey
et al, 1998; Mukasat al, 2003; Arituaet al, 2007%. The most important disease is the

synergisticSPVD caused by dual infection 8PCSVand SPFMV (Gibsoret al., 1998).

65



Several Ugandan landraces, such as New Kawogo, show high resistance to SRFMV a
SPCSV Mwangaet al, 1995;Gibsonet al., 1997) but this and some other cultivars are
rumoured to be declining in yield, suggesting at least one more virus is widksprea
sweet potato in Uganda. SPLCBdgomovirusGeminiviridag has recently been reported

in subSaharan Africa but only in Kenya (Miamdal., 2006), though otherwise having a
wide distribution including the U.S.A, China, Japan and Spain (Lotegtlall, 1998; Luan

et al, 2007; Lozanet al, 2009).

Members of theGeminiviridae have particles that resemble paired spheres containing
single stranded (ss) DNA either as a single component for monopartite viruasswo
components referred to as DNRA and DNAB for bipartite viruses. The familys
subdivided into four genera mainly on the basis of genome organization, vector species
and hos range. Begomovirusis the largest genus, containing viruses transmitted by
whitefly, particularlyB. tabaci(Gennadius), and infecting dicotyledonous plants (Fauquet
et al, 2003). Phylogenetically, all begomoviruses reported from sweet potato and other
Ipomoeaspp are monopartite, diverge basally from other begomoviruses and have been
named sweepoviruses (Fauquet and Stanley, 2003; Bretdaln 2005), a name we have
adopted through out thtbesis Other sweepoviruses include ICLCV (Coharal., 1997,
SPLCGV, IYVV (Bankset al, 1999) and other several putative species reported from
Spain (Lozaneet al, 2009). Most begomoviruses can be grouped as either ‘New’ or ‘Old’
World but sweepoviruses appear to have no clear origin (Briédlaal, 2010). Inthis
chapter, v report a new sweepovirus from Uganda including its full length sequence
(GenBank accession no FR751068), the first for a sweepovirus from mainland Africa

detection by indicator plants and molecular methods, a mechanism of hosepistatnce
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in Ugandan sweet potato varieties, and information on sweepovirus distribution and

prevalence in Uganda.

3.2 Materials and M ethods

3.2.1 Initial source of material and evidence for a sweepovirus

Two symptomless plants of sweet potato cv NeawKgo were collected in November
2008 from a garden in Kampala, central Uganda, and established in a quarantine
greenhouse at NRI, UK. Scions were silafted to one week old setosaseedlings, the
almost universal indicator plant for sweet potato \esugClark and Moyer, 1988). Within

4 weeks, symptoms of upward leafrling, vein thickening, yellow mottle and leaf
chlorosis resembling those of begomovirus infection were observed onsdtesa(Fig.

7). Other sweet potato plants with SPVD were collected and similarly estabésiil

and were diagnosed for viruses as described below.

3.2.2 DNA extraction and PCR

Total nucleic acid(TNA) was extracted from the above sweet potato plants inducing leaf
curl symptoms in graftetl setosaand from theaffected|. setosausing a cetyl trimethyl
ammonium bromide (CTAB) method, described originally by Laethal (1994) and later

modified (Maruthietal., 2002).

The CTAB extraction buffer 2% (w/v) CTAB, 1.4 M NaCl, 0.2% (viv) -2
mercaptoethanol, 20 mMIHA, 100 mM TrisHCI, pH 8.0]was preheated to 60°C for 10

minutes Mercaptoethanol is always added fresh to the buffpproximately 100 mg of
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diseased plant leaf tissue was placed into a thick gauged plastic bag. The tissue was
ground using a roller and mixed with 10 volumes (1 ml) of CTAB extraction buffer.
About 750ul of the sample was poured into a 1.5 ml eppendorf tube and the samples were
heated at 60°C for 30 mites The samples were mixed with an equal volume (d50f

phenol: chloroform: isoamylalcohol (25:24:1)priefly vortexedand centrifuged at 13000

rpm for 10 mimutes The top aqueous pha¢g800 ul) was transferred into a new 1.5 ml
eppendorf tube. The DNA was precipitated by adding 0.6 volumes(3Qtf cold (

20°C) isopropanol anidcubated at20°C for at least 1 h. The samples were centrifuged at
13000 rpm at 4°C for 10 mimes and the supernatant was discarded. The pellet was
washed in 0.5 ml 70% ethanol by vortexing and then centrifuged for Gtesist 13000

rpm. The ethanolvas removed and the pellet was vacuum dried for Suteen The dried

pellet was suspended in 1AD1X TE buffer and stored aR0°C. Extractions were diluted

1:100 fold insterile distilled water (SDWhefore being used in PCR amplifications.

Genericsweepovirus primers, virus sense primer SPGRAGI TCG AGA CAG CTA

TCG TGC G3') and antisense primer SPG4 {BGC ATG GAT TCA CGC ACA GG3))
designed to anneal to nucleotide sequences in the coat protein gene (V1) an@ ORF C
SPLCV were used to amplify the intervening part of the sweepovirus genoneé 4L,

2004). The expected band size for this product is 1148 base pairs (bp). The PCR was done
in 25 pl reaction mixture of 2.5 ul 10X PCR buffer, 1.5 ul of 25 mM MgCl,, 2 ul of 2.5

mM dNTP mix, 1.0 pl of each primer (20 uM), 0.1 ul (5 U/ul) of Tag DNA polymerase
(Invitrogen, Carlsbad, CA), 1 ul of 1:100 fold diluted DNA extract and 15.9 ul of SDW.

PCR conditions included an initial step of 94°C for 2 ubég 11 cycles of 94°C for 40
seonds 50°C for40 seconds72°C for 90seconds 24 cycles of 94°C for 48econds,
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52°C for 40seconds72°C for 90secondsand 72°C for 10 mutes PCR products were
assessed by electrophoresis in 1.2% agarose gel hadatate (TAE) buffer, stained with

ethidium bromide and viewed undd¥ light (Fig. 8).

Other PCR primer pairs known to react with sweepoviruses (P\AWL 28t PW 282 and
the degenerate SPG1 and SPG2gtial, 2004) and degenerate primer pairs reacting
broadly to norsweepovirus begomoviruses (DeAgand Deng B; Dengt al, 1994) and
PAL1c1960 and PAL1v1978, PAR1v722 and PAR1c715 (Rejaal, 1993) were also

tested on the sweepovirugected extracts using the same protocol.

3.2.3 Reaktime quantitative PCR

SPLCV is considered to be detecteefficiently by PCR (Lotrakukt al.,1998; Kokkinos

and Clark, 2006b) whereafCR is more efficient (90% detection QCR versus45%
detection by PCR) (Kokkinos and Clark, 2006b). Despite tff R equipment is not
commonly available in Africa andgaires expensive consumables, so the efficiency of the
indicator plant]. setosawas compared tgPCR as a means of detecting the sweepovirus.
Total nucleic acid was extracted from two middle leaves of each test plant usingvke ab
CTAB method. The quality and quantity of DNA were determined using a NanBDrop
ND-1000 Spectrophotometer. All samples were then diluted to a concentration gil10ng/

before thegPCR assay.

A primer/probe set was designed to amplify a part of the DNA of SPLCV. Therprime
were SPLCV543F (5*GGG CTT ACC CAT CGT TTG &') and SPLCW12R (5*CCA

TCC AAA CTT TAC CAT CAA-3') with SPLCV562P as a probe (§AA GAG TGT
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GTG TGT TAA GTC TAT GGG CA3'). gPCR was performed on a PE 7900 Sequence
Detection System using PE¥ M2-HS-C microplates sealed with optical adhesive covers
(Applied Biosystems). The total reaction voluméture of 25 pl contained 2.5 ul of 10X
buffer A, (this buffer and 25mM Mggére specifically supplied with TagM&r1000 RXN
Gold Pack, Part No. 430441), 5.5 ul of 25 mM MgCly, 2 pl of 2.5 mM dNTP mix, 1.0 pl of
each primer (7.5 p mol/ul), 0.5 pl of TagMan probe (5 p mol/ul), 0.125 ul of AmpliTaq
Gold polymerase (5 U/ul), 1 ul of template DNA and 11.375 pl of molecular grade water.

A negative control (molecular grade water), a positive control and a housekeepiag
cytochrome oxidasécox (Weller et al, 2000)] were included on each plate. Cox was
included to normalise for differences in DNA concentrations between sangpi€R
thermal cycler conditions used included 50°C for 2 uteg 95°C for 10 mintes
(AmpliTaq Gold activation) followed by 40 cycles of denaturation at 95°C for ddnde
and annealing/extension at 60°C for 1 mt@s Each sample was duplicated to reduce

pipetting errors.

3.2.4 Stability for detection by PCR and CR of the sweepovirus in:

3.2.4.1Dry leaves

Sweet potato leavefsom the naturally sweepovirtiafected plants of cv New Kawogo

and graftinoculated plants of cv Beauregard were air dried and kept at room temperatures
for time intervals of 28, 56 and 84 days. Numbers of sweepovirus detections by PCR and

gPCR were recaled (Table 6a).
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3.2.4.2Dry extracts

Nucleic acid extracts (extracted using CTAB method above) from the fresh lefaves

New Kawogo and Beauregard were divided into 5 aliquots qil ¥ach. Aliquots were
vacuumdried for 5 minutes on a low heat urttiey appeared completely dry. They were
then kept dry at room temperature for 0, 3, 7, 14 and 21 days after which they were re
diluted in 10ul of molecular grade water and stored2@°C. The samples at time interval

0 were resuspended in 10l of molecular grade water immediately after drying and stored

at -20°C. Fresh sample extracts were included as a control of the drying process and

nucleic acid dry storage. Sample extracts were tested gR@R (Table 6b).

3.2.5 Sequencing the complete genonwd the sweepovirus and phylogenetic analysis
(Thiswork wasdonelargelyby Dr. Bettina Otto)

I. setosaplants were infected with the sweepovirus by grafting with the originattede

New Kawogo plants from Kampala and grown for 4 weeks. DNA was extrasiegd the
modified CTAB method described before. The complete genome was amplifiegl usi
SPLCUV-BanHI primers (SPLCUVBanHI: F 5-GGA TCCTTT GAC GTT TGT ACA
GGG3' and SPLCUWBanHI: R 5-:GGA TCC TTA TTA GGC CTC CTA TCT3),
resulting in one large (2.9 kb) molecule. This molecule was cloned into a pIGE&Y

vector (Promega UK Ltd., Southampton). Clones were checked for the correct length of
insert before sequencing (GeneService London, UK). Three independent clones were
sequenced to ensure sequence identity and reliability. The sequence obtained was
compared to other sweepoviruses found during a BLAST search (Table 7). Multiple
sequence alignment was carried out using the software package CLUSTALg@ng-it

al., 1994) before phylogenetic analyses were carried out to generate parsintosgsus
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using PAUP 4.0 version 10 beta for Mac (Swofford, 2003) with bootstrapping for 1000
replicates (Fig 9). A search for recombination events was done using RDP
(Recombination Detection Programme) 3 Alpha 44 (Maetiral, 2010). Open reading
frames (ORFs) and amino acid sequences of these other sweepoviruses were optained b
using the ORF Finder NCBI and the ExXPASyY Molecular Biology Server, 3mgttute of

Bioinformatics, Geneva, Switzerland and sequence idesititere compared.

3.2.6 Distribution of the sweepovirus in sweet potato plants as determined by PCR
Different parts (petiole, midrib and lamina) of upper, middle and lower leaves of E2 swe
potato plants cv New Kawogo clonalierived from the originalnfected plants were
tested by PCR. Virus distribution in a plant was assessed from the numberglafsstrat

tested positive for each leaf position/site (Table 9).

3.2.7 Prevalence of sweepovirus(es) in different Ugandan sweet potato cultivaasd
locations

The middle leaves of 207 asymptomatic plants of 8 sweet potato cultivars were randoml
selected from farmers’ fields in Soroti district in eastern Uganda and fimomers’ and
researchers’ fields in Luwero and neighbouring Wakiso districts inatedtfanda. The
cultivars were the landraces New Kawogo, Dimbuka, Ejumula, Araka White and Tanzani

the improved popular variety NASPOT 1, and two clones selected by farmers during
participatory breeding coded 1081L and 318L. Midrib leaf samples werd t®sfeCR as
described above. Because earlier results had shown that PCR at best detected only 2 of

every 3 sweepovirus infected plants, two samples from each leaf of all New &andg
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Ejumula (the main varieties tested) samples were tested; the combsutd are shown in

Table 10.

3.2.8 Reversion from sweepovirus infection in Ugandan landraces as determined by
grafting to |. setosa and gPCR

A cutting was taken from naturalipfected plants of cvs New Kawogo, Dimbuka and
NASPOT 1 obtained from centrdlganda. Each resulting plant was grown in the
glasshouse at NRI and the terminal tip [about 2cm long] was removed after 4 months and
grafted to one week old. setosaseedlings which were examined for leaf curling
symptoms 3 weeks later. Removing thedgused buds along the main stem to sprout and
also promoted growth of alreaggtablished shoots at the base of the plant. Two weeks
later, tips of new shoots from along the main stem and from basal shoots werd tyaft
individual I. setosaand also examed for leaf curling symptoms 3 weeks later. All shoots
of cvs Dimbuka and NASPOT 1 tested by grafting were also testgg®R using the first

lower leaf of the scion before being grafted.teetosgTable 11).

3.3 Results

3.3.1 Initial graft inoculations and PCR tests

The I. setosaplants grafted with scions from two symptomless plants cv New Kawogo
collected in Kampala developed upward leaf curling, vein thickening and leaf chlorosis
symptoms typical of sweepovirus infection (Fi§. PCR tests on these symptomadtic
setosaand asymptomatic source sweet potato using the sweepgenasic primer set

SPG3 and SPG4 were positive (F8). Three other plants of sweet potato from Uganda
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maintained at NRI because they had SPVD and were dually idfedthe SPCSV and
SPFMV were also found to be infected with a sweepovirus when tested with PCR using
primer set SPG3 and SPG4. These plants had typical symptoms of SPVD and showed no
additional symptoms, for example, of leaf curling. The primer sets SPG1 ar?l SR

PW 2851 and PW 282 previously reported to detect SPLOIwan (Liet al, 2004)

also amplified a part of the Ugandan sweepovirus genome. The other degjemenatr

sets tested, which had been developed to deteesweepovirus begomovirus€Rojaset

al., 1993; Denget al, 1994), failed to amplify a part of the Ugandan sweepovirus genome.

Figure 7. |. setosaleaves showing leaf curling symptoms induced by SPLCPldte a

shows healthy control leaf. Plate b shdwsetosagraft inocuated with SPLCUV
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Figure 8. PCR identifying a sweepovirus in graftoculatedl. setosaplants and in source
sweet potato plants cv New Kawodanes: M = 1kb Marker, 1 £ setosagrafted with

healthy New Kawogo sweet potato, 2. setosagraftedwith infected New Kawogo plant
1, 3 =I. setosagrafted with infected New Kawogo plant 2,=4Sweet potato cv New
Kawogo plant 1, 5= Sweet potato cv New Kawogo plant 2= @&DW. Rimers SPG3 and

SPG4 were used. The arrow indicates the band of the exsented

3.3.2 Stability of the sweepovirus in dry leaves and extracts
The Ugandan sweepovirus was detected in dried leaves stored for up to 84 days and in
dried DNA extracts for up to 21 daygPCR detected the Ugandan sweepovirus in all

infected leaf samples whereas PCR detected it in most of the infected samples)(Table 6
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Table 6. Number of dried leaves and DNA extracts that tested positive for a sweaepovir

after storage

a) Dried leaves

No. of dried leaves that tested positive by:

Dried leaf
PCR gPCR

storage time

Cv
(days) Cv New Kawogo Cv Beauregard Cv New Kawogo

Beauregard

28 4/5 5/5 5/5 5/5
56 4/5 3/5 5/5 5/5
84 5/5 4/5 5/5 5/5

b) Dried DNA extract

Dried DNA extract storagt

No. of dried DNA extracts that tested positivengsi

time (days) gPCR
Cv New Kawogo Cv Beauregard
0 2/2 2/2
3 2/2 2/2
7 2/2 2/2
14 2/2 2/2
21 2/2 2/2
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3.3.3 Sequencing the complete genome of the sweepovirus and phylogenetic analysis
(This work was done largely by Dr. Bettina Otto)

The complete genome gpgence of the Ugandan sweepovirus was 2799 nt long and
contained six ORFs, as expected for a typical monopartite begomovirus. Two ORFs wer
in the sense direction and four ORFs were in the antisense direction. The two ORFs found
on the viral sense strand encode the coat protein (V1) and the partiallyppuaylgre

coat protein (V2). The four ORFs found on the complementary strand encode the
replicationassociated protei(C1), transactivator protein (C2), replication enhancer
protein (C3) and C4 protein. Based on comparison with other sweepoviruses, the Ugandan
sweepovirus showed highest identity 8weet potato golden vein associated virus
(SPGVaVv)PB1[BR:Soul] andSweet potato leaf curl Lanzarote virlSPLCLaV}
[ES:CI:BG27:02] at 87% nt identityTable 7; (see Table 8for full version of virus
namey}]. The phylogenetic relationship between it and other sweepoviruses including
several SPLCV isolates revealed that it grouped together with other swespsjFig. 9;

(see Table 8 for full version of virusames)] Overall comparison of nucleotide sequences
revealed that none of the other sweepoviruses was more than 87% identical, making
separate virus species considering the-aftpoint of 89% identity established for
separating species of the geegomovirugFauqueet al, 2003). There was no evidence

of recombination events.
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Table 7.Percent nucleotide identities for the complete genome and ORFs of SPLCUV

with other sweepoviruses

Open reading frames

DNA Vi(coat V2 Ci1 C2 C3 C4

Virus name protein)
SPLCCV 84.0 98.0 97.3 79.4 70.1 799 69.4
SPGVaV\PB1[BR:Soul] 87.0 94.9 89.2 90.0 77.7 77.1 635

SPLCLaV[ES:Cl:BG27:02] 87.0 92.9 88.5 94.3 804 79.2 88.2
SPLCV-RSI[BR:Tavl] 86.9 94.1 914 948 79.1 79.2 835

SPLCLaV[ES:Mal:BG30:06] 86.6 92.5 89.4 951 77.0 77.1 894

SPLCV-[MerN4] 86.0 95.7 876 871 79.1 757 70.6
SPLCV-[PR80] 85.9 95.7 92.0 86.8 79.1 75.7 70.6
SPLCV-Japan 85.4 95.7 90.6 946 66.7 68.8 87.1

SPLCV-ES[ES:CI:BG12:02] 85.4 95.3 91.2 86.8 804 84.4 68.2
SPLCCaV|ES:Cl:B&21:02] 85.3 93.3 90.3 90.0 622 674 67.1

SPLCV-ES[ES:CI: BG1:02] 85.3 94.5 90.3 80.4 84.7 68.2
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Table 8. Virus names, accession numbers and abbreviations

Virus name Origin Accession No. Abbreviation

Ipomoea yellow vein virus  Spain AJ132548 IYVV -[ES98]
Ipomoea yellow vein virus  Spain EU839576 IYVV -[ES:Mal:IG1:06]
Ipomoea yellow vein virus  Spain EU839577 IYVV -[ES:Mal:IG3:06]
Ipomoea yellow vein virus  Spain EU839578 IYVV -[ES:Mal:IG5:06]

Merremia leaf curl virus
Sweet potato golden vein
associated virus

Sweet potato golden vein
associated virus

Sweet potato leaf curl
Canary virus

Sweet potatteaf curl
Canary virus

Sweet potato leaf curl
Canary virus

Sweet potato leaf curl
Canary virus

Sweet potato leaf curl
Canary virus

Sweet potato leaf curl

Canary virus

Puerto Rico DQ644561

Brazil

Brazil

Spain

Spain

Spain

Spain

Spain

Spain

FJ969829

FJ969830

EF456741

EF456742

EF456745

EU856365

FJ151200

FJ529203
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MLCV

SPGVaVtPA-[BR:Bell]

SPGVaVtPB1[BR:Soul]

SPLCESV
[ES:CI:BG1:02]

SPLCCaV|ES:CI:BG4:02]

SPLCCaV|ES:CI:BG7:02]

SPLCCaV
[ES:CI:BG21:02]
SPLCESV
[ES:Mal:1G2:06]
SPLCCaV

[ES:CI:BG25:02]



Sweet potato leaf curl
Georgia virus

Sweet potato leaf curl
Korean virus

Sweet potato leaf curl
Lanzarote virus
Sweet potato leaf curl

Lanzarote virus

Sweet potato leaf curl virus
Sweet potato leaf cuwirus
Sweet potato leaf curl virus
Sweet potato leaf curl virus
Sweet potato leaf curl virus
Swete potato leaf curl virus

Sweet Potato leaf curl Chin

virus

Sweet potato leaf curl virus
Sweet potato leaf curl virus

Sweet potatteaf curl virus

Sweet potato leaf curl virus

Sweet Potato leaf curl virus

U.S.A

South
Korea

Spain

Spain

Brazil
Brazil
Brazil
Brazil
Brazil
Brazil

China

China
China
Eastern
China
India

Italy

Sweet potato leaf curl virus Japan

Sweet potato leafurl virus

AF326775

FJ560719

EU839579

EF456746

FJ969832
FJ969833
FJ969834
FJ969835
FJ969836
FJ969837

DQ512731

EU253456
EU267799

FJ176701

FN432356
AJ586885

AB433786

Puerto Rico DQ644562
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SPLCG\L[US:Ge0:16]

SPLCKrV

SPLCLaV
[ES:Mal:BG30:06]
SPLCLaV
[ES:CI:BG27:02]
SPLCV-CE-[BR:For1]
SPLCV-RSE[BR:Tavl]
SPLCV-RS2[BR:Est1]
SPLCV-RS2[BR:Mac]]
SPLCV-RS2[BR:Poal]
SPLCV-RS2[BR:Ro0s1]

SPLCCV

SPLCV-[RL31]
SPLCV-[RL7]

SPLCV-China

SPLCV-Bengal
SPLCV[IT:Sic:02]
SPLCV-Japan

SPLC\-[PRS0]



Sweet potato leaf curl virus
Sweet potato leaf curl virus
Sweet potato leaf curl virus
Spain

Sweet potato leaf curl virus
Spain

Sweet potato leaf curl virus
Spain

Sweet potato mosaic-

associated virus

Non-sweepo begomoviruse

Old World
Papaya leaf curl virus
Stachytarpheta leaf curl

virus

Puerto Rico DQ644563

U.S.A

Spain

Spain

Spain

Brazil

India

China

AF104036

EF456744

EU856364

EU856366

FJ969831

DQ629103

AJ495814

SPLCV-[MerN4]
SPLCV-[US:Lou:94]
SPLCV-
ES[ES:CI:BG6:02]
SPLCV-
ES[ES:CI:BG12:02]
SPLCV-
ES[ES:CI:BG13:02]

SPMaV{[BR:BSB1]

PaLCV-New-Dehli

StaLCV-Hn5
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99

99

SPLCV-RS2-[BR:Ros1)
% SPLCV-RS2-[BR:Poal]
109 SPLCV-RS2-[BR:Macl]

SPLCV-RS2-[BR:Est]
SPLCKrV

SPLCY-[US:Lou:94]
SPLCVY-China

i‘: SPLCV-RS1-[BR:Tav1]
30 SPLCV-Japan

%: SPLCLaV-[ES:Mal:BG30:06]
SPLCLaV-[ES:C1:BG27:02]

SPGVaV-PA-[BR:Bel1]
EE SPLCGY-[US:Geo:16)
66 MLCV

SPGYaV-PB1[BR:Soul]

SPLCCaV-[ES:CI:BG7:02]
ﬁE SPLCCaV-[ES:C1:BG21:02

=

109

SPLCCaV-[ES:C1:BG25:02]

SPLCCaV-[ES:C1:BG4:02]
g2— SPLCV-ES[ES:CI:BG13:02]

10 SPLCV-ES[ES:Cl:BG6:02]

SPLCV-ES[ES:CI:BG12:02]
10q— SPLCV-[RL7]

L spLcv-[RL31)
99 [— SPLCESV-[ES:CI:BG1:02

L SPLCESV-[ES:Mal1G2:06]
100 — SPLCV-[PR80]

L spLcv-[Merni4)
66 [— SPLCCV

L spLcvuG

SPLCV-[IT:Sic:02]

SPLCY-Bengal

IVVV-[ES98]

IYVV-[ES:Mal:1G1:06]

IYVV-[ES:Mal:1G5:06]

IYVV-[ES:Mal:1G3:06]

SPMaV-[BR:BSB1]

SPLCV-CE-[BR:Forl]

Sweepo
viruses

PaLCV-New-Dehli

StalCyv-HnS

82

] Outgroup

Figure 9. Consensus parsimonius tree made from the nucleotide alignments of complete
genomes showing the relationship between SPLCUV and other begomovidusgsers

at nodes indicate percent bootstrap scores using 1000 replicates (stringency of 60%




3.3.4 Distribution of the sweepovirus in sweet potato plants as determined by PCR
Overall, PCR detected the sweepasiat most in only about 2 of every 3 samples from 12
infected clonally propagated New Kawogo plants, detections being mostlyddienor

lower leaves and in the midrib region of these leaves (Table 9).

Table 9. Detection and distribution of sweepovirus (SPLCUV) in 12 infected plants of cv

New Kawogo
Upper leaves Middle leaves Lower leaves Total
Petiole 0/12 (0%) 2/12 (17%) 0/6* (0%) 2/30
Midrib 3/12 (25%) 7/12 (58%)  3/6* (50%) 13/30
Lamina 2/12 (17%) 4/12 (33%)  4/6* (67%) 10/30
Total 5/36 13/36 7/18

* Only six plants had physiologically old lower leaves

3.3.5 Prevalence of sweepovirus(es) in different Ugandan sweet potato cultivaasd
locations

Sweepovirus(es) were detected in plants of cvs New Kawogo, Ejumula and 318L and in
plants originatig in Wakiso, Luwero and Soroti Districts. Initially, 12 New Kawogo and 3
Ejumula tested positive; #testing the negative samples detected a further 3 positive New
Kawogo samples and 2 positive Ejumula samples (Table 10). Infected plardseapime

be moe common in farmers’ fields than at a research station though samples wexe too f

and unbalanced in terms of variety for this to be statistically analysed.
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Table 10.Prevalence of sweepovirus(es) in different locations and cultivars in Uganda

Sweet pato Source of samples

No of infected samples

cultivar District  positives/total %
New Kawogo University Unknown 1/2 50
field collection origin
New Kawogo Farmer’s field Luwero 8/25 32
New Kawogo NaCRRI Wakiso 3/26 115
New Kawogo Farmer’s field Luwero 2125 8
New Kawogo Farmer’s field Luwero 1/25 4
Subtotal 15/103 15
318 L Farmer’s field Luwero 6/15 40
1081 L NaCRRI Wakiso 0/15 0
NASPOT 1 NaCRRI Wakiso 0/14 0
Dimbuka NaCRRI Wakiso 0/15 0
Tanzania NaCRRI Wakiso 0/15 0
Tanzania Farmer’s fietl  Soroti 0/10 0
Ejumula NaCRRI Wakiso 0/13 0
Ejumula Farmer’s field Soroti 5/10 50

NaCRRI = National Crops Resources Research Institute
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3.3.6 Reversion from sweepovirus infection in Ugandan landraces as determined by
grafting to |. setosa and gPCR

Some terminal shoots, side shoots and basal shoots of known infected single plants of cvs
New Kawogo, NASPOT 1 and Dimbuka, were identified as sweepelvgasby use of

gPCR as well as grafhoculation tol. setosa(Table 11). All scions that tested pise

with |. setosaalso tested positive withPCR and those that tested negative Wwitbetosa

tested negative withPCR. This reversion was more often observed in cv New Kawogo,
the terminal shoot, all the side shoots and 3 of the 7 basal shoots pfatftigesting
negative (Table 11). Only one of the 3 side shoots from both Dimbuka and NASPOT 1
tested negative and none of the terminal shoots reverted (Table 11). In addition to these
tests, infection was frequently lost during routine maintenanceeddw Kawogo plants

using cuttings.

Table 11.Reversion from SPLCUV in sweet potato cultivars as determined by grédting

I. setosaand d°CR

Cultivar No. of shoots testing negative/No. of shoots tested
Terminal Side Basal
l.setosa gPCR l.setosa gPCR l. setosa gPCR
New Kawogo 1/1 * 717 * 3/7 *
NASPOT 1 0/1 0/1 1/3 1/3 ** **
Dimbuka 0/1 0/1 1/3 1/3 0/1 0/1

*gPCR not performed

** No basal shoots to test
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3.4  Discussion

The presence of a begomovirus infecting sweet potato (sweepovirus) in Ugendaem
demonstrated for the first time by the development of typical leaf curl symminrgsaft
inoculatedl. setosa by its detection by PCR argPCR only with sweepoviruspecific
primers (Liet al, 2004) and by the similarity of its genome both it of its length,
organisation into six ORFs typical of other sweepoviruses (Papsitikd, 2010) and
nucleic acid sequence (Lozarbal, 2009) (Table7). This is the first reported complete
genome sequence of a sweepovirus from mainland Africa addasnly the second time

a sweepovirus has been reported there. The sequence of the DNA of the Ugandan
sweepovirus we sequenced differs from those of other reported sweepovirusdedsy a
13%, which is beyond the begomovirus species demarcation(fauitquetet al, 2003)

and we have therefore tentatively named it Sweet potato leaf curl Uganda virus
(SPLCUV). Phylogenetic analysis separates sweepoviruses basally froer ot
begomoviruses (Fauquet and Stanley, 2003) and, consistent with this, degenerate
pairs designedor detection olnonsweepovirus begomoviruses (Rogtsal, 1993; Deng

et al, 1994) failed to detect SPLCUV. Unlike other begomovirus clusters, the sweepovirus
cluster has no clearly identifiable continental origin (Briddgnal, 2010) and, again
consistent with this, sweepoviruses most closely related to SPLCUV ocaoomniries in
different continents- Brazil (Paprotkaet al, 2010) and Spain (Lozara al, 2009) (Table

7 and 8). Sweet potato storage roots can survive several months and sprout readily, so
providing a means by which infected planting material is likely to have baesférred
between continents historically as well as recently; this may explain the dasrgence

of sweepoviruses from other begomovirusésijrtlack of a clear geographical origin and
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the poor correspondence between geographical distribution and apparent phylogenetic

relationships.

The low efficiency of PCR at detecting SPLCUV in samples from known infedtéeds is

in agreement with earlieobservations by Lotrakukt al. (1998) who were unable to
amplify SPLCVUS DNA products by PCR from sweet potato in quantities that could be
visualised by ethidium bromide. We, like Kokkinos and Clark (2006b), could detect
SPLCUV by PCR in sweet potato and not all PCR tests of known infected planmig'sa
were positivegPCR is perhaps a 10@0ld more sensitive than PCR (Kokkinos and Clark,
2006b) and we similarly found a higher rate of positive samples using this technology
SPLCUV, however, appears not to be evenly distributed in plants of Ugandan s\agé®t pot
landraces, highest rates of detection by PCR being in the region of the midnitwe
leaves (Table 9). Even testing midrib samples did not give 100% positive reghlts w
PCR,gPCR and graftnoculatingl. setosaseedlings and it seems likely that some of the
failures to detect result from the restricted distribution of SPLCUV in plantsr réidue the
insensitivity of the test. We have shown that PCR detected SPLCUV with similar
efficiency tofresh samples in dried leaf samples and in dried DNA extracts kept fdy near

3 months and 3 weeks respectively at room conditions (Table 6), providing the valuable
opportunity of allowing samples to be sent to specialist centres for angR€R, as wi¢

as being more sensitive, is also safer than PCR as it avoids using ethidium kbaochide
UV light but it requires special instruments and very expensive reagents which many
laboratories in developing countries like Uganda do not have.-Boadtilatingl. setosa
plants seems a cheaper test for sweepoviruses, especially with thapbatkPCR to

provide specificity.
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SPLCUV has been overlooked in the past years, perhaps partly becausentpsasatic.
Interestingly, the lack of leaf curl symptoms in gtvpotato also extended to sweet potato
plants ceinfected with SPCSV and SPFMV, the symptoms of such plants remaining as
typical SPVD and preliminargPCR assaysiot described hereimot revealing unusually

high titres of SPLCV. This seems unusual as most sweet potato Vjfbibs®net al.,

1998) and another sweepovirus (WJ Cuellar, personal communication) are synergised by
SPCSV,; indeed, SPLCUV may be the first sweet patdtrting virus that is not

synergised.

Sweepovirus infection appears to be widespread and fairly common in Uganda now, being
detected by PCR in crops in both central and eastern Uganda and in 3 sweet potat
cultivars. No leaf curl symptoms were, however, observed following graft irtemsato

I. setosaof 116 symptomless field sweet potato plants in Uganda in thel®9ds,
including plants of cv New Kawogo (Gibseah al, 1997). In more recent and extensive
virus surveys of sweet potato in both Uga(@lakasaet al, 2003; Arituaet al, 2007) and
Kenya (Atekeet al, 2004b) bath diseased and symptomless field sweet potato plants were
grafted tol. setosa Some leaf curling symptoms on sweet potato and onrigaftlated!.
setosawere noted by Mukasat al (2003) but Arituaet al (2007) could not confirm
similarly diseased lpnts to be infected by a begomovitogg PCR Atekaet al (2004b)
grafted607 symptomless field plantntol. setosabut no unusual symptoms were noted,;
although some symptoms of unknown aetiology were observed on sweet potato plants,
none were observedhen these were graiftoculated td. setosa Tairo et al. (2004) also
reported no evidence of a begomovirus in a survey in neighbouring Tanzania. Since

sweepovirus infections induce clear leaf curl symptoms sptosathese results suggest
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that sweepvirus(es) may have been rare in, if not absent from, East Africa until recently
However, a probable sweepovirus was reported in 1984 in Nigeria, the disease causing
upward rolling of sweet potato leaves and being transmitted by whitefliesgRasd

Thottappilly, 1988).

This previous rarity may have resulted from it being a recent invader or frorasiséance

in landraces to infection evidenced by the limited distribution and reversion linyhea
observed in scion tips and from entire cuttings taken from infected plants during routine
propagation. The partial sequence reported by Me&trad. (2006) is not identical with the
comparable region in our isolate consistent with a diversitgweepoviruses evolving
andbr arriving in Africa over a long timperiod —hence we are not sure if infection in the
field is with one or several sweepoviruses. In cassava, the most recent epademic
begomovirus infections was associated with a massive increase in populatits of i
whitefly vector, B. tabacj on the crop (Gibsoet al, 1996a), perhaps associated with a
change in its biotype (Leggt al, 1994), and with a recombination event occurring
between cassava begomoviruses to create a more virulent straindzalgul997). This
epidemic devastated the Uganderop and spread throughout East Africa and beyond
(Otim-Napeet al, 2000). The surveys of whitefly numbers on sweet potato in Uganda
from 1996 to 1998 (Aritu@t al, 1998a; 1999; Alicaet al, 1999a) prelate our common
detection of sweepovirus infection so a similar upsurge of whiteflies on sweet pmi&to c
have occurred undetected. Sweepoviruses also naturally recombine theil Dréhdet

al., 2009), providing a fast means of evolving additional to individual gene mutation. No
evidence for a recuobinant origin of the SPLCUV genome was found but all other

available complete sweepovirus sequences included in the analysis d&&ican and are
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therefore unlikely candidates for recombination. Infected plants yielded 268cthan
virus{free controlsin trials in the US.A (Clark and Hoy, 2006); recent spread of
sweepovirus(es) may already have had a role in the decline in productivity rumoured i

some varieties by farmers in Uganda.

The vital importance of this food crop to poor rural and -pémen families throughout
much of subSaharan Africa suggests there is an immediate need to repeat and extend the
whitefly surveys in Uganda using the same method, to do a comprehensive survey of
sweepovirus prevalence and diversity and to measure sweepagnalds effects on

common African varieties.

3.5 Observations made after publication effect of environment on SPLCV

symptom expressiorin |. setosa

Introduction

A sweepovirus was first identified in Uganda by its induction of clear ledingur
symptomdn |. setosaFig. 7) in a glasshouse in the UK. This was later confirmed by PCR
(Fig. 8) and sequencing (Fig. 9) (Wassetaal, 2011). However, previous researchers
(Gibsonet al, 1997; Mukasaet al, 2003; Arituaet al, 2007) had grafted thousands of
plants tol. setosan screenhouses in Uganda in search for sweet potato viruses but failed
to detect SPLCUV. Despite the current relatively high prevalence ovithe in the
country (Wasswaet al, 2011), hundreds of sweet potato plants were also draité

setosain this study in Uganda to screen for virus free plants but none of the symptoms
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displayed resembled the leaf chlorosis and leaf curling symptoms normdilged by

SPLCUV.

Material and Methods

To see if there is difference in SPLCV syt expression (probably because of differing
greenhouse conditions) between Uganda and UK, 41 cuttings of symptawlékesw
Kawogo were randomly selected from 5 farmers’ fields in Wakiso distdiganda. Each
cutting was divided into two and one of each of these cuttings was established in a
screenhouse allaCRR| Wakiso district- Ugandafor 4 weeks.Shoot tipswere then
obtained from these plants and were graftedl.tcsetosagrown at NACRRI and
observations made for leaf curl symptofnseeks after griting (work done by Ms Scovia
Adikini). The remaining halves of the cuttings were taken to the quaranasshgiuse at

the University of Greenwich (NRI), UK, and grown in a glasshouse for 4 weeks.
Thereafter, shoot tips were cut from 31 successfully established plaftedgol. setosa

and observations made for leaf curl symptoms for 4 weeks. The ambient tengparatur
greenhouse at NaCRRI ranged betweefC2énd 46C while that at NRI ranged from

24°C to 36C.

Results

None of the 41 graftet setsaplants in Uganda showed leaf curl symptoms. However, 7
plants from 3 farms out of the 31 plants from 5 farms grafted in ahglase in the UK
developed very clear leaf curling that was confirmed using PCR to be induced by a

sweepovirus.
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Discussion

These results suggest that sweepovirus symptomsl. irsetosa are affected by
environmental factors, such that they occur.osetosain UK greenhouse conditions but

do not occur in Ugandan greenhouse conditions. It is thus possible that the sweepovirus(es)
has, maybe for decades, been present but unnoticed in Uganda and neighbouring countries
such as Kenya (Ateket al, 2004b) and Tanzania (Taied al, 2004), where viruses have

been diagnosed using this indicator plant. Its presence could thus be amdagttins
responsible for the occasional cultivar degeneration apparently observed in the country.
This strengthens the need for an extensive survey of sweepoviruses in thg osingr

nucleic acid analysis techniqyeslso to determine its effect on tlyeeld of Ugandan

landraces and to understand the environmental factors that influence symptom expressi
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CHAPTER FOUR

IDENTIFICATION OF A ‘MILD’ STRAIN OF SWEET POTATO CHLOROTIC
STUNT VIRUS IN UGANDA: ABSENCE OF CO-INFECTION WITH SPFMV IN
THE FIELD AND IMPACT ON TITRES OF EXPERIM ENTALLY CO -

INFECTED SPFMV

4.1  Introduction

Among all viruses of the familZlosteroviridae only SPCSV infects sweet potato. It has a
worldwide distribution and can be differentiated into two strains, denotedAaE&st
Africa) and WA (West Africa) after the geographical location of thast fdescription
using serological and molecular characteristics. The EA group includeslates from
East Africa, including Uganda, and some from South America whereageisdirom
elsewhere in the World belong to the WA group (Alieaial, 1999b; Fenbt al, 2002;

IsHaket al, 2003).

SPCSV by itself causes mild symptoms in sweet potato (purpling or yellowingvef lo
leavesandlack of vigour)(chapter 2Fig. 6) ard yield losses of up to 50% (Gibsenal,

1998; Mukasat al, 2006). Likewise, plants infected with SPFMV alone may have up to a
50% vyield loss (Gibsoaet al, 1997; Njeruet al, 2004) but seldom show symptoms (Brunt
et al, 1996; Kokkinos, 2006). However, SPCSV synergises SPFMV and other uiouses
causevery severe symptoms of plant stunting, leaf distortion, chlorosis, mosaic or vein
clearing (chapter 2;Fig. 6); co-infection with SPFMV results in theommon severe

disease known as SPV(@ibsonet al, 1998. SPVD can reduce the yield of affected
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plants by up to 98% (Hanh, 1979; Ngeve and Bouwkamp, 1G&isonet al, 1998;
Gutierrezet al, 2003) and is the main way in which these virudiesctly constrain the

yield of sweet potato in Uganda and in much of the Tropics including Africa.

The SPCSV genome is one of the largest of plant vir(iSgs 10) (Kreuzeet al, 2002),
probably havingup to 12 OREFEsIlt is bipartite, RNA1 (9407 nt) possessing putative
ORFs and RNAZ2 (8223 nt) containiigoutdive ORFs (Agranovskegt al, 1991; Coheret
al., 1992). In Uganda, a variant 8PCSV is found which posses$tidase3as well as p22
geneson RNA1 (Fig. 10 Kreuzeet al, 2002;Cuellaret al., 2008). The RNase3 gene,
together withthe p22 gene, breakdovn the host plant’s resistance based on RNA
silencing, probably by cleaving the small interfering (si)RNAs on whislARilencing is
based (Kreuzet al, 2002; Kreuzet al, 2005). When SPFMV emfects, it benefits from
this destruction of the host’s resistance, resulting in an increase of up to 600 itsl
titres (Mukasaet al, 2006) and causing the severe symptoms of SPN@gee and
Bouwkamp, 1991;Gibsonet al, 1998; Karyeijaet al, 2000; Gutierrezet al, 2003;
Mukasaet al, 2006), while leamg SPCSV titres little affected (Gibsat al, 1998) or

slightly reduced (Kokkinos and Clark, 2006a).
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RNA1

RNase3 3'UTR

MTR

RNA2

Figure 10. Genomic structure of SPCSV showing RNA1 and RNA2 regions @Rfrs indicated by boxes-Fro, putative papathke
leaderproteinase; MTR, methyltransferase domain; HEL, helicase domain; RdRp;dBbeEndant RNA polymerase domain; RNase3,

RNase lltlike domain; F5P70h, heat shock protein 70 family homologue; CP, coat protein; CPm, minor coat gfoéeineet al, 2002)

95



Becuse of the key role RNase3 plays in the development of SPVD and the difficulty in
incorporating natural resistant®@ SPCSVin elite cultivars, effod to control the disease
have been targeted towards knockiraut RNase3 gene. Cuellagt al (2008) used
engineered resistance to SPCSV to target RNA silencing against the SP{yB8i¢rpee
region (viral RNAdependent RNA polymerase, RARp) with an intspficed hair pin
construct. However, only 10 out of 20 transgenic events challenged with SPCSV alone
showedsignificant reduction in virus titres aneventhis was not sufficient to prevent

SPVD upon co-infection with SPFMV.

Alternative means of immunity to SPCSV are still being sought to control SRVZRAS,

255 apparently healthy sweet potato cultivasmirfarmers’ fields were collected in
Uganda as a potential source of farmesferred virus free elite cultivars. Plants were
established in pots in a screenhouse for 4 months before being tested for viruggg. Duri
this time, the netting of the screenhouse was torn, exposing the plants to vectorsefor mo
than 3 months after wth the plants were tested usiNgM-ELISA kit originating from

CIP, Peru. One plant of cv Kampala White from a field in Busia had SPCSV alone; 18 of
the other plants were infectedtiwnSPFMV + SPCSV and 44 were infected with SPFMV
alone (192 appeared to be virus free). This single SPCSV infection caused only mild
chlorosis symptoms in the indicator plahtsetosa It was investigated further, partly in
case it could cross protechc so provide means of conting the wild type This led
eventually to a study of the mechanism behindaibsenceof co-infecting SPFMV with

this ‘mild’ SPCSV.
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4.2 Materials and Methods

4.2.1 Survey of farmer-grown sweet potato cultivars and prevalence of SPFMV,
SPCSV and SPVD in Busia district

A survey of farmeigrown sweet potato cultivars fa6PFMV, SPCSV and SPVD
prevalence was done in 2010 on five farms in Busia district where the origindl ‘m
SPCSV was obtained. Plants were assessed lbllyisobserving symptoms because
‘mild’ SPCSV was observed to induce quite distinct purpling in infected sweet potato
plants, and SPVD affected plants, in normal cases, showed more severe symptoms
including mosaic or vein clearing on affected leavds distance between sampled fields
was about 6 km and, ieach field, all mounds were closely inspected for disease
symptomsgeach mound being an observational uinitidences of SPCSV and SPVD were
calculated as the percentage of the vines sho®P@SV or 8VD symptoms out of the

total number of vines assessed in a field. The total number of vines in a field was obtained
by multiplying the number of mounds by 6, the number of vines normally planted in each
mound in Busia district. Local names for cultivars were usein@de cuttings were
collected and established in a screersleoat MUARIK, Wakiso district,entral Uganda.
These were later grafted to setosato check visual observations and to assess the

prevalence of SPFMV infecting by itself.

4.2.2 Re-testing cv Kampala White to confirm single infection by ‘mild’ SPCSV
A cutting of cv Kampala White infected with ‘mild’ SPCSV was established in a
greenhousat FERA and retested for SPFMV and SPCSV by grafting to one weekl.old

setosaseedlingsand usng RT-gPCR Observations for symptom development werade
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up to 4 weeks after graft inoculation. Total nucleic acid (TNA) was extractedl&aves
of ‘mild’ SPCSV infected cv Kampala WhitandI. setosausingCTAB method, described
originally by Lodhiet al. (1994) and later modified (Marutlgt al, 2002) (chapter 3,
section 3.2.2)The quality and quantity of RNA were determined using a Nandb26p0
Spectrophotometer. All samples were then diluted to a concentration ofull Geddre

being used in thRT-gPCRamplifications.

Degenerate SPCSV primedgsignedor the heat shock protein 7MHSP D) region EA-
SPCSV38F (5'GGA GTT TAT TCC CAC CTG TYT ATC T&3'), EA-SPCSV126R (5'-
GGT AAT TGC GAA GAA TCY AAA ACC-3') and the probe ESPCSV67P* 5'-CGG
CTA CAG GCG ACGTG-3)] and specific SPFMV primedesignedusing the CP region
[SPFM\-Uni-818F 6-CGC ATA ATC GGT TGT TTG GTTT-3'), SPFMV-Uni-925R
(5'-TTC CTA AGA GGT TAT GTA TAT TTC TAG TAA CATCAG-3') and the probe
SPFMV-Uni-847P * 6-AAC GTC TCC ACG CAA GAA GAG GATGC-3')] were used.
The TagMan probe method dRT-gPCR reaction was performed on Mastercy&leap
realplex Sequence diection System using PCR miptates (twin.tec PCR plate 96,

skirted) that were sealed with optical adhesive covers (Appiieslystems).

The total reaction Mame mixture of 25 ul contained.5 ul of 10X buffer A, 5.5 ul of 25
mM MgCl,, 2 ul of 2.5 mM dNTP mix, 1.0 pl of each primer (7.5 p mol/ul), 0.5 ul of
TagMan probe (5 p mol/ul), 0.05 pl of RT (M-MuLV 200U/ul), 0.125 ul of AmpliTaq
Gold polymerase (5 U/ul), 1 pul of template RNA and 11.325 pl of molecular grade water.
A negative control (molecular grade water), a positive control (RNA fréiCsaffected

sweet potato plant) and a housekeeping gene [cytochrome oxidase (coxgr @vel.,

98



2000), were includ# on the plate and each sample was duplicédereduce pipetting
errors Cox was addetb correct for differences in RNA concentrations between samples.
RT-gPCRthermal cycler conditions used inclutld8C for 30 minutes (cDNA synthesis),
95°C for 10 minutes (AmpliTaqg Gold activation) followed by 40 cycles of denaturation at

95°C for 15 seconds and annealing/extension at 60°C for 60 seconds.

4.2.3 Effect of temperature on reversion from SPFMV in single infection and co
infection involving ‘mild’ SPCSV + SPFMV, and wild type SPCSV + SPFMV

Cultivar Kampala White plants infected with SPFMV alone, SPFMV + ‘mild’ SPCSV,
and SPFMV + wild type SPCS¥&nd cv Resisto having single infection of SPFM&re
used.Each plant by virus combination was replicated twiod @lants were grown in
incubators (Leec, UK)pne set at Z& with 12 h of light and 12 h of darkness and the
other set at 3% with 12 h of light and 12 h of darkness for 2 weeks. Observations were
made on leaf symptom developmeneaf samples were collected just before exposure of
plants to heat treatment and also weekly during heat treatment, and SPFMV titre
determined usingRT-gPCR At the end of 2 weeks of heat treatment, shoot tips were cut
from each sweet potato plant and separately grafted to one wekelsetidsaseedlings and
observations were made on symptom developnfent5 weeks Leaf samples were

collectedat week 3, 4 and 5 and SPFMYV titre determined uRBingPCR.

4.2.4 Comparison olRNase3 and p22 of ‘mild’ SPCSV and wildype SPCSV stiains
(Work done largely by Dr. Bettina Otto)
TNA was extracted usinthe CTAB methodfrom an SPVD affected plant of an unknown

cultivar from Kampala and the ‘mild’ SPCSufected cv Kampala WhitecDNA was
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synthesized from 6 pl of genomic RNA in a 22.5gdction mixture using Superscript

[l reverse transcriptase (200 U/ul) primed with random prim@rsner pairs; RNase3 F
(5-TCG TCG TTT CGY AAG ATT TTC G3') and RNase3 R (RARA CCA AAG TAG
KGC CAC ATC AA-3) and p22 F (BCTT TGA ACG ATG AGT TCT G3-3) and p22 R
(5-CTA CCC TAA TAT CTT TAT CG3') designed to anneal to specific regions of
RNase3 and p22 genes, respectively, were used for PCR amplificatioa ksfiective

cDNA templates.

The 25 pl PCR reaction mixtufer each geneonsisted of 2.5 pl of 10X reaction buffer,

0.5 pl of 25mM MgCy, 2.0 pl of 10 mM dNTPs, 0.5 pl of 20 mM fadrward primer, 0.5

pl of 20 mM ofreverse primer)0.1 pl of 2.5 U of Taqg DNA polymerase (Invitrogen), 2.0

ul of cDNA and sterile water to bring to 25 pl volune®NA was denatured at 9@ for

two minutes, 35 cycles of 8@ for 30 secondgfdenaturing) 52C (annealing) for 30
seconds, and 7€ (extension) for 1 minute. The reaction was ended with a final extension
step at 72C for 10 minutes. Amplicons were separated on a 1% agarose gel containing 0.1
pl of ethidium bromide per gram of gel in 1X Tris ethylene diamine tetra acedi¢Tacs-

EDTA) buffer at 90 volts for 50 minutes and then viewed under UV light. Comparison was
made on RNase3 band size between ‘m8&#CSV andwild type SPCSV strains. PCR
products of both RNase3 and p@2the ‘mild’ SPCSV strain were then separately cloned
into pPGEMT Easy vectors (PromegaUKLtd). Clones were checked for the corredh lengt
of insert before sequencing (GeneService London). Three independent clones were
sequenced for each gene to ensure sequence identity and reliability. The sequences
obtained were compared to other sequences of RNaskp22genes of SPCSV found in

the GenBankKhttp://blast.ncbi.nlm.nih.gov) and in the literature (Tugume, 2010).
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4.2.5 Determining the spread of ‘mild’ SPCSV and effect on yield

Further samples of ‘mildSPCSVinfectedsweet potato cv Kampala White were collected
from Busia in 2010. These were established in a screenladbdsCRRIand indexed for
virus diseases usingsetosa 120 plants were found to have ‘mild’ SPCSV and none had
SPFMV. This material was multiplied and used to set up a field trial in a farmer’srfield
Busia district (eastern Uganda) and at MUAR(gentral Uganda) Each experiment
comprised four plots of healthy plants and four plots of ‘mBPCSVinfected plants
arrangedin a replicated randomised Latin square. Each plot had four mounds each
approximately 1 m in diameter. In Busia, 6 cuttings were planted per mound with 3 points
each having 2 cuttings (this is the normal practice in Busia). At MUARIK, gstivere
planted per moundith 3 points each having a single cutting (thighes normal practice in
Wakiso). Whiteflies and aphids were counted in the fields at 19 weeks after planting.
Observations were mads 25 weeks on the spread of SPVD and ‘mild’ SPCSV. Root
guality and yield werevaluatedandmeanand P values were generated by subjecting the

yield data to ANOVA using GenStat 14.0 for Windows.

4.2.6 Hfect of ‘mild’ SPCSV strain on wild type SPCSV in field andin greenhouse

sweet potato plants and. setosa

Field trials were planted in Busia and at MUARIIKKUgandausing sweet potato cultivars
Dimbuka healthy naterial — tested byl. setosa and Kampk White (healthy and ‘mild’
SPCSVinfected material- tested byl. setosq. Each experimental plot for each cultivar
(and healthy status) had 36 mounds (6 x 6) with the 4 mounds in the centre planted with
SPVD (SPFMV + wild type SPCSV) infectors of cv Kpmdula. Each mound was about 1

m in diameter and each experimental plot was replicated atvieaclsite Plots were 5 m
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apart with a barrier of maize planted between thelsing symptoms, comparison was
made of the spread &PCSV and SPVD from the SP\Mbfector to the healthy Dimbuka
andKampala White anthe ‘mild’ SPCSVinfected Kampala Whitan both MUARIK and
Busia to monitor if ‘mild’ SPCSV stops wild type SPCSV from bringing SPVD and
whether Kampala White is resistant to SPFMV. Fifty cuttings wanelomly selected

from each of the experimental blocks and graftedl.tosetosato confirm visual
observationsMean virus/disease spread values and the significance of virus/disease spread

were established by subjecting the data to ANOVA using GenStatdrdwWindows.

The greenhouse experimemt®&re done at NRI. I®ot tip scions were cut from sweet
potato plants of ‘mild’ SPCSVhfected cv Kampala White, wild type SPC&Wected cv
Beauregard and SPFMMfected cv Resisto. SPFMV single infections anerfections

of SPFMV + ‘mild’ SPCSV, SPFMV wild type SPCSV, and SPFMV + ‘mild’ SPCSV +
wild type SPCSV were established by side grafting these to baétosaseedlings and
healthy plants of cv Kampala White. The virus and virus combinations weeeothae in

I. setosabut replicated twice in cv Kampala White. Plants were established from cuttings
taken from the inoculated Kampala White plants to avoid any effects from tne vir
infector cuttings. Observations of foliar symptoms were done for 4 wadbsthl. setosa

and cv Kampala White and several leaf sampptes different stem positionsom each of

the plants were separately collected at the end of 4 wéelanother experimental set up,

cv Kampala White plantsvere separatelgraft inoculatedwith SPFMV alone, ‘mild’
SPCSValone,SPFMV + ‘mild’ SPCSV, and SPFMV + wiltype SPCSV.Observations

for symptom development were done for 9 weeks and the oldest leaf samples were

collected weekly from each of the plaatsd stored at80°C. At the end of 9 weeks, shoot
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tips from 5 consecutive shoots along the main stem of each of the infected cvl&ampa
White were grafted td. setosaand observations for symptom development done for 4

weeks.Healthy Kampala White plant was also graftetl getosao act as a control.

All I. setosaand cv Kampala White leaf samplesllectedwere used for determining
SPFMV titre (using TagMan probe method; see section 4.28) SPCSV titrgusing
SYBR green methodyising primer pairs based on the coat protein and l$RNA2)
genes respectivelyRNAL titre (using PPro, MTR, HEL, RdRp, RNase3 and pgénes)
in coinfections of SPFMV + ‘mild’ SPCSV, and SPFMV + wild type SPCSV wase a
determinedusing SYBR green method dRT-gPCR.SPCSV primerglesigned using the
HSP70 region[EA-SPCSV38F and EA-SPCSV126R (see section 4.2.2PPro primers
[P-Pro F(5-GCG ACG AAA ACC GGA TTC TTT GAT CE3) and RPro R 6-GTA
GGG CCC ATT CTA CCG AAC €3], MTR primers MTR F (5-GCA GGC GCT GTA
TTC TCA AGG TG3) andMTR R (5-GAG GAC CTT AGT ACT AAA CTG CCT ATA
A-3)], HEL primers [HELF (5-CCA CCGTAR ACG CTG AAC YRA GT-3) and HEL:

R (5-CCT CTT CAA CGA CCA ACT TAG ATG TR@&3)], RdRp primers [RAR{F 5-
TTT CAG TCG ACC TCC TGC GTC @'and RdRpR (5'-ATG GTT AGG TCT CCT
ACA GGT GGT AAT-3], RNase3 primers RNase3F2 (5-CCC GAC CAA ATG CAG
TTG TG3) and RNase3R2 (5-GCA CAA CCA ACY AAC CAA CG3)] and p22
primers p22F1 (5-CCC TAA AAT CAC TAA TCG ATG AG3) andp22R1 (5-AAA

GAT GAG GAT GCA ATC GTT G3')] were used.

The quality and quantity of RNA were determined using a NanoBrdp00

Spectrophotometer. All samples were then diluted to a concentration ofull@sgig

103



molecular grade wateilhe diluted samples were DNase treated prior to cDNA synthesis
and thetotal readbn volume mixtureof 10 pul contained4 pl of sample, 1 ul of RQI
RNase free DNase 10X reactidaffer, 1 pl of RQ1 RNase free DNase and 4 pl of
molecular grade wateilhe mixture was incubated at°&7for 30 mirutes 1 pl of RQI
DNase stop solution wasdh added to terminate the reaction. The mixture was incubated
at 65C for 10 mirutesto inactivate the DNaseDNA was synthesized from 6 pl of
genomic RNA in a 22.5 pl reaction mixture using Supers€¥gtl reverse transcriptase
(200 U/ul) primed with random primer$he 25 ul SYBR greegPCR reaction mixture
consisted of 12.5 pl of SYBR, 8.5 pl of molecular grade water, 0.75 pl of 5 mM of each
primer and 2.5 pl of cDNA.A negative control (molecular grade water) and a
housekeeping gene [cytochrome @gd (cox)] (Welleet al.,2000), were included on the
plate (twin.tec PCR plate 96, skirted) and each sample was duplicated to redhittegoip
errors. Plates were sealed with optical adhesive covers (Applied Biosystdrageaction
was performed on Méarcyclef’ ep realplex Sequence Detection System gRECR
thermal cycler conditions used include°@5for 15 minutes (SYBR activation) followed

by 40 cycles of denaturation at°@for 15 seconds, annealing at 52°C for 30 seconds and
extension at 7Z for 30 secondsRelative virus titre and gene expression data were
analysedfrom the raw fluorescence data [Ct values at whicbhange in normalised
reporter (ARn) crosses the threshgldusing the 2P Ped €M) method (Livak and
Schmittgen, 2001)The fold change in virus titrdtarget gene) relative to the reference
gene (cox) was determined by the equation: Q" Cq = 2[(Cq target genp — (CO reference

gend] — [(Mean CQuarget genp — (MeaN Cleference gends Where Cq = cycle quantity, AACq =

differences in Cq values between the target gene and reference gene.
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4.3 Results

4.3.1 Survey of farmer-grown sweet potato cultivars and prevalence of SPFMV,
SPCSV and SPVD in sweet potato fields in Busia district

Cultivar Kampala White was the mgleminant altivar grown in Busia district found in
fields on all the 5 farms visited (Table 12). Other cultivars grown included Bunduguza,
Silk, and Mubirigwambidi and were either separate fieldor mixed with Kampala
White. Although SPCSV symptoms wetemmon, SPVD was rarely observed at any of
the farms visited (Table 12 confirmation, plant samples observed as having SPCSV or
SPVD symptoms in the field reacted when grafted. teetosaeither by showing mild
chlorosis for SPCSV or severe mosaimgyoms typical of plants with SPFMV + SPCSV.

None of the plants sampled reactedinfectedvith SPFMV alone.
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Table 12.Prevalence (by symptom observatemd grafting samples tosetosa of SPFMV,SPCSV and SPVD (percentage in

parenthesisin sweet potato cultivars grown in Busia district

Number of vines infected with:

Farm No.  Cultivars grown  Total vines SPCSV SPFMV  SPCSV + SPFMV No. of vines not infectec
1 Kampala White 3300 165 (5%) 0 (0%) 0 (0%) 3135 (95%)
Bunduguza 750 0 (0%) 0 (0%) 8 (1%) 742 (99%)
Silk 450 0 (0%) 0 (0%) 0 (0%) 450 (100%)
2 Kampala White 2550 1260 (49.46) 0 (0%) 3 (0.120) 1287 (50.47%)
Mubirigwambidi 600 0 (0%) 0 (0%) 30 (5%) 570 (95%)
Silk 750 0 (0%) 0 (0%) 0 (0%) 750 (100%)
3 Kampala White 4350 216 (5%) 0 (0%) 0 (0%) 4134 (95%)
Mubirigwambidi 2100 48 (2.3%) 0 (0%) 0 (0%) 2052 (97.7%)
Bunduguza 1650 0 (0%) 0 (0%) 0 (0%) 1650 (100%)
Silk 360 0 (0%) 0 (0%) 0 (0%) 360 (100%)
4 Kampala White 11700 1521 (13%) 0 (0%) 1 (0.01%) 10178 (86.99%)
5 Kampala White 10050 302 (3%) 0 (0%) 1 (0.01%) 9747 (96.98%)
Total 38610 3512 (9.%6) 0 (0%) 43 (0.1%) 35055 (90.8%)
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4.3.2 Re-testing cv Kampala White to confirm single infection by ‘mild’ SPCSV

The ‘mild’ isolate of SPCSMWvhen infecting alone produced purpling and chlorosis of
leaves and general stunting typical of SPCSV .(Rigy. This isolate induced milder
chlorotic symptoms compared to the more severe chlorotic symptainsed by the wild
type SPCSMn |. setosa(Fig. 11dversuslle).Both the infeted cv Kampala Whitelant
and graft inoculated. setosatested positive only for SPCSV usiil-gPCR with Ct

values of 22.03 and 20.48, respectively (Table 13).

Table 13.Ct values for the ‘mild’ SPCSV and SPFMV in sweet potato cv Kampala White

andl. setosa
Ct value
Kampala White l. setosa
SPCSV SPFMV SPCSV SPFMV
22.03 ) 20.48 ®)

(-) indicates negative plant sample
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Figure 11. Mild SPCSV symptoms induced in setosaand purpling in sweet potato
plants:a) Healthy field sweet potatoagsits of cv Kampala White, b) cv Kampala White
infected with ‘mild’ SPCSV showing leaf purpling, ls¢althyl. setosdeafd) I. setosdeaf
infected with ‘mild” SPCSV showimp mild chlorotic symptoms, and) d. setosaleaf

infected with wild typeSPCSWwith severe chlorotic symptoms

4.3.3 Effect of temperature on reversion from SPFMV in single infection and co
infection involving ‘mild’ SPCSV + SPFMV, and wild type SPCSV + SPFMV

Although cv Resisto did not revert from SPFMV, there was a clear observabite eff
temperature on virus titre in this cultivar aindsingly infected plantsf cv Kampala White
and plants canfected with SPFMV + ‘mild SPCSV (Tablel4). Cv Kampala White

singly infected with SPFMVeverted at 2 weeks after heat treatment 8£3SPFMV titre
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was comparablebetween the two temperatur¢®8°C and 35°C) for co-infections of
SPFMV + wild type SPCSV and there was no clear overall trend in virusotigetime
(Table 14). Cv Kampala White which reacted negative for SPFMV usinggRTRalso
did not induce any symptoms linsetosavhereas plants that reacted positive induced clear

leaf symptoms typical of SPFMV or SPVD.
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Table 14. SPFMV titre(average 2““") over time (weeks) in heat treated sweet potato plants infected with SPFMMVSPHild’

SPCSV, and SPFMV + wild type SPC@XYd inl. setosagraft inoculated using heat treated plants

Average 2

28°C 35°C

Cv Resisto Cv Kampala White Cv Resisto Cv Kampala White

SPFMV  SPFMV  SPFMV  SPEMV + SPFMV  SPFMV  SPFMV  SPEMV +

+'mild”  wild type +'mild” wild type
SPCSV  SPCSV SPCSV  SPCSV
Weeks
Sweet potato 0 0.664* 0.094* 3.672* 34.114* 0.619* 0.058* 3.474* 42.399*
1 0.137 0.048 6.407 52.936 0.035 0.006 1.517 40.218
2 0.033 0.01 0.87 21.918 0.021 ) 0.699 30.511
|. setosa 3 0.075 0.061 1.117 57.381 0.01 ) 0.395 10.176
4 0.164 0.097 9.884 49.912 0.015 ) 0.766 25.027
5 0.012 0.124 0.926 23.377 0.005 ) 0.337 36.66

* just before heat treatment andli@idicates negative reaction
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4.3.4 Comparison olRNase3and p22genes of ‘mild’ SPCSV and wild type SPCSV

(Work done largely by Dr Bettina Otto)

RT-PCR results revealed the same size band of RNase3 from SPV2dféect ‘mild’
SPCSVinfected sweet potato plants (FI). Full sequences of RNase3 of ‘mild’ SPCSV
(accession No.HE57540¢ compared closely to those RNase3 found in GenBank
(http://blast.ncbi.nlm.nih.gov)pnly two amino acid (aa) changas position 34(G to D)

and 159 (H to Y) were fountletween ‘mild’ RNase3 a@hthose RNase3 found in the
GenBankbut showed no change to those RNase3 reported by Tugume (2010). p22
(accession No. HE575409) was also found in the ‘mild’ SPCSV and showed no change to
other p22 sequences found in GenBaflttp://blast.ncbi.nlm.nih.ggvand literature

(Tugume, 2010).

P ¢.1600 bp

Figure 12. RT-PCR gel showing amplified products of RNase3 of ‘mild’ and wild type
SPCSV. Lanes: 1 = 1 kb ladde = Kampala White healthy, 3 = RNase3 fraitd type

SPCSV, 4 = RNase3 from ‘mild’ SPCSV, 5 = Negative control (SDW)
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4.3.5 Determining the spread of ‘mild’ SPCSV and effect on yield

The trial planted in Busia had very limited spread of SPCSV and thas no spread of
SPVD. Only 6 plants on 4 mounds out of 96 plants on 16 mounds became infected despite
having completelnfected neighbouringplots (Table ). Whiteflies were few; only 4
whiteflies were counted per 5 minutes in the whole field wherfidid was 19 weeks ald

Only 2 aphids (apteragjere countegher 5 minutes.

In the trial planted at MUARIK, SPCSV spread rapidly, 33 plants out of 48 plants on 16
mounds beaming infected with SPCSV (Table5l Some of this spread was of wild type
SPCY/ because SPVD developed on some plants. Interestingly, $R¢slightlymore
common and more severe (Fitd on plants that were originally healthy (7 plants on 6
moundswere affected by SPVDf 48 plants on 16 mounds) than those that were originally
infected with ‘mild’ SPCSV (4 plants on 4 moundgh SPVDof 48 plants on 16 mounds)
(Table B). The whitefly population was very high with 225 whiteflies counted per 5
minutes when the field was 19 weeks old. Aphid population density was still low but

higher than in Busia; 4 aphids (apterae) counted per 5 minutes.

‘Mild” SPCSV hada significant f < 0.01) effect onthe rootyield in Busia district (Table

17); here where ‘mild” SPCSV hardly spread to healthy plotsieduced yield by over
50% (Tablel6). The difference was less eviddiiable B) and non significantA( < 0.05;

Table I7) at MUARIK where many of the originally healthy plaratiso became infected
with SPCSV or SPCSV + SPFMV and a few of the originally ‘mB&PCSVinfected
plants developed SPVD. ‘Mild" SPCSV did not have any effect on root colour, texture or

shape.
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Figure 13. Varying SPVD symptomseverityobserved on (a) originally healthy and (b)

originally ‘mild’ SPCS\tinfected Kampala Whiten MUARIK trial. Picture was taken 19

weeks after setting the trial

Table 15. Spread oSPCSV in field trials of cv Kampala White

Busiatrial MUARIK

trial
Number of plants in originally healthy plots that beca  6/96 33/48
infected with SPCSV
Number of plants in originally healthy plants that bece  0/96 7148
affected by SPVD
Number of plants in originally ‘mildSPCSVinfected plants  0/96 4/48

that became affected by SPVD
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Table 16.Storage root weight of ‘mild’ SPCSWfected and healthy cv Kampala White

Storage root weight (Kg) per 1¢

mounds
Healthy ‘mild’ SPCSV
Busia 39 16.8
MUARIK 19 13

Table 17. ANOVA to testfor differences in sweet potato yield between symptomless and

‘mild” SPCSVinfected cv Kampala White in MUARIK and Busia field trials

Mean squares Mean squares
Source of variation d.f  Storage root yield in Storage root yield in
MUARIK Busia
Replication 3 0.833 12.138
Healthy status 1 4,500 61.605
Error 3 3.667 1.338

Total 7

" indicates significance at P <0.01

" indicates non significance at P < 0.05
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4.3.6 Hfect of ‘mild’ SPCSV strain on wild type SPCSV in field and in greenhouse
sweet potato plants and. setosa

There was less SPCSV spread and fewer SBWé&xrted plats observed in Busia than
MUARIK trials (Table18) and SPCSV, but not SPVD, spread vasghificantly P <
0.05 between the two locations (Tald8g. At MUARIK, there wasmoreSPCSV spread
than SPVD developmerb originally healthy cv Kampala whiteén healthy Dimbuka,
there were lesSPCSVinfected plants than SPVD affected plants. Grafting. teetosa
indicated that SPCSV single infections were generally of ‘mild’ SPCSViabyplots that
originally had ‘mild” SPCSV had fewer cases of SPVD thémtspplanted with either
symptomlesscvs Dimbuka or Kampala White (Tabls), but SPVD and SPCSV spread
did not vay significantly @ < 0.05) between ‘mild’SPCSVinfected cv Kampala White

and symptomless cvs Dimbuka and Kampala White (Table 19b).
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Table 18. Experiment on ‘ooss protection’ of ‘mild’ SPCSV strain against wilghéy

SPCSV
Total no. No. ofvinesthat go  No. of vines that
of vines infected with SPCSV  got affected by
(‘mild’ or wild type) SPVD
MUARIK trial
‘Mild” SPCSVinfected cv 192 N/A 11
Kampala White
Symptomless cv Kampala 192 97 15
White
Symptomless cv Dimbuka 192 12 27
Busia Trial
‘Mild” SPCSVinfected cv 384 N/A 1
Kampala White
Symptomless cv Kampala 384 2 6
White
Symptomless cv Dimbuka 384 3 7

N/A = not applicable
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Table 19a. ANOVA to testfor differences in SPVD and SPCSV spread between the two
locations (Busia and MUARIKplanted with ‘mild’ SPCSVinfected cv Kampala White

and symptomless cvs Dimbuka and Kampala White

Mean squares Mean squares
Source of variation df  SPVD spread d.f SPCSV spread
Replication 1 2.08 1 18
Location 1 126.75" 1 1352 *
Error 9 14.45 5 376.3
Total 11 7

" indicates significance at£0.05

"Sindicates non significance at P < 0.05

Table 19b. ANOVA to testfor differences in SPVD and SPCSV spread between ‘mild’

SPCSVinfected cv Kampala White and symptomless cvs Dimbuka and Kampala White

Mean squares Mean squares
Source of variation df  SPVD spread d.f SPCSV spread
Replication 1 2.08 1 18
Healthy status X cultivar 2 30.58° 1 882"
Error 8 24.46 5 470.3
Total 11 7

"Sindicates non significance at P < 0.05
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Cv Kampala White plants graihoculaed with ceinfection of‘mild’ SPCSV and SPFMV
had very mild or no symptoms whereas Kampala White plants graft inoculated vdth wil
type SPCSV and SPFMV developed typical SPVD (Fig. 14ketosaplants graft
inoculated with SPFMV + ‘mild’ SPCS\also showed less severe symptonmants
continuing to grow (Fig159. |I. setosaplants ceinfected with SPFMV + wild type
SPCSV were severely stunted and started dying from thgRigp 15b). It was also
observed that sweet potato dndgetosagraft inoculated with wild type SPCSV ‘ild’

SPCSV + SPFM\developed intermediary symptorfiag. 14 and 16respectively).

Looking at the virus titre, SPFMV titre was highest in bbteetosaand Kampala White
plants ceinfected withwild type SPCSV + SPFMV followed by plants -eafected wth
‘mild” SPCSV + SPFMV and least in plants singly infected with SPFMV (Tabland
21). In I. setosaplants, 4 weeks after graft inoculation, SPFMV tivas 3.2 times and
12.9times morein co-infections of ‘mild’ SPCSV + SPFMV andild type SPCSV +
SPRVIV, respectively whereas in cv Kampala White, SPFMYV titre increased 7.2 fdld an
42 fold in ceinfections of ‘mild’ SPCSV + SPFMV and wild typg@PCSV + SPFMV,
respectively (Tabl0). Cv Kampala Whitesingly infected with SPFM\étarted showing
uneven virusdistribution 5 weeks after graft inoculation and by this time SPFMV titre
started reducing in emfection of ‘mild’ SPCSV + SPFMVYthough never reaching zero
for the period of 9 weeksbut did notreducein co-infection of wild type SPCSV +
SPFMV (Table21). SPCSVtitre (using the HSP70 genef both ‘mild’ SPCSVsingle
infection andn co-infection of'mild’ SPCSV + SPFM\Mvas comparabléTable22) butit
was 4.7 times lessin co-infections of wild type SPCSV + SPFMV compared te co

infections of ‘mild’ SRESV + SPFMV/(Table24). All genes on RNAL1 regioof the ‘mild’
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SPCSVwere at a much lower titrehan of the wild type SPCSYh co-infectionswith
SPFMV (Table23). Specifically both RNase3 and p22 geneereover 64fold and 177

fold, respectivelygreate in co-infection of wild type SPCSV + SPFMV compared te co
infection of ‘mild’ SPCSV + SPFM\(Table 24) Grafting resultoof cv Kampala White to

I. setosaat the end of 9 weelghowed reversion from SPFMV single infectionsiaut of

5 shoots Reversiorfrom SPFMV in ceinfection of SPFMV + ‘mild’ SPCSV occurred in

1 out of 5 shoots; the shoot tip that showed reversion did not induce any SPVD symptoms
in | setosabutinsteadinduced only development of milddf chlor@is No reversion was

observed in co-infection of SPFMV + wild type SPCEVble 5).
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Figure 14 Cv Kampala White infected with different virus(eslowing differences in
synergism between ‘mild’ SPCSV and wild type SPCSV whemfazt with SPFMV a)
co-infection of wild type SPCSW SPFMV; b) ceinfection of ‘mild’ SPCSV + SPFMV;,

c) SPFEMV single infection; d) healthy plant ; e) healthy field plant; f) plantt gra
inoculated with SPFMV + ‘mild’ SPCSV + wild type SPCSV; g) plant graft indedla
with SPFMV and wild type SPCSV. Pictgrea to d were taken 8 weeks after graft
inoculation but 4 weeks after cutting off plants and replanting from continuous inoculums

while pictures f and g were také® weeksafter graft inoculation
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of graft

8 Position
\ \e of graft

d

Figure 15. a)l. setosagraft inoculated with SPFMV and ‘mild’ SPCSV andibdetosa
graft inoculated with SPFMV and wild type SPCSV showing differences ingigner

between ‘mild’ SPCSV and wild type SPC8&\Wveeks after graft inoculation
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Figure 16. |. setosaplants graft inoculated with different us combinations to compare
synergism of SPFMV by ‘mild’ SPCSV and wild ty @ CSV. a) healthy plant; b) plant
infected withwild type SPCSV; c) plant infected with ‘mild” SPCSV; d) plant infected
with SPFMV; e) plant infected with SPFMV + wild ty @ CSV +mild’ SPCSV; f) plant
infected with SPFMV + ‘mild’ SPCSV; and g) plant infected with SPFMWild type

SPCSV. Picture was taken 3 weeks after graft inoculation
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Table 20. Mean fold change in SPFMV titre (averagé'?) at 4 weeks after graft inoculation of cv Kampala Whited |. setosaplants

with SPFMV, SPFMV + ‘mild’ SPCSV, and SPFMWwild type SPCSYV (leaf positions on a plant or plant number are in parentheses)

Average 2°“

l. setosa Cv Kampala White
SPFMV SPFMV + ‘mild’ SPFMV + wild SPFMV SPFMV + SPFMV + wild type
SPCSV type SPCSV ‘mild’ SPCSV SPCSV
1.006 (21) 2.057 (21) 58.473 (21) 1.000 (1*)  3.563 (1%) 38.663 (1*)
1.239 (31) 4.227 (41) 9.522 (51) 0.395 (2*)  6.483 (2%) 19.907 (2¥)
5.492 (%) 11.188 (51) 6.5162 (61)

2.258 (61) 7.152 (81)

1.207 (71)
0.329 (81)
Mean of
means 1.921 6.156 24.837 0.698 5.023 29.285

T indicates leaf position

*indicates plant number
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Table 21. Mean fold change in SPFMV titre (averagé*“") over time (weeks) in cv
Kampala Whiteplants infected with SPFMV, SPFMV + ‘mild’ SPCSV, and SPFMV +

wild type SPCSV

Average 2

SPFMV SPFMV + ‘mild’ SPCSV SPFMV +wild type SPCSV

Weeks

1 1.095 252.55 4970.342
2 1.708 103.121 2319.939
3 1.012 115.099 7814.851
4 1.001 532.382 3201.673
5 (-) 1.2151 230.089
6 1.001 1.469 3898.812
7 (-) 1.045 822.033
8 1.134 4.175 798.401
9 (-) 1.420 360.783

(-) indicates negative sample
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Table 22. Mean fold change itHSP70titre (average 2*“") betweensingle infection of
‘mild’ SPCSV and canfection of ‘mild’ SPCSV+ SPFMVin cv Kampala Whitglantsat

9 weeks after graft inoculation

Average 2

‘mild” SPCSV infected plant ‘mild’ SPCSV + SPFMYV infected plant

Leafposition

Bottom 1.122 1.031
Middle 0.071 0.137
Top 0.667 0.68
Mean of means 0.620 0.616
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Table 23. The average Ct valuesStandard error of mean (SENYr different genes along RNA1 and RNA2 of ‘mild’ SPCSV and wild

type SPCSVior 4 weeksfter graft inoculatio

Ct values

RNA1 RNA2 COX

P-Pro MTR HEL RdRp RNase3 p22 HSP70
SPCSV strain
‘Mild’ SPCSV 33.6+1.87 37.3+1.61 35.6+1.54 37.8+1.06 32.2+1.36 36.2+1.86 24.0+0.96 25.0+0.24

Wild type SPCSV  24.1+1.81 31.7+0.39 26.9+2.65 29.2+3.14 24.3+1.59 27.3+2.86 32.4+7.37 24.4+0.07
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Table 24.Mean fold change in HSP70, RNase3 and p22 titres (aver&yd Bver time

(weeks) in cv Kampala Whitglants infected with SPFMV + ‘mild’ SPCSV, and SPFMV

+ wild type SPCSV

Average 2

HSP70

RNase3

p22

SPFMV + SPFMV + SPFMV + SPFMV + SPFMV + SPFMV +

‘mild’ wild type ‘mild’ wild type ‘mild’ wild type

SPCSV SPCSV SPCSV SPCSV SPCSV SPCSV
Weeks
1 0.001 0.01 2.435 147.02 2.131 109.433
2 0.0005 0.075 0.445 31.306 2.588 738.856
3 0.00004 0.123 0.028 78.025 0.111 862.262
4 0.01 0.014 0.179 3.156 1.295 126.359
5 1.009 0.0005 () 0.130 ) 1.331
6 0.052 0.002 0.011 0.267 ) 3.83
7 0.0001 0.004 0.042 2.156 1.913 261.235
8 0.002 0.0005 0.023 1.238 0.123 64.504
9 0.001 0.0003 () 0.71 (-) 2.545
Mean of 0.1195 0.025 0.452 29.334 1.360 241.151
means

(-) indicates a negative sample
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Table 25. Reversion from SPFMV (as determined by graftind, ttetosa in sweet potato
cv Kampala White infected with SPFMV alone, SPFMV + ‘mild’ SPCSV, andvBP#

wild type SPCSV for 9 weeks

Cv Kampala White

Healthy SPFMV  SPFMV + ‘mild’ SPCSV  SPFMV + wild type

SPCSV
Shoot position
5 (most top) - - - +
4 — - + +
3 — — + +
2 — + + +
1 (most bottom) - + + +

+ and —indicate presence and absence of SPRVMptoms, respectively
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4.4  Discussion

From previous surveys conducted before the identification of ‘mild’ SPCSV, icleas

that SPCSV rarely occed by itself (Gibsonet al, 1998). In fact, fronthe countrywide
surveyduring this study, the only case of SPCSV single infection in sweet potatoonas f
Busia, the district where ‘mild’ SPCSV is prevalent. Furthermore, the plants led be
exposed to the insect vectors for more than three months in a high disease posssofe z
MUARIK when the screerduse got damaged. Though this exposure of plants to vectors
could have affected the virus incidence d#tias ending up having fewer virus free plants
compared to what Gibsaet al (1997) observed in their work, it did not lead to the ‘mild’
SPCSVinfected plant succumbing to SPVD. In the subsequent survey in Busia district
during this study, onla very few SPVEaffected plantgnormally associated with SPFMV

+ wild type SPCSV) and no cases of SPFMV single infections were obsereadwhile,
plants withsymptoms of ‘mild’ SPCSV were common in the district (Tal#2e 1Rossel

and Thottappilly (1988) noted that cultivars can develop such mild SPVD symptoms that
farmers cannot readily distinguish between affected and unaffected phimtsarly,

Alicai et al. (1999b) by use of serology, identified isolates of SP&GSfffering in the
severity of the associated SPVD. However, these previous reports involveetglatild
SPVDin farmers fieldsour report describes an absence of SPFMV angmna very few
severe)SPVD in farmers’ fields in Busiaandonly getting mild SPVD in experimental

trials.

The availability of a ‘mild’ SPCSV strain suggested a possible opportunityéocontrol
of SPCSV and so SPVD through cross protection. However, it appeaceds protect

only poorlyif at all and, althoughhe ‘mild’ SPCSV strain caudeno SPVD symptomgit
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is not really mildin sweet potato (even though it may bel.irsetosd. It cause clear
purpling and stunting of infected sweet potato plékig. 11) typical of wild type SPCSV
infection (Duffus, 1995), includinthe SPCS\£4 serotype (Gibsoet al.,1998). The virus
also causes vyield loss of up to 5Q¥able 16) which is similar to yield losses observed by
Gibson et al (1998) and Mukasat al. (2006) waking with the wild type SPCSV.
Infection by ‘mild’ SPCSWid, howevercause seedlings dfsetosao develop only mild
chlorotic symptomgFig. 11). This is in contrast t@bservations made by Hoyet al.
(1996) probablyworking on SPCS¥,, Gibsonet d. (1998) working on SPCSX and
Cohenet al. (1992) working on SPCSy, who all noted stunting of. setosawith small,
brittle, and yellow leaves. An isolate of SPG@Vfrom Argentina caused mild mosaic
symptoms in. setosabut, unlike ‘mild’ SPCSV, this isolate caused mild mosaic in old and
new leaves of sweet potato. -@dection of SPFMV and ‘mild’ SPCSV in sweet potato
plants in a glasshouse took abnormally long to produce SPVD symptoms and even then
symptoms were inconsistent and less severe thase tthat were observed when SPFMV
co-infects with wild type SPCSYFig. 14). Furthermore, whefooking at the virus titre in
bothl. setosaand sweet potato plants, SPFMV titre wgasaest in co-infections involving
SPFMV andwild type SPCSVfollowed by o-infections of SPFMV and ‘mild’ SPCSV

and kast in SPFMV single infection@able20and 2).

Upon infection in normasituatiors, SPCSV breaks down the resistance of sweet potato to
virus through RNA silencing suppression (Kreeteal, 2002;2005. As a resultSPFMV
easily infects such plants and multipltesreach high titres (Mukaszt al, 2006) leading

to the development of SPVD (Gibsat al, 1998). In bipartite criniviruses, the 3'

proximal end of RNA1 contains the RNA silencing suppreggores, RNaseand p22
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(p22 is only reported in Ugandan SPGR\Visolates) (Kreuzeet al, 2002; 2005). The
‘mild’ SPCSV has both RNase3 and pg2nesand these genes were within the range of
variation of other apparently wild type isolates describedThgume (2010) SPCSV
isolates that do not encode for p22 gene still successfully synergise heterologeas vi
(Cuellaret al, 2008). Kreuzeet al (2005) showed that the p22 gene somehow enhances
silencing. Cuellaret al (2008) found that most SB¥ do not possess a p22 gene
(Ugandan SPCSYV isolates are apparently exceptional) but that the syngrggtes when
SPCSV encoding p22 aafects with SPFMV than when a non p22 encoding SPCSV co
infects with SPFMV, confirming that the p22 gene, if present, cersi@me additive effect

in synergism. On the contrary, the ‘mild’ SPCSV strain encodes a p22 gene ahdtase t
identical to the wild type SPCSV p22 genes&senBank(http://blast.ncbi.nlm.nih.ggvand
literature (Tugume, 2010) yet its synergistic effects are far less dramatic thanypd

SPCSV.

Thus,the discrepancy in synergism between ‘mild’ amtt type SPCSVseemsunikely

to be due tadeficiencies in eitheRNase3or p22 geneHowever,all genes ficluding
RNase3 and p22) on RNAdke much less expressed (Tablea®8® Table 2¥tin the ‘mild’
SPCSV than in a wild type isolate (results that incidentally would not obviously dc
the RNase&nd/or p22of ‘mild’ SPCSV weresimply aberrant) and thisdser expression
seems to be the likely cause of this isolates failure to synergise well SPFMé
suggests a reduction in the efficacy in awpgenomic (sg) mRNApromote(s) in the
RNA1 region (RNA2 continues to occur ‘normally’ in ‘mild” SPCSV aswhaby the
‘normal’ expression of its HSP70 gene). Indeed, it seems unlikely (though not iblgpss

that separatesg mMRNA promotersshould be responsible; fall genes to be affected
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similarly, it seems more likely that they share a commgmRNApromote, especially

since they are located very close to each other on RNA1 (Ketute 2002).

Field plants that originally had ‘mild” SPCSV infections appeared to show é&ses
SPVD symptoms than their counterparts that started as healthy materialdreusevere

than ‘mild SPCSV experimentally emfected with SPFMV](Fig. 13 versus 14).
Experimentally, wild type and ‘mild SPCSV were also able to be made texisbd
together and the outcome when infected also with SPFMV appears to be one of
intermedate severity, a circumstance that was particularly obvious setosa(Fig. 15).

The mechanism responsible for RNA silencing suppression is the same as thasgor c
protection (Ratcliffet al, 1999; Kreuzeet al, 2002) and it may be that the RNasefl

p22 genes of SPCSOf maybe the wild type only), by hindering RNA silencing, allow
more than one strain of the same virus teegst in the same plant, without dominance of

one or the other.

SPVD was rarely observed in Busia district though ‘m8PCSV is prevalent especially

in the predominant cv Kampala White. There are several probable reasons tdabecoul
contributing to this SPVD rarity. ExperimentallgPFMV was observed not to be fully
synergised by ‘mild’ SPCSYTables 20 and 2land Kampala White plants were observed
quite often totally recovering from the mild SPVD symptoms with a dramatic decline in
SPFMV titre(Table21) from which they eventually revertddable 25). Previous studies
have shown that aphids seldom acquire SPFMV itithes areaslow as in singly infected
plants (Arituaet al, 1998b). In addition, aphids were few on sweet potato in Busia district

- though aphids are normalfgw in sweet potato fields (Arituat al, 1998b; Kantaclet
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al., 1960)and SPFMYV is speculad to be transmitted by itinerant alate aphids of species
that do not colonise sweet potato. Because of the low virus titre and rarity of,aphids
SPFMV may not be efficiently spread in fields in Busia disteetding to less SPVOt

may also be due to ehfact that cv Kampala white, the predominant cultimaBusia,is
relatively resistant to SPFMV as it was observed to revert from SP§ikbyle infections
(also see chapter 5; TabB0O). In addition, heat treatment was observed to enhance
reversion from 8FMV in singly infected plants ankept SPFMV titre even lower in
plants ceinfected with SPFMV and ‘mild’ SPCS\(Table 14). This suggests the
possibility of sweet potato field plants maintaining a low SPFMV titre, from whiefp th
probably eventually reverin areas such as Busia which are normally associatedomigh

dry seasons(Basalirwa, 1995; Rugumayet al, 2003) and with relatively high

temperatures.

SPVDaffected plants remain very small and have pronounced symptoms for farmers to
select agains{Gibsonet al, 2004). ‘Mild" SPCSV singly infected sweet potato plants
manage to grow almost normallgo infected plants do not have a reduced visibility to
whiteflies and farmersnay find it difficult to select against such plants. In addition, in
normal SPVD, wild type SPCSV titre is reduced (Karyegfaal, 2000; Mukaseet al,

2006; Kokkinos and Clark, 2006a)his wasindirectly confirmed in this studyy two

ways; firstly whenthe titre ofthe HSP70 gene (RNA2) of SPCSV was observed to be
greater(4.7 fold) in coinfection of‘mild’ SPCSV + SPFMV tham co-infection ofwild

type SPCSV+ SPFMV (Table 24) [consistent with at least the titre of the wild type
SPCSV being reduced in -wafections with SPFMV (Kokkinos and Clark, 2006a)d

secondly when the titre of SPCS\{HSP70)emained mor®r-less the samboth in single
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infection of ‘mild” SPCSV and cinfection of ‘mild’ SPCSV + SPFM\(Table 22). Just

like the case for aphids acquiring SPFMV, the unaffected titre of this ‘mil@'SSPin co
infections with SPFMV s likely to be more easily acquired by whiteflies than therlow
wild type SPCSV titre in an SPVD affected plant. All these give advantagmiltt
SPCSV and it may be expected that this poorly synergising strain of SP{l3¢come
much more widespread in Uganda. Indeed, it is already the prevalent isolate m Busi

district

Additional surveys for the ‘mild’ SPCSV in Uganda are needed. Although ‘mil€SP
causes less damage on an individual plant basis than the wild type which sgadityises
SPFMV to cause SPVD, it still causes large losses in yield and total yisésh ltisviruses

may thereby increase if the ‘mild’ SPCSV becomes much more common than peld ty
SPCSV as a result of its apparent numemausival advantages. The ‘id’ strain also is

an intriguing example of a virus evolving to change its molecular behaviour so that it no
longer is able to be ‘parasitized’ by other viruses ‘pipggking’ on its ability to combat
RNA silencing by the host sweet potato. How it does this without losing the advantages of
destroying the plant's RNA silencing mechanism is intriguing. SPCSV is arpfilogted

virus whilst SPFMV occurs more widely distributed in plants. It may be that ‘mild’
SPCSVis morefit than wild type SPCSV anldas sicceeded in suppressing RNA silencing
only within the phloem, giving advantag®inly only to itself, whereas wild type SPCSV
suppresses silencing in the entire plant, giving advantage to itself but a@seide range

of other viruses. Further studiestbfs ‘mild’ SPCSV will no doubt provide more detail of

RNA silencing by plants and how viruses suppress it.

134



CHAPTER FIVE

REVERSION FROM VIRAL INFECTION IN UGANDAN LANDRACES

5.1 Introduction

Viruses pose the second most important biotic constraint aftevilweo sweet potato
(Clark and Moyer, 1988; CIP, 200@hd several sweet potato viruses have been reported
in Uganda(Careyet al, 1998; Mukasat al, 2003; Arituaet al, 2007; Wasswat al,
2011).Much emphasis has been put onif@ction of SPFMV and SPCS\Wvhich results

in the severe disease SP\(Bibsonet al, 1998). However, some single virus infections
can also result in yield reduction and may cause cultivar decline/dagjenerFor
instance SPFMV, the most prevalent virus in Uganda, appeacause yield loss of up to
50% (Gibsoret al, 1997; Njeruet al, 2004).SPCSVis the second most prevalent virus
and can cause up to 50% vyield loss by ité@ibsonet al, 1998; Mukasat al, 2006)
Preliminary survey results show that SPLCUV falloSPCSV in prevalence (Wassef

al., 2011) and yield studies in the U.S.A of the related SPLCV show it can cause up to
26% vyield loss (Clark and Hoy, 20080ther viruses that follow closelyn decreasing
order of prevalencencludeSPMMV, SPCFV and SPaLV (Careyet al, 1998; Mukas&t

al., 2003; Arituaet al, 2007) but their effect on yield has not been studied.

Previous research has shown reversimmfrSPFMV inresistant (New Kawogo) and
moderatelyresistant (Tanzania) cultiveof sweet potato itJganda (Arituaet al, 1998b)
but did not consider reversion in susceptible cultivars. The natural potential dffsvee

landraces to recover/revert from single virus infections should be exploited sbut it
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importance in sustaining the productivity afveet potato has not been evaluated.
Reversion in a wider range of cultivars is described in this chaptermatmn on SPFMV
titres (usingRT-gPCR DAS- and TASELISA) in resistant and susceptible sweet potato

cultivars is also reported.

52 Materials and Methods

5.2.1 SPEMV titre and recovery from SPFMV in |. setosa

Two plants of one week ol setosawere side grafted with SPFMV infected scions of
cultivar Resisto. Plants were observed for SPFMptomdor a period of 4 weeks. Leaf
portions fromthe first leaf to show symptoms were collected weekly for 4 weeks
stored at80°C. At the end othe4 weeks, up to 11 consecutive leaf samples, starting with
the first true leaf just after the graft (considered as leaf 1) were collected"Teaf was

the first to show recovery at week 4. Leaf samples were used for determinihgVSPF

titres usingRT-gPCRmethod as desitred in chapter 4, section 4.2.2.

5.2.2 Ugandan sweet potato landraces with potential to revert from SPFMV as
determined by grafting to |. setosa and RT-gPCR

Sweet potato cultivars New Kawogo, Araka White, Beauregard and NASPOT Ingrowi
in a screenhouse at NRI, UK and previously confirmed as being singly infected wit
SPFMV by grafting td. setosavere used. Terminal shoot tips ieecut off and separately
graftinoculated tol. setosato confirm infection. Thisalso promoted growth of more
lateral and basal shoots in the plants. Three weeks after decapitating nh&tengi shoot

tips which had appeared along the main stems and tips of all basal shoots afltdzah ¢
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were cut and each separately graftedl.tsetosa The |. setosawere examined for
symptoms of SPFMV for 4 weeks after grafting. Plants that reacted negétivie setosa

were confirmed usin@T-gPCR.

5.2.3 SPFEMV titre and reversion in different sweet potato cultivars

Cuttings from healthy sweet potato plants of cvs New Kawogo, Beauregard, &jumul
Dimbuka and NASPOT 1 were separately established in small pots in a saserm@to
NaCRRI, Uganda. Two weeks later, SPFMV infected scions from cv Resisto were
independently grafted to three plants of each cultivar. Uninoculated controls of each
cultivar were also included. Plants were tested for successful inocubgtigrafting them

to I. setosa Samples were takenofn top, middle and bottom leaves (as a single sample
for each plant) of successfully inoculated plants 5 weeks after grafting aed fes
SPFMV using DASELISA (Clark and Adams, 1977). At 9 weeks, shoot tips5(cm

long) were cut from all plants and-planted so they were independent from the scions. At

3 and 6 weeks after replanting, samples were collected from top, middle and bottasn leave
(as a single sampldor each plant) and tested for SPFMV using TBHSA (Clark and
Adams, 1977). Three shoaps from each of these plants were finally graftedl teetosa

to test for reversion.

SPFMV titre was also determined in sweet potato field plants from NaCRRI and
MUARIK. Planting material used in planting these fields was selected froithyea
looking plants and the material picked for testing was from at least 4 months old

symptomless plants. Six different cultivars were tested using-HIASA and these
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included Bauegard, Ejumula, Dimbuka, Semanda, NASPOT 1 and New Kawogo.

Healthy controls for eachuttivar were included on the plate.

The same grafting experiment as above was repeated at NRI, grafting SPFM&dircfect
Resisto onto two plants each of cvs Huachara, New Kawogo, Kampala White, Bunyer
Peruanita, Araka White, Beauregard, NASPOT 1 andSR@AT 11. Two weeks later
(considered as week zero in the Results section), leaf samples were collecteefrom t
plants, stored at80°C and the shoots were cut off andptanted, again to stop any
interfering virus inoculum from the scions. At the sanmeeti tips of the replanted shoots
were cut from each of these cultivars and grafted. teetosato test for successful
inoculations, observing for symptoms for 4 weeks. Leaf samples were takery iaekl
storage at80°C from the successfully graft inoculated replanted sweet potato cuttings for
12 weeks; SPFMV titre determined at the end of the experimeRTTlyPCR At the end

of 12 weeks, shoot tips from 5 consecutive shoots along the main stem of each sweet
potato plant were grafted tosetosaand observations for symptom developmmaidefor

4 weeks.The main stems ranged betweed 8eet in length and the lateral shoots were

distributed along the whole length of the stem from bottom to top.

53 Results

5.3.1 SPFMV titre and recovery from SPFMV in |. setosa
Recovery from SPFMV symptoms was observetl getosawith the upper leaves starting
from leaf 8 growing with no symptoms 4 weeks after graft inoculation VBPfitre was

observed to decline up the plant in samples collected at fourth week aftangculation
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but never reached zer®&PFMV titre was mor®r-less constant in the first leaf to show

symptomdor the period o#t weeks (Tabl26).

Table 26. Mean fold change in SPFMV titre (averag&'?) over time (weeks) ih setosa
first leafto show symptoms (leaf portions from this same leaf were collected weekly) and

11 consecutive leaves at week 4 including first leaf to show symptoms and recovered

leaves
Average 2
Week1 Week?2 Week 3 Week 4
Plant1 Plant2
Leaf no.
1 1.023 1.0

2 (1*' leaf to show symptoms 3.34971* 1.087735* 2.151198* 1.162 3.350

3 1.621 0.22

4 1.652 0.048

5 1.807 0.012

6 1.561 0.001

7 1.465 0.0004
8 (1% leaf to show recovery) 0.391 0.000005
9 (recovered leaf) 0.245

10 (recovered leaf) 0.275

11 (recovered leaf) 0.091

* indicates average value for plant 1 and 2
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5.3.2 Ugandan sweet potato landraces with potential to reverfrom SPFMV as
determined by grafting tol. setosa and RT-gPCR

Reversion from SPFMV occurrechore in shoots of some cultivars than in others.
Cultivars New Kawogo and Araka White completely reverted from SPFMV wiite of

the brancheof cultivar Beauregard reverted. All shoots of NASPOT 1 also showed
reversion while the main stem did not rev@rable Z). Plants that tested negative with

setosaalso tested negative wilRT-gPCR.

Table 27. Reversion in sweet potato cultivars from SPFMV as determined by grafting to

setosaand confirmed bR T-qgPCR

Cultivar Main stems Lateral shoct Basal shoots
reverted reverted reverted
New Kawogo, 1/1 4/4 212
NASPOT 1 0/1 2/2 1/1
Araka White, 1/1 3/3 3/3
Beauregard, 0/1 0/3 0/1

5.3.3 SPFMV titre and reversion in different sweet potato cultivars

SPFMV titre results from DASand TASELISA showel that cultivars with more
potential to revert have lower virus titres than those with low reversion potenable(T
28). A general decline in virus titre wadsoobserved across all cultivars (both susceptible
and tolerant) over time (TabR8). SPFMV ttre in cultivarsNew Kawogo and NASPOT 1

with high potential to revert was comparable to their respective healthy cohZroieeks
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after inoculation (WAI). However, at 12 WAI cvs Beauregard, Ejumula and Dimbuka with
low reversion potential still had adh SPFMV titre compared to their respective healthy
controls and it took at least 18 WAI for these cultivars to develop negligible vires. tit
Grafting all these cultivars at the end of 18 weeks confirmed reversion in 2 of 3 sutting
each of the culars Beauregard, Dimbuka and Ejumula while all cuttings from cultivars
New Kawogo and NASPOT 1 reacted negdyivan |. setosa In sweet potato field plants
collected from MUARIK, SPFMV occurred more often in susceptible cultivars than
tolerant ones and soeptible cultivars had a slightly higher virus titre than resistant

cultivars Overall SPFMV incidence was 26% in these field plants (T28)le

RT-gPCRresultsgenerally showed the American Beauregard to maintain a higher virus
titre and stay infeerd for a longer periodl( weeks) than any other cultivar (Tal36).
Peruvian cg Huacharaand Peruanita and the Ugandan cv Munyera showed occasional
high titres and all the rest (Ugandan cultivars) showed very low trestall, RT-gPCR
results showedv Beairegard to be the most susceptible antlASPOT 11(Tomulabula)
asthe most resistanfTable 30). RT-gPCR results were confirmed lgsults from graft
inoculation tol. setosaTable31) which showedavsBeairegardand Peruanitas the most
susceptle and cv NASPOT 11 (Tomulabula) as the most resistant with the rest of the
cultivars showing moderate resistanc@enerally, shoots from the top of the main stem

were more often virus free than shoots from the botfbable31).
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Table 28. Trend INSPFMV titre at 405 nm in different sweet potato cultivars for the

period of 18 weeks

DAS-ELISA

TAS-ELISA

5 WAI (still attached

12 WAI (detached

18 WAI (detached

to inoculum) from inoculum) from inoculum)
Cultivar + SPFMV Healthy + SPFMV Healthy + SPAMV Healthy
Beauregard 1.574 0.127 0.430 0.195 0.247 0.239
Ejumula 1.722 0.020 0.309 0.153 0.264 0.249
Dimbuka 1.541 0.270 0.191 0.109 0.252 0.178
NASPOT 1 0.333 0.030 0.222 0.109 0.200 0.250
New Kawogo 0.609 0.100 0.173 0.091 0.233 0.209
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Table 29. Prevalence o6PFMV (percentage in parenthesis) and virus titre (at 405 nm) in

field plants of different sweet potato cultivars

TAS-ELISA

Cultivar Source of sample No. of positives  Average OD value

of infected plants

Beauregard NaCRRI 7120 (35%) 0.723
Ejumula NaCRRI 8/20 (40%) 0.721
Dimbuka Kabanyolo 5/20 (25%) 0.837
Semanda Kabanyolo 6/20 (30%) 0.651
NASPOT 1 Kabanyolo 2/20 (10%) 0.586
New Kawogo Kabanyolo 3/20 (15%) 0.620
Total positives 31/120 (26%)
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Table 30. SPFMV titre @verage 2*“") as determined bRT-gPCR in different sweet potato cultivars for the period of 12 weeks

Cultivars

Beauregard Araka White Munyera New Kawogo Huachara NASPOT 1 Kampala White NASPOT 11 Peruanita
Weeks

0 1.025 0.000001  0.00007  0.000006  0.0004 * * * *

1 0.19 0.012 0.001 0.0003 0.001 0.006 0.008 0.0000004  0.001
2 0.812 0.211 0.002 0.00002 0.001 0.0001 0.0004 0.000002  0.012
3 0.811 0.102 0.147 0.006 0.069 0.001 0.037 0.002 0.066
4 0.161 0.213 0.017 0.0008 0.005 0.002 0.0003 0.004 0.094
5 0.573 0.108 0.127 0.009 ¢) 0.055 0.115 ) 0.367
6 0.782 ) 0.028 ) ¢) ) ¢) ) 0.03
7 0.662 ) 1.146 ) 0.262 ) ¢) ) )

8 0.235 ) 0.564 ) 1.086 0.399 ¢) ) 0.115
9 0.538 0.00001  0.000002 ) ¢) ) 0.000006 ) 0.000006
10 0.732 ) ) ) ) ) ) ) )
11 0.445 ) 0.922 ) 0.067 ) ¢) ) 0.938
12 ) 7.718 8.674 1.597 ) () ) () ()

*not determined;-] indicates negative sample
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Table 31.Reversion from SPFMMs determingby grafting tol. setosaof sweet potatoleots graft inoculated fdr2 weeks

Cultivar
Huachara Peruanita Beauregard Kampala NASPOT 1 New Munyera Araka NASPOT
White Kawogo White 11

Plantnumber 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
Shoot position
5 (most top) - - + - - + - - - - - - - = = -
4 — + + — + + — — — — — — + — — ** — —
3 - + + + - + + - + + - - + + + ** -
2 + + + + + + + + - + + - + -+ -
1 (most — + + + + + + + + + + — — + + W —
bottom)

+ and — indicate presence and absence of SPFMV symptespgctively

* and ** indicatethatplant died and (thus) no shoots to tesspectively
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5.4  Discussion

The observation of reversion from SPFMV confirms previous observations and reports:
Gibsonet al (1997) reported that field plants of some varieties did not appear to be
infected with SPFMV and attributed this to some factor such as revevkitst Aritua et

al. (1998b) showed there was reversion from SPFMV in Ugandan cvs New Kawogo and
Tanzania, a very resistant and moderately resistant cultiespectively (Mwangat al,

1995). In addition to confirming these results, the current studies revealed revession f
SPFMV in more Ugandan sweet potato landraces and improved varieties rammgmg f
very resistant to very susceptible cultivars. Recoviewy not reversion, was also observed

in the indicator plant setosa

That at least Ugandan cultivars, including apparently even relatiusebeptible ones, can
revert from SPFMV infections, suggests reversion is important in combatireffduts of
viruses on yields. Indeedgversion seems to indirectly influence the selection of cultivars
grown by farmersCultivars, such as New Kawogo that have a greater reversion potential
are more commonly grown by Ugandan farmers (Bashaesta, 1995) than dreign
cultivars such as Beauregard with a lesser reversion potential. Likewaseyget al.
(2009) noted that cultivars with ability to recover were common in the $IR)AD pressure
zones incentral and western regions of Ugandae possibility to selg against sweet
potato cultivars with low reversion potential is also evidenced by the observetiosehsy
farmers of symptomless planting material. Although SPFMV rarely indugaptems in
infected sweet potato plantdollings, 1965), most of the sytomless material is actually
virus free (Gibsoret al., 1997). This was also confirmed in the current study but with

relatively greater SPFMV incidence (Tablk9) compared to Gibsoret al (1997)
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observation. This is probably because of the greater SP&M¥eptibility of some of the
cultivars tested as well as the high virus incidencM&tARIK . Even for susceptible
cultivars that could not completely revert, at least some of their shoots yrt@nghoots)

were able to revert (Tabl8l). When replanting, farmers use the top most pai1(8
inches) of the shoot ideally indicating the likelihood of picking reverted plant paets e
from the susceptible cultivars. Farmers may also abandon cultivars because yiélusor
probably due to their failure to revert, SPFMV decreasing storage root yietdected
plants by 50% (Gibsoet al, 1997;Njeru et al, 2004. These scenarios indirectly show
how farmers may select for reversion. The practice of selecting for syrngs®planting
material, of which mosts virus free, and the natural potential of plants to revert thus
explains why sweet potato viruses do not build up to 100% incidence in the field despite
the high abundance of vectors and the vegetative propagation of the crop (&iladon
1997). Howeer, this does not necessarily mean that virus indexing should be overlooked;
relying on only symptomless material may mean accepting some yield lossdacaue

of the planting material is infected and it is not possible to tell which from the symptoms.
Instead, selecting for symptomless material and indexing to confirm such insttenéd

supplement each other.

Although viruses are generally known to systemically infect their host plRetty/ét al,
1990), SPFMV has long been shown to hamenevendistribution within infected plants
(Frison and Ng, 1981; Greest al, 1988; Abad and Moyer, 1992; Gibb and Padovan,
1993), allowing healthy parts to be selected. Resistance to viruses in sweehpstheen
attributed to the ability of plants to rastr virus movement (Toussairdgt al, 1984;

Carringtonet al, 1996) and the varying pathogen concentration throughout infected plants
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(Mori and Hoskawa, 1977) Other researchers have attributegistance to SPFMV to
destruction of virusmRNA through RNA silencing Kreuze, 2002). The uneven virus
distribution may be due to restriction of virus movement or uneven destruction of virus
within the plant; its presenosas confirmed in this study for cultivars such as Huachara
and Peruanita (Tabl&0). Almost smilar to our observations on setosa Salomon (1989)
found recovery from SPFMV in an indicator plantnil which he correlated with an
increase in a proteolytic activity that cleaves SPFMV capsid proteinasitniot been
reported if such increased peotytic activity also occurs in SPFMMfected sweet potato

andl. setosa.

The ability of sweet potato landraces to revert varied between cultivateatsdsceptible
cultivars took longer to lose the vir¢§able 2 and 3} implies a genetic basi§&asiraet

al. (2008) found some ;Fprogenies from a cross between paternal sweet potato cultivar
Munyera with recovery potential and four maternal parents to be displaying levels of
recovery. Recovery and reversion from ACMV in cassava are also gemgpaadent
(Jennings, 1957; 1960; Farge#kal, 1996; Gibson and OtikNape, 1997) and may also
vary with the virus, infection with a severe strain of ACMV (actually now shtavbe
EACMV) delaying reversion as compared to typical ACMV (Gibson and -Qi#pe,
1997). However, environmental factors may also have a significant role in the
phenomenon of reversion. Indeed, heat treatment %@ B&sulted in apparent reversion
from SPFMVinfection 2 weeks after graft inoculation (chapter 4; Table 14). Rossel and
Thottappilly (1985) noted that resistant plants in the tropics often grow withaug vir
disease symptoms especially during the hot season. Also, Bertscleingér (1995)

observed a positive correlation between temperature and systemicity asvirupdato

148



and Gibson and OtirNape, (1997) commented that cassava plants in Uganda recover
from ACMV symptoms more often in the dry hot season than cool wet season.
Correspondingly, Aritueet al (1998b) suggested a possible influence of environmental
conditiors on reversion from SPFMV by sweet potato cvs New Kawogo and Tanzania as
reversion progressed more rapidly in field than in screenhouse conditions. Therefore
genotype by environment interaction may also have a crucial role in reversiouesbse
sweet ptato landraces in Uganda and environmental factors that promote reversion

therefore need further studies.

In summary, our results show that several sweet potato cultivars, including siscept
ones, revert from SPFMV, perhaps especially in hot conditions. The results can be used to
identify sweet potato cultivars with high reversion potential, virus titre evengbein
selection criterion in resistance breeding. Reversion linked with virusigestin also be

used to produce virus free sweet potato material. This avoids the use of expensive and
labour intensivein vitro virus elimination techniques that are not feasible in many

developing countries like Uganda.
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CHAPTER SIX

GENERAL DISCUSSION

The overall objective of this study was to identify new viruses and virus strasweet

potato landraces in Uganda, their involvement in synergism and the implication dVSPF

titre on the phenomenon of reversion. Specifically, the study identified SPLCUV and
described its prevalence in Uganda and how some cultivars reverted, showed how the
SPCSV isolate in Busia was not-icdected with SPFMV, based on poor expression of its
RNase3 and p22 genes which would otherwise suppress resistance dueliagadri®NA
silencing, and confirmed that sweet potato landracesedert from SPFMV infection,
probably based on natural resistance based on RNA silencing and that heeviofis is at

least one indicator of reversion in different cultivars. The main conclusions from the
studies of this thesis are:

i. A new virus (SPLOV: Begomovirusis described from Uganda. This is the first
evidence of aBegomovirusinfecting sweet potato in Uganda and is the second
report of a sweepovirus in the sub Saharan region, the first report being in Kenya.
Sweepovirus seems to be commoJganda.

ii.  SPLCUV is not synergised by SPCSV and sweet potato landraces revert from
SPLCUYV infection.

iii. A strain of SPCSV is described which poorly synergises SPFMV. Spatato
plants ceinfected with SPFMV and this ‘mild’ SPCSV strain also revert from
SPFMVinfection. This ‘mild’ SPCSV provides only limited crogsotection against

wild type SPCSV, evidence thatNRR silencingbased resistance has been partially
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switched off by the RNase3 and p22 genes of the SPCSV. However, yieldstsf pl
only infected withmild’ SPCSV are still halved and the symptoms of ‘mild’ SPCSV
seem identical to those of wild type SPCSV when infecting alore¥ass protection
would probably not be a useful attribute anyway.

iv.  The difference ir6PVD severity(wild type SPCSW SPFMVversus'mild’ SPCSV
+ SPFMV)is due tadifferences in thexpression levels of RNase3 and p22 gefies
SPCSV both genes arar more expressed in the wild type SPCSV than in the ‘mild’
SPCSV.The difference in RNase3 and p22 gene expression is likelyadtiget
mutation(s)in the sg mMRNApromote(s) for these genesather than any change in
the genes themselves.

v. Virus titre is indicative of cultivars that revert and the time needed for cultivars to
revert varies between resistant and susceptible cultidarsever, at some point in
time, especially a few days after infection/inoculation, resistant cidtivan also
have high virus titres like susceptible onégmongst all cultivars tested, cv
NASPOT 11 is the fastest to revert from SPFMV single infectionlewbv

Beauregard is the slowest.

A begomovirus infecting sweet potato, SPLCUV, was identified for the first time in
Uganda; this is only the second time a sweepovirus has been identified in mainlaad Afri
the first time being in neighbouring Kenya @oet al, 200§, and it is the first time a
full-length sequence has been descriipedfrica. The sweepovirus identified in Uganda
differed from the Kenyan one and all others in the World by at least 13% (Talies7¥
beyond the species demarcationit for begomovirusesKauquetet al, 2003)and was

tentatively named SPLCUV. That is not to say that other sweepoviruses do not occur in
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Uganda, including the Kenya one; amdy wassequencedAreas that still remain in great
need of further studyra the diversity of sweepoviruses present in Uganda and elsewhere
in Africa, and the effect sweepovirus(es) have on yield. Sweepoviruses diverdlg basa
from other begomoviruse@-auquet and Stanley, 2003) and have no clear geographical
origin (Briddon et al., 2010). Both of thesebservationsvere confirmed by this study
when (a) the degenerate primer pairs desigoedonsweepovirus begomoviruses (Rojas

et al, 1993; Denget al, 1994) failed to detect SPLCUV and (b) when SPLCUV was found
to be most clsely related to sweepoviruses from countries in continents (Pambtia
2010; Lozancet al, 2009) other than Africa (Fig. 9 and Table 8Bhis basal divergence of
sweepoviruses and their unclear geographical origin are probably becausenof/draeen

of infected sweet potato material including the storage root#mateadily sprout.

Many viruses are asymptomatic in sweet potato and they may have been overlodked, wit
most emphasis put on SPWd3sociated viruses (SPCSV + SPFMV). However,
sweepovirg(es) is probably common and widespread in Uganda yet it has only now been
detectedHowever, previous researchers did not find it when they grafted what probably
amounted to several hundreds of scions from symptomless plants in Ugdnsietésan

their search for sweet potato viruses in the country (Giketoal, 1997;Mukasaet al,

2003; Arituaet al, 2007).These results suggest that sweepovirus(es) may be a recent
introduction in the country but spread quickly, perhaps aided by its lack of symptoms when
infecting sweet potato planend the high abundance of whiteflies. On the other hand,
however, it is possible that SPLCUV symptom expressioh setosais dependent on
environmental factors.Results [section 3.5; chapter 3 (observations mader aft

publication)] showed that, whilé setosain Ugandan screenhouses did not show any
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symptoms,l. setosagrafted in a glasshouse in UK using the same sweet potato plants
developed clear leaf curling symptoms; this was confirmed to be sweepovirusRoy PC
also had previously failed to detect sweepoviruses in many graft-inoculatibrsetosan
Ugandaand the lack of symptoms developing losetosain Uganda is perhaps the more
likely explanation of why it was not previously detected. InterestinglyJdck of leaf curl
symptoms in sweet potato also extended to sweet potato plants also infecteB@&W S
and SPFMV which only developed typical SPVD symptoms. This lack of synergy with
SPCSV, apparently the first report of a sweet potato virus notggedrby SPCSV, may

also have had a role in it previously being undetected in the country.

Several previous researchers have reported a numist©@8V strains, sontevingmore
severesynergistic effectshan other{Rossel and Thottappilly, 198&ibsm et al, 1998;
Alicai et al, 1999b; Cuellaet al, 2008). According to Rossel and Thottappilly (1988),
cultivars can develop very mild SPVD symptoms that farmers cannot readitygdisti
between affected and unaffected plants. However, all thessesii to involve no lack of
synergy by SPCSV. In this study, a mild strain of SPG&yerimentallyobserved to
synergise SPFMV only partially was identified in Ugandan sweet potatds fidlhe
RNase3 and p22 genes of SPCSV are responsible for breakingRi#vsilencingbased
resistance to SPFMV (Kreuzg al, 2002; Kreuzeet al, 2005; Cuellaet al, 2008) and
thus, in ceinfections with SPCSV, severe symptoms of SPFMV normally develop (Gibson
et al, 1998). All SPCSV strains have the RNase3 gene byt2Begene has been found
exclusively in Ugandan isolates so far. Here, it apparently boosts thgisymgreffect of
the RNase3 gene and makes symptoms more sekerazget al, 2005;Cuellaret al,

2008).The ‘mild’ SPCSV has both RNase3 and p22 geite22 is very similar to the
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p22 genes in the GenBank and literature whereas RNase3 has some vargohsalyy

with those RNase3 reported in the GenBamitp(//blast.ncbi.nim.nih.ggvbut negligible
with those reported by Tugume (2010). Instead, both the RNase3 and p22 genes were f
less expressed for the ‘mild” SPCSV than for wild type SPCRbles 23 and 24 and it
seems likely that a change in tR&lase3 and/or p22g0 mRNApromoter(s) is respoiide

for the lesser gene expression in ‘mild’ SPCSV rather than any change in #® gen
themselves. This lesser expression of the RNase3 and p22 genes may be theogxpfana
their lack of synergising effect on -@ofecting SPFMV, rather than any mutatian the
genes themselves. Their lesser expression may instead be caused by nutatsm
MRNA promoter presumed to drive their expression. letnal (1989) observed that site
specific mutations at the TGACG motif of activation sequence factor 1-(A8Fthe 35S
promoter of Cauliflower mosaic virugCaMV) alters gene expression pattern for virus
resistance in transgenic planie mechanisms behind the different interactions of the
‘mild’ type SPCSV in host plants aafected with SPFMY especially doking at the
possibility of mutations irsg mRNApromotersof RNase3 and p22 genesquire further

study.

In fields in Busia district, SPVD was rare and, if present, associated withrébence of
wild type SPCSV despite the relatively much greatemdiance of ‘mild’ SPCSV. This
was consistent with field experiments; trials that started as healthy succumbedomo
SPVD from SPVD infector than trials that were originally infected with ‘mildCS®V
(Table 15 and 18)The possibility of ‘mild® SPCSV péally crossprotecting against the
wild type SPCSV may account for this rarity of SPVD. Other reasons perh@apdikely

to be responsible for the rarity of SPVD and high prevalence of ‘mild’ SPCSV in Busia
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district are: plants infected with the ‘mildP&SV continue to have almost normal growth
and so do not suffer reduced visibility to whiteflies and are not easily selectedtagy
farmers when they are selecting planting material. Also, unlike in normaDSihere
SPCSV titre is less than when it infects by itself (Karyefjaal, 2000; Mukasaet al,

2006; Kokkinos and Clark, 2006a), experimentalirdections involving ‘mild’ SPCSV

and SPFMV left SPCSV titre unaffected. Such unaffected virus titre is ltkelgad to

‘mild’ SPCSV being more readily acquired by whiteflies than the wild tyjile avreduced

titre in normal SPVD. In addition, experimental-iodections of SPFMV and ‘mild’
SPCSV had a low titre of SPFM{Table 20 and 21gllowing plants to recover and
eventually revert to being infected onigth ‘mild’ SPCSV. Such low SPFMV titres may
also result in it not easily being acquired by aphids (Argual, 1998b) and so it again
may not spread to infect other ‘mild’ SPC&Wected plants; aphids also seemed rare in
Busia district. Howeverthe occurrence of ‘mild’ SPCSV, despite its name, provides little
hope in the control of SPCSV because vyield loss of affected plants was still around 50%
and is likely to become more (or is already) widespread becauds loétter survival
charactersExtended surveys for prevalence of ‘mild’ SPCSV in Uganda are needed and a
careful watch kept on its spreadVild type SPCSV faces a big penalty as it synergises
SPFMV to very high titres and is thus easily selected against in se\&#®Ip affected

plants.

Upon infection with viruses, plants employ an RNA silencing mechanism agdinst
foreign genes entering the plant (Waterhoeseal, 2001a; Vaucheret, 2001; Voinnet,
2001). However, many viruses, in turn, deploy wemeoded proteins which suppress

RNA silencing allowing them to infect their host plants quite success#ifigrfdalakshmi
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et al, 1998; Kasschau and Carrington, 1998; Voirgteal, 1999; Voinnetet al, 2000;
Ahlquist, 2002; Moissiard and Voinnet 2004). RNA silencing suppression is enatent
for the case of virus synergism where infected plants become severely affectaah, In t
however, plants also evolved an even greater level of host resistance that w@sisa
encoded RNA silencing suppression (&i al, 1999) which is manifested through
possibilities of diseased plants to revert from virus infection. Reversiosedsns to work
on the RNA silencing mechanisfRatcliff et al, 1999; Kreuzeet al, 2002)but, severely
affected SPVD plants do not show any signs of reversionmighanism seems to be
commonly deployed for single virus infections and reversion was observed for two
unrelated viruses, SPLCUV and SPFMV. Reversion from SPFMV in SPVD affectdd pla
was onlyonceobserved whefmild’ SPCSV ceinfected with SPFMVThisis not the first
time reversion has been observed in sweet potato plants in Udaihdanet al (1997)
observed that many field plants were healthy when -gmdé#xed onl. setosa(and
reversion was the most obvious explanation) and Argual (1998b)observed actual
reversion from SPFMV in the very resistant cv New Kawogo and resistararzania. In
addition to confirming these results, the current study observed reversion inveoyne
susceptible sweet potato cultivars such as Beauregard (T&bl&802and 3 That
reversion occurred from unrelated viruses and even in the susceptible cultivarstsitgge
Is an important phenomenon in the control of sweet potato virieall cultivars tested,
the Ugandacv NASPOT 11 (Tomulabula) was the fastmstevertwhile the American cv
Beauregard was the slowest to revert from SPFMV. The landrace New Kawogo was the

fastest to revert from SPLCUWASPOT 11is a product of participatory plant breeding.
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Several hypotheses have been put to explain reversion. For example, SPFMV is known not
to be uniformly distributed in the infected plants (Frison and Ng, 1981; @tesn 1988;

Abad and Moyer, 1992; Gibb and Padovan, 1993). In this study, SPLCUV was also
observed to have uneven distribution in infected gsléfable 9) which is consistent with

an earlier observation gokkinos and Clark (2006b) that theguld not detect SPLCV in

all parts of the plant. Several other viruses in other crops such as CBSV and ACMV in
cassava are also now known not to be uniformly distributed within the plant (Mori and
Hosokawa, 1977; Rosset al, 1987; 1994; Njoclet al, 1994) and disagrees with earlier
observations that one of the characteristics of plant viruses is that them®egdly infect

their hosts (Pettgt al, 1990). Other researchers have attributed reversion from SPFMV in
East African sweet potato cultivars to destruction of virus RNA through RMAcsng
(Kreuzeet al, 2002) rather than limited virus movement and uneven distributibat
destruction of virg could still be the mechanism accounting for the limited virus
movement and uneven distribution of virus. Irrespective of the mechanism, it ysttiksd

very important in ensuring that sweet potato planting material is mainly virislfris not
yetreported whether pathogen genotype influences reversion in sweet potato busiaseem
likely outcome as part of the continual battle between plant and pathogen. Envi@nment
factors also seem to play a significant role in reversion, heat treatmenteghaaversion

from SPFMV (Table 14)Further work is needed on the influence of genotype and
environment on the phenomenon of reversion. Reversion can be exploited in maintaining
and ensuringarmers with virus free planting material without necessitatesgparchers
going for the more expensiva vitro techniques which are anyway not feasible for the

case of sweet potato in Uganda. Virus titre results can be used by breeders taselect f
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cultivars with high reversion potential and such cultivars can be used to breetusr

resistance.

Research gapsited above open up opportunities for the academic virologists and/or
researchers. Besides thatxploitation of the results particularly dhe mechanism of
reversion will help plant health experts in designing virus control packages that ar
apporopriate for the case of Ugandarerall, the results of this study witontribute to
enhanced integrated sweet potato viruses management in sweet potato fields in Uganda

and elsewhere in the World and thus sustain sweet potato productivity.
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APPENDIX

Appendix 1. Sweet potato viruses not yet recognised by ICTV

Tentative species Putative Vector Distribution References
Genus

Sweet potato virus Y Potyviridae Potyvirus ? Taiwan, USA Ateka et al, 2004a;

(SPVY) Soutoet al, 2003.

Sweet potato leaf cui Geminiviridae Begomovirus Whiteflies Uganda Wassweet al, 2011.

Uganda virus (SPLCUV)

Sweet potato chlorotic flec Flexiviridae Carlavirus ? S. America, Eds Aritua et al, 2003;

virus (SPCFV) Africa Ateka et al, 2004a;
Tairoet al, 2004.

Sweet potato yellow dwar Potyviridae [pomovirus ? Taiwan, Far East Liao et al, 1979.

virus (SPYDV)
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Sweet potato vein mosa Potyviridae Potyvirus? Aphids Argentina Nomeet al., 1974.

virus (SPVMV)

Sweet potato ringspot viru Comoviridae Nepovirus ? Papua New Guinea Brownet al, 1988.
(SPRSV)

Sweet potato caulimbke Caulimoviridae Caulimovirus? ? Puerto Rico, Ugand: Atkey and Brunt, 1987
virus (SPCalLV) Mukasaet al., 2003.
Ipomoea crinkle leaf cur Geminiviridae  Begomovirus ? US.A Cohenet al, 1997

virus (ICLCV)

Sweet potato virus 2 (SPVZ Potyviridae Potyvirus Aphids Nigeria Rossel and Thottaplilly
1988

Sweet potato badnavirus Caulimoviridae Badnavirus ? Tanzania Mbanzibwaet al.,, 2011

(SPBVLA)

Sweet potato badnavirus Caulimoviridae Badnavirus ? Tanzania Mbanzibwaet al.,, 2011

(SPBV-B)
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Sweet potato badnavirus
(SPB\-C)
Sweet patto badnavirus D
(SPB\:D)
Sweet potato vein clearing

virus (SPVCV)

Sweet potato € virus
Sweet potato & virus
Sweet potato golden vein
associated virus (SPGVaV)
Sweet potato leaf curl
Canary virus §PLCCaV )
Sweet potato leaf curl

China virus SPLCV-CN)

Caulimoviridae

Caulimoviridae

Caulimoviridae

Bunyaviridae

Flexiviridae

Geminiviridae

Geminiviridae

Geminiviridae

Badnavirus

Badnavirus

Cavemovirus

Phlebovirus?

Carlavirus?

Begomovirus

Begomovirus

Begomovirus

? Tanzania
? Tanzania
? East Africa, Central

America and the

Caribbean islands

? Taiwan
? Taiwan
? Brazil

Whiteflies Spain

? China
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CIP, unpublished

CIP, Unpublished

CIP, Unpublished

CIP, Unpublished

CIP, Unpublished

Paprotkaet al 2010

Lozanoet al, 2009

Luanet al, 2007



Sweet potato leaf curl Geminiviridae
Lanzarote virus§PLCLaV)

Sweet potato leaf curl Geminiviridae
Spain virus $PLCESV)

Sweet potato mosaic Geminiviridae
associated virus (SPMaV)

Sweet potato symptomless Geminiviridae
mastrevirus 1$PMV)

Sweet potato virus C Potyviridae

(SPVC)

Begomovirus

Begomovirus

Begomovirus

Mastrevirus

Potyvirus

Whiteflies Spain

Whiteflies Spain

? Brazil

? Tanzania

Aphids US.A

Lozanoet al, 2009

Lozanoet al, 2009

Paprotkaet al 2010

Mbanzibwaet al, 2011

Kokkinos and Clark,

2006a

? = Unassigned genus or vector
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