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ABSTRACT

iii

Cowpea (Vigna unguiculata L. Walp) grain constitutes an important source of protein for 

several households in Africa. In Uganda, cowpea is the third most important legume crop 

after common beans and groundnuts with production mainly concentrated in the eastern and 

northern regions of the country. However, productivity of cowpea is still very low, estimated 

at less 500 kg ha'1. Widespread occurrence of viral diseases contributes greatly to the low 

productivity of the crop. Viral infections also reduce protein content of the grain thus 

affecting its nutritional value. The use of resistant varieties is the most feasible, effective and 

environmentally friendly approach for management of viral infections. However, success of 

this approach requires a better understanding of the pathogens, availability of reliable 

diagnostic assays and good sources of resistance to guide design of appropriate breeding 

programs. The objectives of this study were; (i) to identify and characterize viruses infecting 

cowpea in Uganda; (ii) to develop a molecular diagnostic assay for Cowpea aphid-borne 

mosaic virus (CABMV) in Uganda; and (iii) to determine the level of virus resistance among 

cowpea genotypes under Held conditions. Next-generation sequencing (NGS) using illumina 

platform identified four viruses; Cowpea aphid-borne mosaic virus (CABMV; genus 

Polyvirus), Peanut mottle virus (PcMoV; genus Potyvirus), Sugarcane mosaic virus (SCMV: 

genus Potyvirus) and Maize chlorotic mottle virus (MCMV; genus Machlomovirus) from 

symptomatic leaf samples collected from farmer’s Helds. With the exception of CABMV, the 

other viruses had never been reported on cowpea or known to infect cowpea in Uganda. This 

is also the first report of the occurrence of SCMV and MCMV on a leguminous crop like 

cowpea. NGS also led to the assembly of the first complete genome from a Ugandan isolate of 

CABMV. The Ugandan isolates of CABMV clustered separately from isolates from other 
African countries indicating phylogenetic affinity to geographic origin. Ugandan isolates of 

CABMV also showed high nucleotide percentage identity (89.3 to 94.3%) indicating that they 
belong to the same strain. A new reverse transcriptase polymerase chain reaction (RT-PCR) 

diagnostic assay based on CABFF1(5'-GGT AAC AAY AGT GGR CAA CC- 

3')/CABRRl (5'-CTG AGC AC I CM A ACC GGG-3') was developed and tested for detection 

of CABMV. The assay accurately detected CABMV in infected leaf samples yielding a 
fragment of-1642 bp. The assay is recommended for use in rapid screening of segregating 

progeny in cowpea breeding programs, quarantine and epidemiological studies of CABMV.
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105 cowpea genotypes were evaluated in 2012 for two consecutive seasons (2012A and 

201213) in Sererc, Budaka and Tororo in a 10 x 11 alpha lattice design to assess the level of 

resistance to virus infestation under natural conditions, The landraces had low virus infection 

levels compared to the introduced cowpea genotypes. Cowpea genotypes WC48, NE43, 

NE15, WC35A, WC39, WC33, WC35C and WC18 showed broad resistance to virus 

infestation and could be used as donor parents in developing virus resistant varieties. With 

regard to yield and AUDPC, Sererc, Budaka and Tororo formed a single mega-environment. 

However, with regard to incidence, two mega-environments were formed, the first mega­

environment comprised of Serere and Tororo while the second one comprised of Budaka. 

WC5I, NE48, MU20, WC32, NE51, NE37, WC2, WC42. NE15, WC53, SECOW2W and 

NE50 were high yielding and stable.
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CHAPTER ONE

GENERAL INTRODUCTION

1.1 Origin, distribution and domestication of cowpea

Cowpea (Vigna unguiculata) originated in Africa due to the abundance of wild and weedy 

forms but there are contrasting reports regarding the precise location for its origin or 

domestication. According to Padulosi and Ng (1997) and Madamba el al. (2006), cowpea 

originated in southern Africa due to the presence of highest genetic diversity and most 

primitive forms of wild Vigna unguiculata. This region encompasses Namibia, Botswana, 

Zambia. Zimbabwe. Mozambique, Republic of South Africa and eSwatini with the Transvaal 

region of South Africa as the centre of speciation for Vigna unguiculata. However, cowpea 

could have been brought under cultivation in any part of the continent (Padulosi and Ng, 

1997).

The centre of maximum diversity of cultivated cowpea is reportedly found in West Africa 

(Padulosi and Ng, 1997; Madamba el al., 2006). Some reports suggest the origin of cowpea to 

be in West Africa (Harlan. 1971; Rawal. 1975; Pienaar and van Wyk, 1992). Lush and Evans 

(1981) however, proposed the origin of cowpea to be West and Central Africa. Presence of 

high diversity and unique isozyme (Pasquet, 1996) and allozyme (Pasquet, 2000) 

polymorphisms among the northeast African accessions from Cv.gr. Biflora compared to 

West African accessions suggests that northeast Africa is a possible center of domestication 

for cowpea. Analysis of AFLP data by Coulibaly el al. (2002) suggests that cowpea originated 

from the north eastern Africa due to great diversity in the wild taxon, however, precise 

localization of domestication was not possible as a result of extensive gene Bow between wild 

and domesticated forms. The wide distribution of ssp. unguiculata var. spontanea, the 

progenitor of wild cowpea across Africa also makes it difficult to define the center of origin 

for cultivated cowpea (Pasquet, 1999). Based on RAPD marker analysis, Ba el al. (2004) 

reported higher diversity within species Unguiculata var. spontenea from the East African 

region than from Southern and Western Africa suggesting that wild populations that gave rise 

to domesticated cowpea must be located in the northern part of Africa as earlier proposed by 

Pasquet (1999) and Coulibaly et al. (2002). The studies based on AFLPs (Coulibaly el al.,
1
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Cowpea was probably introduced into Europe around 300 BC and to India 200 BC (Madamba 

et al., 2006). As a result of human selection in China, India and South-East Asia, cowpea 

underwent further diversification to produce two cullivar-groups, Sesquipedalis with long 

pods used as a vegetable, and Biflora grown for the pods, dry seeds and for fodder. Il is 

estimated that cowpea was introduced to tropical America in the 17th century by the Spanish 

traders and is widely grown in the United States, the Caribbean region and Brazil (Madamba 

et al., 2006).

2002) and RADPs (Ba et al., 2004) showed that domestication of cowpea in eastern or 

southern Africa is highly unlikely. The actual point of origin of cowpea can only be 

concluded after collection and studying of wild accessions from northeastern Africa especially 

from Sudan, Eritrea, and Ethiopia (Pasquet, 1999; Coulibaly et al., 2002).

cv.gr. Unguiculata is characterized by high ovule numbers (> 16), late flowering even under 

inductive conditions, lower epicotyl length, higher peduncle length, thick and shiny testa, and 

pod length of less than 30cm. cv.gr. Unguiculata occurs both in Africa and Asia but in Africa, 

it is more characteristic of southern and eastern Africa although it has been introduced to west 

Africa as well (Pasquet, 1998). Cv.gr. Biflora also known as catjang/catiang has ovule 

numbers less than 17, flowers quickly under inductive conditions, has thick testa and is very 
close to wild cowpea in terms of primary leaf width, flower length, calyx-lobe length, pod 

length, pod width, seed width and pod dehiscence (Pasquet, 1998). Cv. Biflora occurs both in 

Africa and Asia (Pasquet, 1998) and is mainly used as a forage legume (Coulibaly et al.. 

2002). Cv.gr. Melanophthalmus is found mainly in West Africa and has white flower and

1.2 Taxonomy of cultivated cowpea

Cowpea, Vigna unguiculata (L.) Walp, is divided into ten perennial subspecies and one 

annual subspecies, ssp. Unguiculata (Pasquet, 1993a; 1993b; 1997). The ssp. Unguiculata is 

further split into var. unguiculata (cultivated cowpea) and var. spontanea (Schweinf.) Pasquet 

(annual wild cowpea). Cultivated cowpea is subdivided into live cullivar-groups (cv.gr) based 

on seed and pod characters (Westphal, 1974; Milhen and Kibblewhite, 1993) as well as ovule 

number and photo sensitivity (Pasquet, 1996; 1998). The cv.gr include Unguiculata, Biflora. 

Melanophthalmus, Sesquipedalis and textilis.
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The grain or seed which is the most important part of cowpea for human consumption is rich 

in proteins (23-32%), minerals, and vitamins especially folic acid (B vitamin) that prevents 

defects in the brain and the spinal cord of unborn children (Hall et al., 2003). Cowpea protein 

nutritionally complements low protein cereal or tuber crop (starch foods) which arc common 

in many African diets. The seeds are often harvested, dried for storage and consumption at a 

later time either after boiling/roasting whole or dehulled or after being milled into a flour 

product for use in several recipes. The young seeds are also edible and in many parts of the 

world especially in the United States, consumption of fresh seeds and green pods is preferred 

to the cooked dried seeds (Hall et al., 2003; Madamba et al., 2006). Cowpea is used as a
3

white seed, thin and wrinkled seed testa, lower ovule number (<l7), Howers quickly under 

inductive conditions, unfleshy short pods (<30cm) and seeds are not spaced within the pods. 

Blackeyed cowpeas fall in this group. Cv.gr. Scsquipcdalis also known as "yard long” or 

"asparagus bean” occurs mainly in Asia and is characterized with long fleshy pods (>30 cm) 

that are wrinkled when ripe, spaced seeds within the pods, seeds are kidney shaped and has 

higher ovule number (>I7). This group is mainly grown as a vegetable or snap bean. Cv.gr. 

Textilis is mainly cultivated for its fibres and has long floral peduncles ranging from 40cm to 

one-meter length. Based on allozyme diversity (Pasquet, 2000), cv.gr. Melanophthalmus and 

cv.gr. Sesquipedalis are less diverse than their putative primitive progenitors, Billora and 

unguiculata.

Importance of cowpea

Cowpea is a multifunctional legume (Timko and Singh, 2008) with every part of this crop 

serving a useful purpose, The crop is used for human food, hay, pasture, silage, soil cover, 

green manure and as a concentrate for livestock (Westphal. 1974; Pienaar and van Wyk, 

1992; Tarawali et al., 1997; Hall et al., 2003). The young leaves and shoots are consumed as 

spinach (vegetable) and thus provide one of the most widely used pot herbs in Africa 

(Westphal, 1974; Timko and Singh, 2008). In the arid and semi-arid regions, young leaves 

and shoots may be preserved by sun drying or boiling and then sun-drying to be used during 

the dry season (Westphal, 1974; Pienaar and van Wyk, 1992; Madamba et al., 2006; Timko 

and Singh, 2008). When the apical meristems are cut back regularly starting at an early stage, 

the crop continues to produce new leaves thus ensuring availability of the pot herb for a 
longer period.
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Cowpea production status

Dry grain production is the only commodity of cowpea formally estimated on a worldwide 

basis. The United Nations Food and Agricultural Organization (FAO) estimated that nearly 
7,407. 924 tons of dry cowpea grain were produced in 2017 on about 12,577,845 million 

hectares of land worldwide (http://faostat3.fao.org/). Africa was responsible for over 95% 

(7,107,334 tons) of the global production. In the same year, Nigeria was the largest producer 

of cowpea, producing 3,409,992 tons of dry grain followed by Niger, Burkina Faso, Tanzania, 

Cameroon and Myanmar (http://faostat3.fao.org/). The average yield worldwide in 2017 was 
estimated at 589 kg ha'1, the lowest value of the major tropical grain legumes. In 2017, 

western Africa produced the highest amount of cowpea (6,185,750 tons), followed by eastern 

Africa (508,187 tons), middle Africa (270,780 tons), northern Africa (136.959 tons) and 
southern Africa (5,658 tons) respectively (http://faostat3.fao.org/).

fodder especially in West Africa, Asia, and Australia where it is used for grazing or cut and 

mixed with dry cereals for animal feed (Tarawali et al., 1997; Madamba et al.. 2006). The 

haulms of cowpea have higher crude protein, digestibility and mineral composition and 

therefore compare very well with commonly used forage legumes (Tarawali et al., 1997).

In the southern United Stales, cowpeas are mainly produced for use as canned and frozen 

products (Ehlers et al., 2002; Hall et al., 2003). It is also grown as a green manure and as a 

cover crop (Ehlers et al., 2002: Hall et al., 2003) in the United States. Cowpea improves soil 

fertility through fixation of atmospheric nitrogen and often does not require additional 

fertilizers to achieve high grain yields (Hall el al., 2003). In Nigeria, varieties from cv.gr. 

Textilis are grown for fibres extracted from long peduncles for making fishing gear and good 

quality paper (Pienaar and van Wyk, 1992; Madamba et a!., 2006). Cowpea is also reported to 

have medicinal values; for instance, seeds and leaves arc used to treat inflammations and skin 

infections, leaves treat tooth ailments. The roots are used an antidote for snake bites, treating 

epilepsy, chest pain and constipation (Madamba el al., 2006). Culturally, seeds of wild or 

weedy cowpea are used as an aphrodisiac (for arousing sexual desire) and for puberty as well 

as initiation rites for adolescent males in several West African communities (Rawal, 1975). 

In Uganda, cowpea is used in important cultural occasions such as child naming and funerals 

(Mundua, 2010).

http://faostat3.fao.org/
http://faostat3.fao.org/
file://p://faostat3.fao.org/


Several viral, bacterial and fungal diseases attack cowpea and contribute greatly to the low 

productivity of the crop. Bacterial blight and bacterial pustule are the major bacterial diseases 

while bacterial wilt and halo blight are regarded as minor disease of cowpea (Emechebe and 

Florini, 1997). Eleven major fungal diseases are reported to infect cowpea worldwide 

(Kannaiyan and Haciwa, 1993; Emechebe and Florini. 1997). In Uganda, the major fungal 

diseases include cercospora leaf spot, anthracnose, scab, false rust, dactuliophora leaf spot, 
rust and powdery mildew (Edema cl al., 1997; Adipala el al., 1999).

In Uganda, total production of cowpea in 2018 was estimated at 15.838 tons from an area of 

about 53.823 ha with average national yield estimated at less than 500 kg ha'1 (UBOS, 2019). 

The eastern and northern regions of the country are the main producers of cowpea compared 

to the western and central regions (UBOS, 2010). While cowpea is grown in two seasons in 

Uganda, most production/cultivation occurs in the second season (UBOS, 2010). Production 

goals and socio-economic status of farmers are key determinants in the production of cowpea 

in Uganda. For instance, commercial and dual purpose farmers grow cowpea on larger pieces 

of land compared to subsistence farmers (Isubikalu et al., 1999).

1.5 Cowpea production constraints

Average cowpea yield in Uganda is low (less than 500 kg ha’1) ( UBOS, 2019). Several 

factors such as diseases, pests, low plant population densities and poor weed management 

contribute to the low cowpea yields in Uganda (Adipala et al., 1999). Production is mainly 

done by subsistence farmers on small pieces of land (0.6 ha), and often lack resources to 

acquire required inputs (Isubikalu et al., 1999).

In addition to bacterial and fungal diseases, the high prevalence of viral diseases (Edema et 

al., 1997) in the main cowpea growing areas is a major limitation to cowpea production in 

Uganda. Yield losses of up to 87% or total cowpea crop failure due to viral infection were 

reported in Iran (Kaiser and Mossahebi. 1975). In addition to yield reduction, infection of 

cowpea by viral diseases also reduces the protein content of the grain (Taiwo and 

Akinjogunla, 2006; Kareem and Taiwo, 2007). Cowpea is susceptible to more than 140 

viruses (Hughes and Shoyinka, 2003), of which nine were reported in Uganda. These include; 
Cucumber mosaic virus (CMV), Cowpea mild mottle virus (CPMMV), Cowpea mottle virus 

(CPMoV), Cowpea chlorotic mottle virus (CCMV), Cowpea yellow mosaic virus (CYMV),
5
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Cowpea severe mosaic virus (CPSMV), Cowpea aphid-borne mosaic virus (CABMV) and 

Southern bean mosaic virus (SBMV) and Cowpea mosaic virus (CPMV) (Amayo el al., 2012; 

Orawu el al., 2015). Transmission of these viruses can be through seed, sap or vectors by 

several insect species such as aphids, whiteflics and beetles (Ndiaye et al., 1993: Bashir et al.. 

2002a). Transmission through seed is very destructive because young plants/sccd lings are 

exposed early to viral inoculums thus producing greater damage (Ndiaye et al., 1993). With 

increasing exchange or sharing of cowpea seed/germplasm globally, it is highly likely that 

there could be other unidentified viruses infecting cowpea in the country. Previous attempts to 

identify cowpea viruses in Uganda were specific in nature (Edema et al., \9c)'l'. Orawu el al., 

2005; Amayo, 2008; Amayo et al., 2012; Orawu et al., 2015) and thus not helpful in 

identifying previously uncharacterized pathogens (Adams et al., 2009; Kreuze et al., 2009). 

Deployment of accurate and reliable diagnostic tools as well as use of varieties with broad 

resistance are thus critical to successful management of viral infections (Ndiaye et al.. 1993; 

Bashir et al., 2002a; Naidua and Hughes, 2003). However, previously assays used to detect 

cowpea viruses were less reliable (Amayo, 2008; Amayo et al., 2012). Additionally, earlier 

attempts to improve resistance were narrow in scope focusing only on Cowpea aphid-borne 

mosaic virus (CABMV) (Orawu, 2007).

Diseases caused by viruses are widespread and a major constraint to cowpea production in the 

main growing areas of Uganda negatively affecting the livelihoods of many subsistence 

farmers that rely on it. Earlier studies have documented the occurrence of up to nine cowpea 

viruses in Uganda (Edema et al., 1997; Orawu et a!., 2005; Amayo et al., 2012; Orawu et al., 

2015). With increasing and ongoing exchange or movement of seed/genetic resources through 

research/trade, it is highly likely that other unknown viruses may have been inadvertently 

introduced in Uganda. The limited available knowledge on the identity of viruses in the 

country is a great hinderance to effective management of cowpea viruses. Also, reliable 
diagnostic assays that can accurately detect cowpea viruses in the country are lacking 

(Amayo, 2008; Amayo et al., 2012). There is a therefore a likelihood that other viruses were 
not been delected in previous studies. Previous attempts to improve resistance to cowpea 

viruses in locally grown susceptible germplasm focused solely on Cowpea aphid-borne 

mosaic virus (CABMV) (Orawu, 2007). These studies screened 54 cowpea genotypes of
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Developing resistant varieties would reduce infections caused by viral diseases significantly 

improving the nutritional quality and productivity of cowpea positively impacting the 

livelihoods of smallholder farmers in Uganda. Resistant varieties would also be easily adopted 

by farmers compared to management practices. However, developing resistant varieties 

requires better understanding of the identity and variability of the pathogen(s). There is need 

therefore for proper identification of cowpea viruses in Uganda. Secondly, in order to 

effectively manage cowpea viral infections, there is need to develop reliable and accurate 

virus diagnostic assays. Additionally, developing resistant varieties to reduce the damage by 

viral infections requires identification of new sources of resistance coupled with high yield 

potential in the country. There is therefore need to screen and evaluate a wide range of 

cowpea genotypes in different conditions to identify promising sources of resistance.

1.8.1 Main objective
The main objective of this study was to generate knowledge required for improved 

management of cowpea viral diseases in Uganda.

which five were identified as resistant to CABMV. The live identified accessions were later 

used to study genetic inheritance of resistance to CABMV by Orawu et al. (2012). However, 

no improved varieties with broad virus resistance were developed. Breeding for resistance 

focusing on a single pathogen or strain is less durable and thus can be easily broken down by 

other or unknown viruses or strains (Rossel and Thottappilly, 1985; Ndiaye et al., 1993). 

Cowpea farmers in Uganda are mainly resource constrained hence virus disease management 

strategies that have been proposed such as chemical control of vectors, rogucing, 

intercropping and timing of planting (Kannaiyan and Haciwa, 1993; Thresh, 2003; Ambang et 

a!., 2009) are not easily adopted by farmers.

1.8.2 Specific objectives
1) To identify and characterize viruses infecting cowpea in Uganda.

2) To develop a molecular diagnostic assay for Cowpea aphid-borne mosaic virus 

(CABMV) in Uganda.
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3) To determine the level of virus resistance among cowpea genotypes under field 

conditions.

Hypotheses

1. New or novel viruses infect cowpea in Uganda.

2. Molecular assays can accurately detect Cowpea aphid-borne mosaic virus in Uganda.

3. Virus resistant and high yielding cowpea genotypes exist among Ugandan cowpea 

germplasm.
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Class I consists of'double strand DNA (dsDNA) viruses which include viruses with the largest 

known genomes (up to 800 kb) with a single genome component which may linear or circular. 

Well known viruses in this group include the head tail viruses such as herpesvirus. There are 

no plant viruses in this group. Class 11 consists of single stranded DNA (ssDNA) with two 

families of plant viruses, Geminiviridae and Nanoviridae. Viruses in this group have small 
circular genome components of up to 5.6 kb. Class HI consists of double stranded RNA 

viruses (dsRNA); plant viruses in this group include Endornaviridae, Partitiviridae and 

Reoviridae). Class IV includes positive sense single stranded RNA viruses (ssRNA+); this 

group includes many viruses that cause respiratory infections for instance SARS- coronavirus. 

(SARS-CoV) and also the causal agents of polio, hepatitis, foot and mouth disease (FMD). 

This group also includes the majority of plant virus families such as Bromoviridae, 

Closteroviridae, Comoviridae, Potyviridae, Tombusviridae, Virgaviridae, Secoviridae, 

Marnaviridae, Tymoviridae, Alphaflexiviridae and Betajlexiviridae. Class V includes negative 
sense single stranded RNA (ssRNA-) and has some plant viruses in families such as 

Rhabdoviridae, Bunyaviridae, Ophioviridae. Class VI and VII include the retro-transcribing 
viruses which are single stranded (ssRNA) or double stranded, (dsRNA), respectively. This

2.1 Taxonomy of viruses

Unlike cellular organisms that have a last universal common ancestor (LUCA), viruses do not 

have a presumed common ancestor (Glansdorff et cd.. 2008). The origin of viruses is thus 

complicated with three hypotheses proposed to explain their origin: 1) they arose from mobile 

genetic elements that gained the ability to move between cells; 2) are remnants of cellular 

organisms that adopted a parasitic replication strategy; and 3) they predate or coevolved with 

their current cellular hosts (Wessner, 2010). The viruses can be divided into classes each of 

which has its own method of transmitting its genetic material from one generation to the next 

and its own style of expressing its genetic information (Baltimore, 1971). The Baltimore 

system classifies viruses into seven trees of life based on nature of the nucleic acids in the 

virion particle;
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Viruses infecting cowpea and their transmission

Cowpea is infected by more than 140 viral diseases worldwide (Hughes and Shoyinka. 2003), 

of which 1 1 naturally occur in Sub-Saharan Africa (Thotlappilly and Rossel. 1992; Hughes 

and Shoyinka, 2003). Most cowpea viruses are seed-borne and hence have been transmitted to 

many parts of the world through germplasm exchanges (Hampton et al., 1997). Secondary 

spread in the field is carried out by insect vectors especially aphids and beetles (Hampton et 

al., 1997). Some of the most damaging seed-borne naturally occurring viruses in sub-Saharan 

Africa are; Bean common mosaic virus strain blackeye cowpea mosaic (BCMV-B1CM), 

Cowpea aphid-borne mosaic potyvirus (CABMV), Cucumber mosaic cucumovirus (CMV), 

Cowpea mosaic comovirus (CPMV), Cowpea yellow mosaic comovirus i'CYMV). Cowpea 

severe mosaic comovirus (CPSMV), Southern bean mosaic sobemovirus (SBMV), Cowpea 

mottle carmovirus (CPMoV), Cowpea mild mottle carlavirus (CPMMV). Important non seed- 

borne cowpea viruses include Cowpea golden mosaic (CpGMV) begomovirus and Cowpea 

chlorotic mottle (CCMV) bromovirus. These viruses (seed-borne or non-seed-borne) cause

Within each of the above virus classes or groups, different characteristics are used (often in 

combination) to classify the viruses into families, genera and species. The most important 

characteristics are particle morphology, genome, serological and biological properties. 

Among these, serological properties such as ELISA are still widely used although their 

significance in taxonomy has reduced because of they are based on the antigenic properties of 

the virus coat protein, which represents only about 10% of the total virus genome thus does 

not lake into account the rest of the virus genome. In addition, serology based approaches 

have limited application in the detection of viroids, satellite KNAs, viruses which lack 

particles, viruses which occur as extremely diverse serotypes and viruses that are poor 

immunogens or are difficult to purify (Naidua and Hughes, 2003). Availability of nucleotide 

sequence data (partial/full) for conserved regions such as coat protein and/or full genome 

sequences makes it easy to classify viruses into various families, genera and species (Adams 

et al., 2005a).

group of retro-viruses includes HIV. There is a single family of plant viruses 

(Caulimoviridae) in this group that is characterized by a mono-partite open circular double 

stranded DNA of between 7-8.2 kb with discontinuities in both strands (Hulo et al., 201 1).

is a
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in combination with other viruses (Thottappilly and Rossel, 1992;

Hampton el al., 1997).

Yield losses due to natural field infection of cowpea by CABMV arc significant. For instance 
Kaiser and Mossahebi (1975) reported yield reduction by 13% to 87% while Kannaiyan and 
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diseases either alone or

2.2.1 Cowpea aphid-borne mosaic virus (CABMV)

CABMV causes a serious mosaic on cowpea and occurs in several countries wherever cowpea 

is grown (Bashir el a!., 2002a). The virus has rod-shaped filamentous particles of about 750 

inn in length with a wide host range that includes both legume and non-legume species 

(Lovisolo and Conti, 1966; Bock, 1973a; Bock and Conti, 1974; Kaiser and Mossahebi, 1975; 

Ndiaye el al., 1993). CABMV is seed-borne in cowpea although its seed transmission is very 

erratic depending on the virus strain and cowpea variety. For instance, Lovisolo and Conti 

(1966) reported a seed transmission rale of 0.3-1.59%. Bock (1973a) reported 0-3%, Kaiser 

and Mossahebi (1975) recorded 1.1-39.8%, Kannaiyan and Haciwa (1993) reported up to 10% 

transmission rates. Ndiaye el al. (1993) reported 0-30% seed transmission rates in five 

Senegalese cowpea genotypes while Bashir (1992) reported seed transmission rates of 0.0% to 

55%. However, there appears to be no correlation between yield reduction and the percentage 

of seed transmission (Kaiser and Mossahebi, 1975).

The virus is also transmitted non-pcrsistently (stylet-borne) by several aphid species such as 

Aphis craccivora, A. J'abae, A. gossypii, A. medicaginis, Macrosiphum euphorbiae and Myzus 

persicae (Lovisolo and Conti, 1966; Bock, 1973a). Infected plants show a range of symptoms 

for instance, dark green vein banding, interveinal chlorosis, leaf distortion, blistering and 

stunting (Bock and Conti, 1974; Bock, 1973a; Kaiser and Mossahebi, 1975). Four strains of 

the virus have been reported; the European (type) strain (Lovisolo and Conti, 1966) causes a 
severe distorting mosaic in cowpea (Bock and Conti, 1974); the African (neo-type) strain 

(Bock, 1973a) induces irregular, angular, dark-green, broken vein-banding on a light green 

mosaic (Bock, 1973a; Bock and Conti, 1974). This strain expresses symptoms similar to the 

European strain; the African mild strain (Bock, 1973a) induces very mild mottle symptoms 

(Bock, 1973a; Bock and Conti, 1974); the African vein banding strain (Bock, 1973a) which 
induces broad dark-green vein-banding symptoms on a greenish-yellow background (Bock. 

1973a; Bock and Conti, 1974).
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Haciwa (1993) reported 48% to 60% yield loss. Additionally when CABMV interacts with 

CMV, cowpea stunt disease (Pio-Ribeiro and Kuhn, 1980) is caused. This is a very severe 

disease that causes significant yield losses (up to 87.3%) (Pio-Ribeiro et al., 1978).

Mlotshwa et al. (2002) reported the first complete genome sequence of CABMV from Africa 

(CABMV-Z). CABMV-Z sequence (Figure 1) has a single large open reading frame (ORF) of 

9,159 nucleotides which encodes for a large polyprotein of 3,053 amino acids. The 3’ 

terminus of the CABMV-Z consists of 1,221 nucleotides with ORF of 990 nucleotides and a 

non-coding region of 23 1 nucleotides followed by a poly (A) tail (Sithole-Niang et al., 1996).

Figure I: Genomic map of Cowpea aphid-borne mosaic potyvirus. The open bar represents 

the ORF and UTRs are indicated by a single line. Vertical lines indicate putative cleavage 

sites within the polyprotein. Amino acids on either side of each cleavage site are shown above 

the site. Ten mature proteins arc predicted from the polyprotein. Numbers below the map 

indicate the position of the first coding nucleotide of each gene. An: poly (A) tail; VPg: 

genome linked protein. Source: Mlotshwa et al. (2002).

2.2.2 Bean common mosaic virus- blackeye cowpea mosaic strain (BCMV-BICM)

BCMV-BICM has similar distribution like CABMV and the two viruses were previously 

thought to be serologically related or the same (Purcifull and Gonsalves, 1985; Dijkstra et al., 

1987). However, a close examination of their serological properties revealed that they belong 

to different serogroups (Taiwo and Gonsalves, 1982; Huguenot et al., 1993) and have distinct 

differential cowpea hosts (Taiwo et al., 1982). Comparison of the sizes of the capsid (capsid 

Mr) and HPLC capsid peptide profiles (Huguenot et al., 1994) further showed that BCMV- 

BICM and CABMV are distinct potyviruses. BCMV-BICM causes a mosaic disease on 

cowpea (K unguiculata ssp. unguiculata, asparagus bean (K unguiculata ssp. Sesquipedalis) 

and Crotalaria spectabilis (Purcifull and Gonsalves, 1985). Systemic symptoms due to 

BCMV-BICM include severe mottling, distortion, yellowing, mosaic and vein necrosis

Nla
VPg | pro 

6K2 6128

'5399
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While BCMV-BICM is an important virus on cowpea, its effect on yield is minimal (2.5% 

yield loss) (Pio-Ribeiro el al., 1978). However, dual infection of cowpea with CMV and 

BCMV-BICM results into cowpea stunt, a disease associated with up to 87.5% yield loss 

(Pio-Ribeiro and Kuhn, 1980; Pio-Ribeiro el al., 1978). In addition to stunting, the doubly 

infected plants have small, mottled, blistered and malformed leaves.

(Thottappilly and Rossel. 1992). The virus has a wide host range that includes both legumes 

and non-legumes (Purcifull and Gonsalves. 1985; Dijkstra et al.. 1987).

The genome is monopartite with linear ssRNA (+). The 3' terminus has a poly (A) tract while 

the 5’ terminus has a genome-linked protein (VPg) as shown in Figure 2. The complete 

genome of BCMV-BICM is 9,612 nucleotides long, excluding a 3'-terminal poly(A) tail. The 

putative start codon located at nucleotide positions 170-172 initiates one large open reading 

frame that is terminated with a UAA codon at position 9,368-9,370. The predicted polyprotein 

has 3,066 amino acids and an M(r) of 340.3 kDa. The positions of putative cleavage sites are 

analogous to consensus sequences in other potyviruscs (Fang et a!., 1995).

The virus is readily transmitted through seed and by aphids especially A. craccivora and 

Myzus persicae (Purcifull and Gonsalves, 1985), however transmission through seed is 

variable depending on the virus strain/isolate and the variety (Bashir, I 992). Zettler and Evans 

(1972) reported 0.0% to 30.9% seed transmission rates while Bashir (1992) reported up to 

48.5% seed transmission rates. BCMV-BICM has flexuous filamentous particles with a length 

of 720-760 nm with a mode at 743 nm that contain single stranded RNA (Taiwo et al., 1982). 

It induces the formation of cylindrical inclusions in its host plants (Purcifull and Gonsalves, 

1985).
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CMV is readily transmitted through sap, seed as well as several aphid species (Fischer and 

Lockhart, 1976b). Symptoms caused by CMV in cowpea are often mild and include; mild 

mottle, mosaic, leaf distortion with characteristic ringspots. However, in a few varieties, 
severe leaf symptoms with reddish vein necrosis can develop (Thottappilly and Rossel. 1992). 

Yield loss due to CMV alone is about 14% (Pio-Ribeiro et al., 1978). Mixed infections 

involving CMV with either BCMV-BICM or CABMV lead to a cowpea stunt, a severe

2.2.3 Cucumber mosaic virus (CMV)
CMV belonging to the genus Cucumovirus has a very wide host range (host range breadth) 

and a worldwide distribution (Francki et a!., 1979). The wide host range of CMV is largely 

attributed to its segmented genome (multipartite) which offers increased genome stability, 

high replication fidelity, increased replication as well as better regulation of gene expression 

and genome exchange through reassortment between particles (Ojosnegros et al.. 2011; Sicard 

et a!., 2016; Moury et al., 2017). CMV has isometric particles (Fischer and Lockhart, 1976a; 

Francki et al., 1979) with approximately 28 nm diameter containing single stranded RNA 

with a tripartite/multipartite genome composed of RNA1, RNA2 and RNA3 (Figure 3). Each 

genomic segment has a 3’lRNA-like structure and a 5’cap. RNA1 and RNA2 encode proteins 

la and 2a. respectively and are both involved in genome replication and internal transcription 

of sgRNA4 from the minus-strand copy of RNA3. RNA3 and sgRNA4 are translated into 

movement and capsid proteins, respectively. ORF2b encodes a viral suppressor of RNA 

silencing (VSR) and is expressed probably as a sub genomic RNA (sgRNA4A).

yy
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CPMV is a single stranded RNA virus with isometric particles of approximately 28 nm in 

diameter. Infected plants contain two kinds of nucleoprotein components (Figure 4); middle 

(M) and Bottom (B) that are similar in size but differing in RNA content. Additionally, empty 

shells/top component (T) without RNA are produced in infected plants (van Kammen et al., 

2001). The M and B components contain a single RNA molecule of 3,481 (RNA2) and 5,889 

(RNA1) nucleotides, respectively.

disease with yield losses of up to 87.5% ( Pio-Ribeiro et al., 1978; Pio-Ribeiro and Kuhn, 

1980).

iORF2b

Figure 3; Genome organization of Cucumber mosaic virus. Source: Hulo et al. (201 1).
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2.2.4 Cowpea mosaic virus (CPMV)
CPMV comovirus initially referred to as Cowpea yellow mosaic virus (CYMV) by (Chant, 

1959) occurs in several countries in West and East Africa (Chant, 1959; Thottappilly, 1992; 

Thottappilly and Rossel, 1992). Susceptible varieties display a range of systemic symptoms 

from inconspicuous light green to a distinct yellow mosaic. Infected plants are also 

characterized by slow growth, stunting, shortened internodes, vein clearing, and leaf distortion 

(Chant, 1959; Thottappilly and Rossel, 1992). The virus is transmitted through sap, seed (0- 

10%) and by several beetle species. Chant (1959) and Whitney and Gilmer (1974) reported 

galerucid beetles (Ootheca mutabilis) as the most effective vector in transmission of CPMV. 

Reduction in cowpea yield due to CPMV infection of up to 95% has been reported (van 

Kammen et al., 2001).
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Figure 4: Particle morphology (A) and genome organization (B) of comoviruses. Source: 

HulocVa/. (2011).
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Cowpea severe mosaic virus (CPSMV)

CPSMV was mainly restricted to countries in the western hemisphere such as USA, Trinidad, 

Puerto Rico, El Salvador, Costa Rica, Venezuela, Surinam, Brazil and Pena (de Jager, 1979). 

However, due to movement of infected seed lots through germplasm exchanges, it is assumed 

to be distributed in many parts of the world (Hampton et al., 1997). It is readily transmissible 

mechanically and by beetles especially Chrysomelid beetles as well as through seed with up 

to 10% transmission reported (de Jager, 1979). CPSMV has isometric particles, 

approximately 25 nm in diameter with two types of nucleoproteins (middle and bottom 

components) which are morphologically and serologically identical but containing different 

RNA molecules (de Jager, 1979). The genome organization of CPSMV is similar to that of 

CPMV (Figure 4). The virus is known to infect only legumes. Symptoms on inoculated leaves 

include necrotic or chlorotic lesions while systemic symptoms include mottling, mosaic, 
severe blistering and distortion of leaves. Early infection of cowpea at the seedling stage by 

CPSMV in susceptible cultivars leads to significant yield loss ranging from 57% to 88% with 
the greatest losses occurring in the dry season (Booker et al., 2005).

<\T
M particle

RNA-1 (5.8kb)
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2.2.5 Southern bean mosaic sobemovirus (SBMV)

SBMV virus is widely distributed in Sub-Saharan Africa (Givord, 1981; Thottappilly, 1992; 

Thotlappilly and Rossel, 1992; Hughes and Shoyinka, 2003) also occurs in the Americas, 

Europe and India (Thotlappilly and Rossel, 1992). The virus has a narrow host range, 

infecting only species in the Leguminosae family (Givord. 1981). The virus is transmitted by 

beetles (Chrysomelidae') in a circulativc manner, by seed (15 to 44%) and by sap inoculation 

(Givord. 1981; Thotlappilly, 1992; Thottappilly and Rossel. 1992). SBMV causes mosaic and 

mottle diseases on common bean, cowpea, urdbean and soybean (Hull. 2004). Symptoms 

caused by SBMV include vein clearing, mottling, coarse mosaic, leaf and pod distortion, 

stunting, leaf chlorosis, puckering, and leaf blistering (Cupertino el al, 1982; Hull, 2004). 

Yield reduction due to SBMV is variable depending on the variety. For instance. Givord 

(1981) reported yield loss of 1 1% to 59% while Morales and Castano (1985) reported a yield 

reduction of 47.5%.

SBMV has non enveloped isometric particles (28 nm to 30 nm in diameter) with a 

monopartite, linear. ssRNA (+) genome of about 4 kb. The particles have a 7'= 3 structure 

with 180 protein subunits. The 5’ terminus has a genome-linked protein (VPg) with a non­

polyadenylated 3' terminus (Figure 5). The virion RNA is infectious and serves as both the 

genome and viral messenger RNA. ORF1 and ORF2 are translated via leaky scanning. ORF2 

is a polyprotein which is presumably cleaved into a serine-protease, a VPg and a RdRp 

protein. The viral serine protease is responsible for all the cleavages. ORF3 is translated via a 

-1 ribosomal frame shifting. Replication produces a sub-genomic RNA which encodes for the 
capsid protein (ORF4) (Hulo et al., 2011).
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2.2.6 Cowpea mottle virus (CPMoV)

Cowpea mottle virus is a single stranded RNA virus with isometric particles of approximately 

30 nm (Shoyinka et al., 1978; Bozarth and Shoyinka, 1979). The virus was initially reported 

only in Nigeria (Shoyinka et al.,1978) but was later reported in other African countries 

(Thottappilly and Rossel, 1992). It has a wide host range infecting many members of the 

Leguminosae and Solanaceae families (Shoyinka et al., 1978; Bozarth and Shoyinka, 1979). 

CPMoV is readily transmitted by beetles (Ootheca mutabilis), by seed (0-10%) and by sap 

inoculation (Shoyinka et al., 1978; Thottappilly and Rossel, 1992). Susceptible hosts show a 

combination of symptoms such as severe chlorosis, uniform mosaic or mosaic-mottle, local 

lesions with or without systemic spread, vein necrosis (Shoyinka et al-., 1978). Thouvenel et 
al. (1990) reported a 65% reduction in yield due to natural infection of cowpea. However. 

(Kareem and Taiwo, 2007) reported total yield loss especially when cowpea is infected with 
CPMoV at early stages/seedling either alone or in combination with other viruses.

[ cp ________^3.
Subgenomic RNA

Figure 5: Particle morphology (A) and genome organization (B) of Southern bean mosaic 

virus. Source: Hulo et al. (2011).
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2.2.7 Cowpea mild mottle carlavirus (CPMMV)

CPMMV was first reported on cowpea in eastern Ghana (Brunt and Kenten, 1973) but later 
spread to several parts of the world (Thottappilly and Rossel, 1992). The virus infects several 

species in the Papilionaceae and Solanaceae families (Brunt and Kenten, 1973; 1974; Naidu 
et al., 1998). Naturally infected cowpea may be symptomless or have leaves with either mild 
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Figure 6: Particle morphology (A) and genome organization (B) of Cowpea mottle virus. 
Source: Hulo e/ al. (2011).
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CPMoV has a linear, ssRNA (+) genome of 4-5.4 kb, which lacks a cap structure and a 

poly(A)tail (Figure 6). The virion RNA is infectious and serves as both the genome and viral 

messenger RNA. Two 5'-proximal ORFs are directly translated to produce the viral 

constituents of the replicase complex. RdRp is translated through suppression of termination 

at the end of ORF1. The downstream genes encoding the movement proteins and capsid 

protein (which acts as a viral suppressor of RNA silencing) are translated from sub-genomic 

RNAs. Cap-independent translation is mediated possibly through the interaction between a 3'- 

cap-independent translation element and a 5'UTR stem-loop (Hulo et al., 2011).
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Methods of detecting and classifying viruses

Plant viruses cause major losses to several crops worldwide. Unlike other plant pathogens 
such as fungi, there are no direct methods to control viruses and, consequently, the current 

measures rely on indirect tactics to manage the viral diseases. Hence, methods for detection 

and identification of viruses both in plants and vectors play a critical role in virus disease 

management. Diagnostic techniques for viruses fall into two broad categories: biological 
properties related to the interaction of the virus with its host and/or vector for instance 

symptoms and intrinsic properties of the virus itself (coat protein and nucleic acid). Detection 
methods based on coat protein include enzyme-linked immunosorbent assays (ELISA) and 

immunoblotting while viral nucleic acid-based techniques include dot-blot hybridization

systemic chlorotic mottle or conspicuous chlorosis (Brunt and Kentcn, 1973). CPMMV is 

readily transmitted by sap, seed (0-90%) and by whitefly (Beniisia tabaci) in a non-persistent 

manner (Naidu et al., 1998). The virus has flexous filamentous particles of approximately 650 

mu that are typical of carlaviruses (Brunt and Kenten, 1973; Thottappilly and Rossel, 1992). 

Yield reduction due to CPMMV ranges from 10-15% in single infections but in mixed 

infections, it can exacerbate the deleterious effects of other viruses (Brito et al., 2012). The 

genome arrangement is similar to those of other carlaviruses (Figure 7). The virion RNA is 

infectious and serves as both the genome and viral messenger RNA. RNA-dependent RNA 

polymerase (RdRp) is translated directly from the genomic RNA. The other ORFs are 

transcribed presumably as mono-cislronic sub-genomic mRNAs (sgRNAs).

ORF6
«a«a*aM***A

11683;
’G82

Putative 
Subgenomic RNAs
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Figure 7: Genome of organization of a Carlavirus. Source: Hulo et al. (2011).
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assays and polymerase chain reaction (PCR). Nucleic acid-based are more sensitive than other 

methods.

Electron microscopy (EM)

Early classification of viruses depended heavily on the morphology of the viral capsid as 
revealed by EM. One of the primary advantages for the use of EM is that organism or virus 

specific reagents are not required for virus identification. Although identification of a virus 
beyond the family or genus level may not be possible (Adams el al., 2009; Goldsmith and 

Miller, 2009), EM provides leads for more detailed characterization of the virus for instance

Symptomatology

Symptoms on infected plants can be used to characterize or identify viruses since such plants 

display abnormal phenotypes as a result of virus infection. Visual inspection is relatively easy 

when symptoms clearly are characteristic of a specific disease. However, asymptomatic or 

covert virus infections are ubiquitous and such viruses may accumulate to relatively low titers 

in the host organism or become latent such that virus production ceases altogether. These 

viruses would not readily be detected by use of symptoms (Liu et al., 2011). Symptom 

expression is influenced by other factors such as virus strain, host plant cultivar/variety, time 

of infection and the environment (unfavourable weather conditions, soil mineral/nutrient 

imbalances, infection by non-viral pathogens, damage caused by insect/mite/nematode pests, 

air pollution and pesticides) (Matthews, 1980; Mbanzibwa et al., 20! 1). In addition, different 

viruses can produce similar symptoms or different strains of a virus may cause distinct 

symptoms in the same host (Aliyu et al., 2012).

These tests include mechanical, graft and vector transmission of the viruses to susceptible 

indicator plants (Jones, 1993). Mechanical transmission by sap inoculation to herbaceous 

indicator plants can be used for viruses that are mechanically transmissible and the 
characteristic symptoms produced by these plants allow virus identification. Non 

mechanically transmissible viruses can be diagnosed by vector transmission or grafting onto 
suitable indicator hosts. However, these tests are time and resource consuming, and are often 

beset with the same difficulties in discerning viruses based on symptoms expressed in the 
field (Naidua and Hughes, 2003).



2.3.4.1 Immunosorbent electron microscopy (ISEM)

ISEM shares similarity with solid phase immunoassays and combines the specificity of 

serological assays with the visualization capabilities of the EM. Virus particles are selectively 

“trapped” on antibody-coated grids with little contaminating host-plant material. Hence, the 

technique is more sensitive for detecting viruses than the leaf dip method. In addition to 

diagnosis, ISEM can also be used to estimate the degree of serological relationship between 
viruses. Although ISEM is a sensitive technique, it has the same drawbacks as EM (Naidua 

and Hughes, 2003).

filamentous and rod-shaped viruses such as polyviruses, potexviruses and tobamoviruses can 

more readily be differentiated in negatively stained leaf-dip preparations than isometric 

viruses and other viruses (Naidua and Hughes, 2003; Liu el al., 201 I). However, viruses that 

occur in low concentrations in plant sap arc not easily seen unless the virus in the test material 

is concentrated before visualization. EM is also labour intensive and expensive thus it cannot 

often be used for the rapid processing of multiple samples (Naidua and Hughes, 2003).

2.3.4.2 Enzyme-linked immunosorbent assay (ELISA)

ELISA is used in a wide range of situations especially to test a large number of samples in a 

relatively short period of time for detection of viruses in plant material, insect vectors, seeds, 

and vegetative propagules since its introduction by Clark and Adams (1977). While ELISA 

techniques are favoured because of their specificity and speed in detection of morphologically 

different viruses in purified preparations and unclarified extracts of infected plants (Clark and 

Adams, 1977), these techniques suffer from several drawbacks especially when trying to 
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2.3.4 Serological methods

Serological or immunological assays have been used successfully for the detection of many 

plant viruses. These tests arc broadly subdivided into liquid and solid phase tests. In the 

former, both antigen and antibody react in solution to form a visible precipitate. In the latter, 

assays are conducted on a solid surface such as on a micro-titre plate or nitrocellulose 

membrane and the antigen-antibody reaction is visualized by means of a suitable detection 

system such as an enzyme-labelled antibody. The commonly used serological methods in 

virus detection arc; Immunosorbent electron microscopy (ISEM) and Enzyme-linked 

immunosorbent assay (ELISA).
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identify ‘unknown’ agents e.g. either a pathogen infecting a new host or a previously 

uncharacterized pathogen. Such specific assays require a prediction of the infective agent 

based on reliable knowledge of which pathogens infect which hosts (Adams et al., 2009; Liu 

et al.. 201 I). Reliable information is frequently incomplete or even totally absent especially 

for many of the more obscure or novel hosts which complicates virus identification. Also 

ELISA techniques involve use of specific reagents such as antibodies covering a single strain 

or small group of pathogens which leads to incapability of detecting variants such as new 

strains that can arise unexpectedly (Adams et al., 2009).

Molecular techniques that involve direct detection of viral genomes in the specimen have 

increasingly been used in plant virology. As opposed to immunological methods that are 

based on the antigenic properties of the virus coat protein which represents only about 10% of 

the total virus genome (Gould and Symons, 1983). molecular methods can be targeted at any 

region of the genome to develop a diagnostic test. Molecular methods are also applicable in 

detection of viroids, satellite RNAs as well as viruses which lack particles and thus cannot be 

detected by serological methods (Naidua and Hughes, 2003). Molecular techniques can be 

divided into two categories: those that do not involve amplification i.e. hybridization with 

nucleic acid probes, and those that involve amplification such as polymerase chain reaction.

2.3.5.1 Nucleic acid hybridization assays

Nucleic acid hybridization assays are based on the homology between two strands of nucleic 

acid (DNA: DNA, DNA: RNA or RNA: RNA). In these assays, a single-stranded 
complementary nucleic acid (either DNA or RNA) which has been “labelled" with a reporter 
molecule is used as a probe to form a hybrid with the target nucleic acid. The double-stranded 

probe-target hybrid molecules arc then detected by several methods such as autoradiography 

for probes labelled directly using radioactive isotopes (Wetmur and Fresco, 1991). Since these 

assays are specific and require prior knowledge of the virus expected in a sample, only a 

specific /single strain or small group of pathogens can be detected which leads to incapability 
of detecting new strains (Adams et al., 2009).



PCR consists of three steps: (i) denaturation at high temperature (usually 94-95°C) to 

separate the two complementary strands of the double-stranded DNA, (ii) annealing of two 

oligonucleotide primers to their complementary sequences in the opposite strands of the target 

DNA (annealing temperature depends on the nucleotide composition and length of the primer, 

usually anywhere between 35 and 65°C), and (iii) extension of each primer through the target 

region (usually at 72 °C) using a thermostable DNA polymerase (e.g. Taq polymerase). Each 

DNA strand made in one cycle will serve as a template for synthesis of a new DNA strand in 

the next cycle. This results in an exponential increase in PCR product as a function of cycle 

number. The three step cycles are repeated many times (between 30 and 40 cycles) in an 

automated thermal cycler until sufficient product is produced (Henson and French, 1993; 

Naidua and Hughes, 2003). This procedure is applicable directly to DNA plant viruses 

(caulimo, gemini and badnaviruses); however, for diagnosis of plant viruses with RNA 

genomes, the RNA target has to be “converted” to a complementary DNA (cDNA) copy by 

reverse-transcription before PCR is done. On completion of the reaction, the amplified DNA 

can be analysed by agarose gel electrophoresis. While PCR is sensitive compared to 

serological methods, it detects specific target viruses, requires prior knowledge of the target 

virus and therefore cannot be used to identify variants or unknown viral agents (Adams et al.. 

2009; Liu et al., 2011; Adams et al., 2012).

2.3.6 Next-generation sequencing (NGS)

Next-generation sequencing is a non-Sanger-based and high-throughput methodology 

(Schuster, 2008) which allows for generation of millions of sequences or reads in a single run 

(Hall, 2007). NGS methods have high-throughput strategies for in vitro amplification that are 

very cheap and also eliminate the inherent biases of in vivo methods used in Sanger 
sequencing (Hall. 2007; Liu. 2009). Recently several methods have been reported based on 

24

2.3.5.2 Polymerase Chain Reaction (PCR)

The polymerase chain reaction (PCR) provides a simple, ingenious method to exponentially 

amplify specific DNA sequences by in vitro DNA synthesis (Henson and French. 1993). 

Because of its speed, specificity, sensitivity and versatility PCR has been widely applied in 

many areas of research in biology. Since PCR has the power to amplify the target nucleic acid 

present at an extremely low level and form a complex mixture of heterologous sequences, it 

has become an attractive technique for the diagnosis of plant virus diseases.
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Management of cowpea viral diseases

iwpea viral diseases spread under field conditions through increase in vector populations, 

i presence of susceptible host plants and the presence of initial infection foci through seed- 
rne infection, therefore appropriate control of could be achieved by controlling these three 

:tors (Bashir el al., 2002a). Integrated control measures i.e. involving combination of all 

ssible measures that operate in different ways such that they complement each other and 

n be applied together in farmers’ fields as one overall control package (Makkouk and 

-imari, 2009) are however more effective. The different control measures available can be 
issilied as host resistance, cultural and chemical methods.

iefly, the steps involved in preparing RNA/DNA for sequencing involve; (i) fragmenting 

d/or sizing the target sequences to a desired length, (ii) converting target to double-stranded 

\'A (cDNA), (iii) attaching oligonucleotide adapters to the ends of target fragments, (iv) 

iantifying the final library product for sequencing. Fragmentation can be achieved through 

|iysical, enzymatic or chemical methods. DNA fragmentation is typically done by physical 

ithods (i.e., acoustic shearing and sonication) or enzymatic methods (i.e., non-specific 

donuclease cocktails and transposase tagmentation reactions (Head et al., 2014), (v) 

fiplification of target fragments through multiple PCRs to enhance fluorescent or chemical 

ijnals, (vi) amplified DNA templates are then attached to a solid support in a reaction 

lamber or fiow cell, (vii) extension/elongation of fragments to the desired length is then 

•rried out by repetitive application and washing of sequencing reagents ( Liu, 2009; Egan et 

',2012).

xt-generation sequencing technology (Adams el al., 2009; Kreuze et al., 2009; DcBoevcr et 

„ 2013; Kamala et a!., 2015) that provide a rapid and efficient way of identifying viruses. 

iese methods enable the viral genome to be sequenced within a background of host nucleic 

id whilst bioinformatics approaches enable the identification of pathogen sequences by 

'Hilarity comparison to known viruses or virus-like sequence motifs. Because of the depth of 

npling associated with next-generation platforms, novel and rare pathogen variants can 

sily be detected (Liu, 2009).
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2.4.1 Cultural measures

Cultural control methods are the most diverse and include both phytosanitary and agronomic 

measures for instance; early sowing and intercropping of cowpea with cereals reduces 

incidence of CABMV (Kannaiyan and Haciwa, 1993). Early planting promotes rapid crop 

canopy development which decreases insect vector landing rates and shades out infected 

source plants while intercropping with non-host plants decreases overall vector numbers and 

the proportion that are viruliferous (Jones, 2004). Since most of the viruses affecting cowpea 

are seed-borne, use of healthy seed stocks is an important method of preventing virus spread 

to new areas. Production of healthy seed stocks can be ensured through field inspection and 

rouging to remove sources of virus infection from within crops. It is only effective when 

symptoms are conspicuous and easily recognized and when the symptomatic plants are 

removed early before vectors have visited them and also where numbers of vectors are low 

(Thresh, 2003; Makkouk and Kumari, 2009; Makkouk et al., 2014). However, since there is 

evidence that some cowpea viral diseases may also occur occasionally to be seed transmitted 

in symptomless plants (Aboul-Ata et al., 1982; Bashir and Hampton, 1996), it is important to 

implement a rapid indexing procedure for the detection of such viruses in seed lots. Also 
using early maturing cultivars is an important measure for virus control in grain legume crops 

(Jones, 2001; 2004) since sowing of short duration cultivars can be timed so that they 

approach maturity and express mature plant resistance to virus infection during the period of 

greatest insect vector activity.

While pesticides have been used to prevent virus spread by decreasing vector populations or 

by impeding transmission, their use is inappropriate (Thresh, 2003) because the relationships 

between viruses and their vectors are complex and a decrease in vector populations does not 

necessarily achieve a commensurate decrease in virus spread. For instance, use of insecticides 

to control vectors of non-persistent viruses have limited effectiveness (Thresh, 2003). These 

are acquired and transmitted most effectively in brief probes and often by vectors that visit but 

do not colonize the crop being sprayed. Moreover, there are problems due to the difficulty and 

cost of treating crops throughout the entire vulnerable period of growth. There may also be 

damage to the natural enemies of vectors and risks to the environment and to human health. 
Consequently, pesticides play only a limited role in plant virus control even in developed



countries where they are mainly used against the vectors of persistent viruses of commercial 

crops (Thresh, 2003; Makkouk and Kumari, 2009).

2.4.4 Integrated approaches

Yield losses and the resulting financial damage due to viral infection can be limited by 

controlling epidemics using measures that minimize virus infection sources or suppress virus 

spread. For each combination of virus, cultivated plant and production system, there is an 

‘economic threshold' above which the Financial damage is sufficient to justify using such 

measures. However, individual measures used alone may bring only small benefits and they 

may become ineffective especially over the long term. When diverse control measures that act 

in different ways are combined and used together, their effects are complementary resulting in 

far more effective overall control (Jones, 2004). Such experiences have led to the 

development of integrated management concepts for virus diseases that combine available 

host resistance, cultural and chemical control measures. Selecting the ideal mix of measures 
for each pathosystem and production situation requires detailed knowledge of the 

epidemiology of the causal virus and the mode of action of each individual control measure so 

that diverse responses can be devised to meet the unique features of each of the different 

scenarios considered (Thresh, 2003; Jones, 2004). Supporting evidence from several field 

trials show that a combination of measures is effective against viruses. For instance, 

combination of insecticide application with less susceptible genotypes significantly reduced 

development of cowpea viral diseases (Ambang et al., 2009). A combination of high to
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2.4.3 Host resistance
The use of disease-resistant genotypes has obvious advantages because it provides a 

convenient means of control that can be used alone or in combination with other measures. 

Moreover, there are no harmful side effects and no additional costs once resistant varieties are 

made available that are comparable or superior in performance to the susceptible ones being 

grown (Thresh, 2003). Successful use of host resistance in controlling viral diseases depends 

on the availability of sources of resistance and the incorporation of resistance into susceptible 

germplasm (Ndiaye et al., 1993; Arshad et al., 1998). Sources of resistance to virus infection 

have been reported among cowpea germplasm from several countries such as in Iran (Kaiser 

and Mossahebi, 1975), Zambia (Kannaiyan and Haciwa, 1993), Senegal (Ndiaye et al.. 1993), 

Pakistan (Bashir, et al 2002b) and Uganda (Orawu, 2007).
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moderate plant density together with moderately resistant cowpea genotypes greatly reduced 

the effect of cowpea viruses (Aliyu and Balogun, 201 1). Early planting, cereal intercrops with 

varied spatial arrangements reduced viral disease damage in cowpea (Kannaiyan and Haciwa, 

1993; Aliyu and Balogun, 2012).
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MOLECULAR CHARACTERIZATION OE VIRUSES INFECTING COWPEA IN 
UGANDA USING NEXT-GENERATION SEQUENCING

3. 2. 1 Sample collection and preservation
Leaf samples were collected from cowpea plants showing characteristic virus symptoms such 

as mosaic, chlorosis, distortion, mottling, leaf curling and necrosis were collected from fields 

in twelve districts of Uganda namely; Ngora, Kumi, Pallisa, Namutumba, Serere, Dokolo, 

Lira, Apac, Soroti, Oyam, Wakiso and Amuria. In Wakiso district, 20 samples were collected

Characterization and accurate identification of viruses is a prerequisite for effective 

management of viral diseases (Hamilton et al., 1981: Thotlappilly et al., 1995). Worldwide, 

about 140 viruses have been reported on cowpea (Hughes and Shoyinka, 2003) of which 1 I 

viruses were reported in Africa (Thotlappilly, 1992; Thotlappilly and Rossel, 1992; Hughes 

and Shoyinka, 2003). In Uganda, nine viruses were reported (Amayo et al., 2012). Previous 

studies (Edema el al., 1997; Orawu et al., 2005; 2015; Byarugaba, 2008; Amayo. 2008; 

Amayo et al., 2012) that attempted to identify and characterize cowpea viruses in Uganda 

used species specific assays/melhods applicable to only a few potential viruses. Species 

specific methods are often incapable of detecting new species, strains or variants as well as 

pathogens that have changed hosts or geographical range (Adams et al., 2009; Adams et al., 

2012). Specific assays rely on accurate prediction of the infective agent based on a reliable a 

priori knowledge of pathogens infecting a particular host. However, such information is often 

unavailable or incomplete making it difficult to identify previously unknown or 

uncharacterized agents (Adams et al., 2009; Kreuze et al., 2009). It is therefore likely that 

several viral species and/or their strains have not been identified in Uganda. Methods based 

on next-generation sequencing (NGS) technology offer a powerful and generic frontline 

approach for rapid identification of viruses (Cox-Foster et al., 2007; Adams et al., 2009; 

Kreuze et al., 2009; DeBoever et al., 2013). The main objective of this study was to identify 
and characterize putative cowpea viruses in Uganda using NGS.
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The quality and concentration of extracted RNA was determined using NanoDrop 

spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA). Samples with a 260/280 

ratio of >2.0 were considered as having good RNA. RNA quality was further confirmed by 

visualizing samples using TAE/Formamide agarose gel electrophoresis as described by Masek 

et al. (2005) and only those showing no genomic DNA contamination or RNA degradation

3. 2. 2 RNA extraction

Total RNA was extracted from the dried leaf samples (240) using TRI Reagent (Sigma- 

Aldrich, St. Louis, USA) with some modifications to the manufacturer’s protocol. The 

following modifications were made; after homogenizing the samples in TRI reagent, samples 

were spinned at 12.000 x g for 10 minutes at 4°C to remove insoluble material. A supernatant 

containing RNA was then transferred to a fresh sterile micro-centrifuge tube for phase 

separation using 0.2ml chloroform. RNA was precipitated using 0.25ml of chilled iso- 

propranol and 0.25ml of a mixture of I.2M NaCl and 0.8M sodium citrate solution. The 

precipitate was spinned at 12,000 x g for 10 minutes at 4°C to form a pellet. Precipitated 

RNA (pellet) was washed with I ml of 75% ethanol by gentle vortex and then spinning at 

8,000 x g for 5 minutes at 4°C. Later the RNA pellet was air dried for 10 minutes before 

resuspension in 30pl of nuclease free water (AMRESCO, Ohio, USA). To facilitate 

dissolution, samples were incubated at 60°C for 10 minutes with repeated pipetting, chilled on 

ice and then stored at -80°C.

from a single experimental field at Makerere University Agricultural Research Institute 

(MUARIK). In the remaining districts, five plants were randomly selected from four 

different/distant fields (a minimum of 5 kilometres apart). A total of 240 samples was 

collected from all the districts. Type and severity of symptoms and associated with each 

sample per field were also recorded. The samples were preserved immediately by wrapping 

them in paper towels and then inserted in ziploc bags containing about 50g of silica gel. The 

ziploc bags containing samples were placed in a plastic container and lightly covered. Silica 

gel was changed once or twice to ensure complete drying of samples. Drying was achieved 

within two to three days at room temperature (25-28°C). The dried leaf samples together with 

silica gel were transported to Biosciences eastern and central Africa (BecA), Nairobi, Kenya 

for total RNA extraction and sequencing.
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3. 2. 3 Preparation of cDNA libraries and sequencing
Four cDNA libraries for sequencing were prepared from the diluted RNA samples using I pg 

of pooled RNA. The first cDNA library comprised of 10 samples from Wakiso (MUARIK), 

the second cDNA library comprised of two samples each from Ngora, Kumi, Pallisa, 

Namutumba, Serere and Soroti districts (a total of 12 samples), the third cDNA library 

comprised of 12 samples only from Amuria district. The fourth cDNA library comprised of 10 

samples from Dokolo (3 samples), Lira (2 samples), Apac (2 samples) and Oyam (3 samples) 

districts. cDNA libraries were prepared following Truseq Stranded mRNA sample preparation 

kit (Cat. No. RS-122-2101: Illumina, San Diego, CA. USA). The final size and concentration 

of the prepared library was checked using 2100 Bio-analyser Desktop System (Agilent, Santa 

Clara, CA, USA) and quantified using Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, 

USA). Paired-end sequencing (2 x 300 bp) was performed using a MiSeq Desktop Sequencer 

(Illumina sequencing platform) at BecA-International Livestock Research Institute (BecA- 

ILRI), Nairobi, Kenya.

were selected. Samples showing intact 18S and 28S subunits on agarose gels were selected 

and diluted to 20ng/pL

3. 2. 4 De novo assembly and sequence analysis
Raw sequences were analysed using CLC Genomics workbench version 7.0.4 (CLC bio, 

Qiagen, CA, USA) as follows; sequences were subjected to quality control (QC) and filtering 

to identify regions with low quality reads (Del Fabbro el al., 2013). Based on the QC report, 

trimming was done using quality parameter settings score limit set to 0.01, maximum number 

of ambiguities set to 2 and removing any reads with less than 50 nucleotides (nt). Read 

trimming removes low quality portions and preserves the longest high-quality parts of the 

NGS read thus increasing reliability and quality of fragment analysis (Del Fabbro el al., 
2013). The remaining paired sequences were assembled de novo in both directions into 

contiguous sequences (contigs) while the unpaired or orphan reads were discarded. 
Assembled contigs were subjected to BLASTN and BLASTX homology searches against a 

plant viral database of 57,417 sequences downloaded from National Centre for Biotechnology 
Information (NCBI). BLASI N and BLASTX searches were carried out using NCBI-blast-
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3. 2. 5 Phylogenetic analysis
Contiguous sequences that gave significant virus hits on BLASTN analysis were aligned with 

sequences of other virus isolates downloaded from the DDBJ/ENA/GcnBank. Alignments 

were done using ClustalW tool in MEGA Version 7.0.25 (Kumar el al., 2016). Phylogenetic 

analysis was carried out using the Maximum Likelihood method based on the Tamura-Nei 

model (Tamura and Nci, 1993). The Tamura-Nei model of nucleotide substitution accounts 

unequal base frequencies in a dataset. Initial trcc(s) for the heuristic search were obtained 

automatically by applying Neighbour-Joining and BioNJ algorithms to a matrix of pairwise 

distances estimated using the Maximum Composite Likelihood (MCL) approach, and then 

selecting the topology with superior log likelihood value. The trees were drawn to scale with 

branch lengths measured in the number of substitutions per site. To assess the robustness of 

the lineages in the trees, alignment data was bootstrapped (re-samplings) 1,000 times.

2.2.29+ (Altschul el al.. 1997). BLASTN and BLASTX searches were carried using default 

settings (-word size 28 -reward I-penalty -2 -gap open 0 -gap extend 2.5).

3. 3. 1 Sequence analysis and de novo assembly
The four libraries gave a total of 18,318,168 pair-end reads with read length ranging from 35- 
301 nucleotides (nt). After trimming of low-quality reads based on the QC report (section 

3.2.3), a total of 13,781,621 reads remained with an average length of 178 nt. De novo 
assembly of trimmed paired reads resulted into a total of 75,862 contiguous sequences 

(contigs) from the four libraries. Analysis of contigs using BLASTN and BLASTX against a 

database of 57,417 viral sequences gave similar results. Thus, results that follow are based 

only BLASTN analysis. Eight contigs out of 75,862 contigs ranging from 227 bp to 9,904 bp

3. 2. 6 Pair wise comparison of Ugandan cowpea virus isolates with other isolates
Pair wise nt and aa comparisons were done between the virus contigs assembled in this study 

with other sequences obtained from the DDBJ/ENA/GenBank database. Pair-wise 

comparisons were made both at nucleotide and protein levels using EMBOSS Stretcher 

(http://www.ebi.ac.uk/Tools/psa/) and BioEdit version 7.0.4.1 (Hall, 1999).

http://www.ebi.ac.uk/Tools/psa/


gave significant hits on BLASTN search against the database (Figure 8-15). The identified

viruses were Cowpea aphid-borne mosaic virus (CABMV), Peanut mottle virus (PeMoV),

Sugarcane mosaic virus (SCMV) and Maize chlorotic mottle virus (MCMV). Contigs

corresponding to the identified viruses were deposited in the DDBJ/ENA/GenBank under

accession numbers KT970623, KT970624, KT970618, KT970619, KT970621, KT970622,

KT970625 and KT726938. The longest contig was for CABMV (KT726938) and on further

analysis was confirmed as a complete genome sequence of CABMV. The results presented in

the subsequent sections (genome annotation, pair wise nt/aa comparison and phylogenetic

analysis therefore solely focus on the complete genome ofCABMV assembled in this study.
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Figure 8: NCBI BLAST of the sequence data for the NMF1 isolate (594 bp) under accession 
number KT970618. The sequence was identified as a replicase gene of MCMV in the 
database.
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Figure 9: NCBI BLAST of the sequence data for the SELK.B2 isolate (2,021 bp) under

accession number KT970619. The sequence was identified as a polyprotein of PeMoV in the

database.
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Figure 10: NCBI BLAST of the sequence data for the NMF3 isolate (227 bp) under accession
number KT970621. The sequence was identified as a coat protein of MCMV in the database.
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Figure 1 I: NCBI BLAST of the sequence data for the NMF6 isolate (230 bp) under accession

number KT970622. The sequence was identified as a coat protein of MCMV in the database.
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Figure 12: NCBI BLAST of the sequence data for the LVIC1 isolate (833 bp) under accession

number KT970623. The sequence was identified as a polyprotein of SCMV in the database.
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Figure 13: NCBI BLAST of the sequence data for the LV1C2 isolate (659 bp) under accession

number KT970624. The sequence was identified as coat protein of SCMV in the database.
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Figure 14: NCBI BLAST of the sequence data for the LVIC3 isolate (833 bp) under accession

number KT970625. The sequence was identified as polyprotein of SCMV in the database.
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Figure 15: NCBI BLAST of the sequence data for the Sererel isolate (9,904 bp) under

accession number KT726938. The sequence was identified as a complete genome of CABMV

in the database.

3. 3. 2 Annotation of CABMV isolate (Sererel) genome sequence
Translation of the Sererel contig using the online translation tool available at:

http://web.expasy.org/translate/ identified a single open reading frame (ORF) having all the

predicted potyvirus cleavage sites as described by Adams et al. (2005b). The assembled

genome of Sererel isolate encodes a large polyprotein consisting of 3,182 amino acids with

an AUG start codon at base position 112 and UAA stop codon at base position 9,658 (Figure

16). The polyprotein was predicted to autocatalytically cleave into 10 mature typical potyvirus

proteins (Pl, HC-Pro, P3, 6K1, CI, 6K2, VPg, NIa-pro, Nib and CP) and putative cleavage

sites of each protein were identified by sequence comparison to other CABMV isolates

(Adams et al., 2005b). The 5’ untranslated (5’UTR) region consisted of 111 nt and the 3’

UTR was of 244 nt excluding the poly (A) tail. The bases at genomic positions 1-111 and

9,661-9,904 constituted the 5’ and 3’ UTRs. The nucleotides at positions; 112-1356 (Pl, First

potyviral Protein), 1,357-2,724 (HC-Pro, Helper component Protease), 2,725-3,765 (P3, Third

Potyviral protein), 3,766-3,921 (6K1, 6 Kilo Dalton Protein 1), 3,922-5,823 (CI, Cylindrical
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inclusion protein), 5,824-5,982 (6K2, 6 Kilo Dalton Protein 2), 5,983-6,552 (VPg, Viral 

genome Linked Protein), 6.553-7,281 (Nia, Nuclear Inclusion Protein a), 7,282-8,832 (Nib, 

Nuclear Inclusion Protein b), 8,833-9,660 (CP, Coat protein) constituted the mature proteins 

(Figure 16). The expected conserved motifs FR.NK in HC-Pro, GDD in Nib, and DAG in CP 

were found. Aphid transmission associated DAG motif was also observed in the CI region of 

the genome. All the predicted cleavage sites (amino acids before and after the cleavage site) 

were as expected for accurate cleavage (Adams el al., 2005b).

5. 3. 3 Comparison of proteins in Sererel with other CABMV isolates
The 5’ UTR nt identity between Sererel and other isolates ranged from 36.9-52.6% with the 

CM655833 and AF348210 having the lowest identity (Table 1). However, CABMV Sererel 

iad a high identity (75.7-78.0%) with all isolates in the 3’UTR. The Pl protein identities 

aried from 43.7-69% and 41.7-64.3% for nt and aa levels, respectively. The lowest % nt 

dentity level was with KM655833 while at the aa level, it was with the Zimbabwean isolate 

AF348210) and KM655833. Therefore, for CABMV Sererel. 5’ UTR and P3 were the most 

.ariable regions compared to other regions. At the whole genome sequence level, Sererel nt 

(entity with other CABMV isolates ranged from 67.1-77.8% (Table 1). With the exception of 
lrM655833, the genome sequence identity between Sererel and the Zimbabwean isolate was 

>w (75.8%). CP nt identity ranged from 68.4-83.1% while the aa identity ranged from 76.8- 
7.0%. The lowest aa identity was with HQ280243 while at the nt level, it was with 
'M655833.

CP 
275aa

Figure 16: Schematic representation of the genome of Sererel isolate. The length of 

nucleotide and amino acid sequences of mature proteins are indicated. The proteolytic 

cleavage sites for the 10 proteins identified in this isolate were as follows; Pl/HC- 

Pro(VQHYS), I lC-Pro/P3(YKVG/G), P3/6K1(VETQ/A), 6K1/C1(VRMQ/S), C1/6K2 

VCLQ/S), 6K2/VPg (V1TQ/G), VPg/NIa(VGVE/S), NIa/Nib(VATQ/S), Nib/CP (VMLQ/S).



39

Sererel had all the expected cleavage sites (Adams et al., 2005b) however, for some sites 

there were differences in aa sequences around them when compared to the Zimbabwean 

isolate (AF3482I0). For instance, the aa sequence at P3/6KI was VETQ/A in Sererel while 

in AF348210.1, it was GRHQ/A. At 6K.1/CI site in AF348210, the sequence was VRVQ/G 

and VRMQ/S in Sererel. For 6K2/VPg site in AF348210, aa sequence was VTTQ/G and 

V1TQ/G in Sererel. At the NIa/Nib site, the aa sequence in AF3482I0 was GCTQ/S 

compared to VATQ/S in Sererel and at the Nib/CP site in AF348210.1, aa sequence was 

VVLQ/S compared to VMLQ/S in Sererel (Figure 16 and Figure 17).

The 5' UTR and the 3' UTR for Sererel were 1 1 I nt and 244nt compared to 75 nt and 228 nt 

for AF348210. respectively (Table 1). The size of the Pl protein for Sererel was 4l5aa much 

larger than that of AF348210 (286 aa). The P3 protein for AF348210.1 was larger than of 

Sererel by 3nt (1,044 nt) compared to 1,041 nt for Sererel while the sizes of Cl, VPg, NIa, 

Nib and 6K2 proteins for Sererel and AF348210 differed by either one or two aa. However, 
for the 6KI and CP, AF3482I0 and Sererel had the same size (52 aa and 275 aa), 

respectively.
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Figure 17: Translation of Cowpea aphid-borne mosaic virus genome with cleavages sites 

(yellow) and conserved motifs (blue) highlighted.

Mt?i:iT3iMEGDEQETQTVRaAHE7VQVZEVurGVTKVvKQivPVGCGrRO5GrvMY3K,33:LRR.AiAEGiiE.Tit3G 
AiVK’xVZCTrGDIGGRAATEMI.^AITEQCT.'QKRP^P.VPATTrsaVRI.'mRRX-.'DEG'.T-MnZnLKnE-A’EAAK'/rQ 
Tq?X3?3MLQA3K»Xr.3D YAKAQ ZGEAD3E3RZAGMEQRI.IJ:i®.'Y33ZRXTXRJG AVZMR VBZRtKAQERR QTEL IA 
ESZ3ZXELA.GE EEMBAYEG3VTE PZDWJHSESVGERTVHYRRTPKTCKPR.SKVTaV’RGSHKVQGQIKJEAJtKrGI 
OZE.EIZRGKAS.'PISTZKET.SRYGSTL PRi/TL PHEGGRYVHEEVSYMKHraMIMAUiKYSrTKSVHQS ZZKRGDSGL 
VYPPQ£IKa.:LPZQE»Z ZE I ZRGRQDGVE. IHAJLDWHSEIA5VQHY  ---- 3 < HC Pro) HOLEIQEEQGWtK’TriaXV
PHTEtKECT^TD YSMEQCGEZAASljCQTLYP’ZiaCLSCRKCSl.EH ZKDLS WEE YKEE IAVHFGCCAETZKDQQ3 ZG EK 
W.QW.ZTAV^GGDVML3LEIAJRETaHYrSTPMLQZQDZHKALMRE.33ATKaErDQALRnLEAMrQin?KMa£EL 
TGEDAL&2^j|^MRA;35CAMI.MPSLIjCDMDIJJKBSMEZWGERGRHSSOIF E3M EEIJEVVP.3EGYGKYTZRRM TH SFKK 
LKIGSLvVPLDI.IBlAR V3M8EE3VZKQP ITKAOZ35.T.DKH EVEPCCCVT Z.ZM0Q PZ.T3DZK3^fRHL’T!fl333GD 
Pl '^’iXIPATDSDRMYTAXEGYCYLHZELAMUDFiTJEDE.MCnETKMVRZnTLVPSI.GTWPTMtfDVATAAZlCET'VEHP 

?RIUrDHMaTMH7ZDSEG3UfrGYHTC.ItAGTVMQIDQEA3HnrD3EMRrYKVGG. . . . 3< P3J 'uTJ'OR 
r MT, .'331EKPSSIWZH ZT.ETDP YELLMGEV3P3LI. IHMERMRHLEKG’.’Q IWZHKEQ3VAKI El. ZLEQZ.TKKL 
\r: :.TCT- LRLI3ETA2 PIHSLIXMCPKTAJSTHVAICnEIJ: ZKAEMM3AHETZ. ZTMGEEDMHE SEES ARE HI YV
EC. -ite :i' 'A.I.SI.LZHFSVTWQLKJtFSIWTEHSL ZKKAT VDKEKE3KR EV3AC ET.3AQTHLKE3RIC LAW KI EQ 13 

.-LSLEI.JJEIS.RCYGDIDEI.VTJy'SIVISEEVQSf’ZSVLMHTSfit.TIRMDRISLAAHK’TEKDBQTICRlCtDU 
■<3TQFLIHZEZOT.PDIXaTARYMIT3DE3VETQ. A( 6K1j KTAMQLHLEK rZAEMALLTMCVZlA 

’ ■ MV,. ■ <: LWKISC3VEGTMAEEVRMQ. . . . 3(CI )UDBLMD rEECKKLTVDEEV3T3HEPT3TTE 0V3 EEG»’HH 
' T? .'PHYMTGZEMEETRATAATVAM5I.3LSAQTE ELZRGA5ZG3GMTGZDHHL3KHSKVIJLLE PTRPLA

’ vat?J: jire e eqwtlrmrgess. egssm rtvmtsgeAEHmirHPHQLim ed ei iedeceftui3 ps raemcae 
K'_ .• <IRTZSA.TPPGRECEETTQ'YP^lCLKrEZMLS EQDE'tRlAQGTGTUAI11 IQHGMMELI'r’ZA.SElIE'ZIXirS 

?: >.Et-~7r?5IDGRTMaMGRr7ZrET3CT PSKPHEI’/ATMT rEMGSTTIJriTIOZm EGLK7^'AJ3IJ3TE.3»CVREM 
.-■7 £r;-..-ER IQRLGRVGRHKPGEALRIG3TERGMAEI PEE IATEAAEE3 EAYGEPVTTQMVTTH tXJKCTVQOMC 
SAI2I£EET5 EETTH EWJCfDGS IB PE IHKLEKQEKI.RE3EBIF>'M11KKAI PYQYTMaWI 3’ZREYKREGIl3’7GCni)G"ZK 
EP?.rE^TPDTL EAAr.WBT7,X:5CfRYjdEGR EH AV33TKE 3TTE.3TE PT AVPRT EA Z EDHEI3EZMMKKHHEDTV 
PI i-CTi253E3L3GZAZGrR»S.’ELRI)Y3AaHrETljQaARAQII^EMQn7ZtraHKEHEYEDLGrLaT;.rCLQ . . . . 3< 
6.--117J-I.\'A2<ELGLJiK»»DG3PERHDLI.E"r:7ET IIGGGSB4Mi?IJYE5RCTQEG'JrETQ . . . _G (VP jj KKRMTQKLK 
ETDAxTSIS.VG8I.E37Y A-DBY TMEHT EGE AYTXXGKEKG3HSTHGM3RKTR2IE ZHMYG^ZE PEHYTT ZREVD PITGETM 
naairPS.'t.TJZR PIQUE MSE’TRQJCLIMHGELE3EEIRHKPGZQ AY EI.GKGTEEAUC>Znr.T PHRPTIJLCAB3iniZAGTP 
ERSJSISjQrGLPQF. ZKLSDVPAPMEEvG'^E . .. . 3 <NI a) K3TYKGSZRDY3GV3TL.ZCStZV2Z3 3DGCTETZ EG ZG 
Y53YZ ZTMSHL EKR.BWGTLTZier WJGEY PZPMTTQER ZHF ZEGKD AZEZRMPKD EP P EAGRMC EM PKKEER’TCM 
IGrHEQES3ER3T:7.3E33M.IVPEGKG3E’i?>7HWl3ZaDGDCGLPLV3'mDGHZW5 EHGEX 3MTT 3 RM EYZ PEEDME 
»ZS.YWCAE SLE!iiMaHWLWapnKIAWG3ZAIErDHQPKEEEKrAKLZTIXLE3GlF/ATQ .... 3< M H> J KQE3RE’H3 
AMDGHLVMZGKAE3 Al. VT SIYPZKGKCHYEQQ YZ.33DAM AAHE EKPXMGA YZJ? 3RXHREAES0KD F FKYMKPVWSE

aGQPJTWD WZIATPZZ37Y Y3CIKAGW3ES.D’7QERIWE FA2^^| Z ZZJP7REDIP7KZZJDT FT 33 EGEEGEMYI1E3E 
RTSSRZEUJ? FM.3BQAXUZDHLYZ PKLEQER 1'73 ZE.Ei?ER3KEIXHRTEAZCAAMrE ASGTPKLI.<JE ERXEYXSZX 
iQ?DE.EREIA..3LGK?. PYIAETAXKKLYTDEQA3EKEljQRYI.Q6ZUETYEECErED'.’MIQ. . . . 3 < CP ISRGQAE 
^aZSCDBERDHTAQ PTQQKT3RQRE ARETE RIWAA333GQI37HtLaKE3KMCHL PMZ 3GK>Z ZEJDUIHE. ZEYKPAQ 
Znr.YWIRA3RAQLMRMlYAAZQEEYEIJBDEKMRS7’rt<»SEWBCZEMGTSPDVMG’7»rMMDGlMDa’7ErKJKPZVEia 
WPTLRQIMHHESDAAZ AY ZEMRH.3EG EYMPRTGIZ.RMI.RIIK3 LAR 'fA ED FYE'ZT 3RT3DRARE A ZAQMXAAAL 3M 
l:Z»rRMEGLDGM^ZATT3EMTERnrATDVM®IMH3EZ.GMRB5Q
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The DPY-(X)7-SP-(X)2-L motif in P3 was found at position 902-916 in Serercl compared to 

772-786 in CABMV-Z. In the Cl protein, GAVGSGKST (1,227-1,235), VLLLEPTRPL 

(1,247-1,256), KVSAT (1,343-1,347), LVYV (1,394-1,397), VATNI1ENGVTL (1,443- 

1,454) and GEI<IQI<LGRVGI< (1.487-1,498) were identified in CABMV-Z while in Serercl, 

these motifs except LVYV occurred at positions; GAVGSGKST (1,356-1,364), 

VLLLEPTRPL (1,376-1,385), KVSAT (1,472-1,476), VATN1IENGVTL (1,574-1,585) and 

GERIQRLGRVGR (1,618-1.629). The overlapping sequence pretty interesting potyvirus 

open reading frame (PIPO) was at 2,755-2,978 and 3,178-3,401 in CABMV-Z and Sererel, 

respectively. In Nib, the SG-(X)3-T-(X)3-NT-(X)30-GDD and CHADGS motifs were at 
positions 2,571-2,614 and 2506-2511, respectively in CABMV-Z while in Sererel, these 

conserved sequences were at 2,704-2,747 and 2,639-2,644, respectively. In the CP, the DAG 

motif was found at positions 2,787-2,789 and 2,921-2,923 in CABMV-Z and Serercl. 
respectively.

In Sererel. two motifs (ESKKL in Pl and LVYV in Cl) that are conserved among poly viruses 

were missing. The DAG motif which is known to occur only in the CP region also occurred in 

the CI protein. Thus, DAG motif was found at two positions 1787-1789 and 2921-2923. 

Other expected potyvirus motifs were present in the Serercl however, when compared to 

AF3482I0.1 (CABMV-Z), there were differences in their positions. For instance, the GDSG 

motif found in PI was found at 367-370 position in Sererel compared to 238-241 in 

CABMV-Z. For HC-Pro, the conserved sequence GYCY for putative proteinase active site in 

CABMV Sererel was found at 756-759 while in CABMV-Z, it was at 626-629. Also, the 

KLSC, FRNK. P'l'K, and CCC motifs in Sererel were located at 469-472, 595-598, 726-728, 

706-708 respectively, while in CABMV-Z, they were located at 339-342, 465-468. 594-596 

and 576-578. respectively.

3. 3. 4 Phylogeny of CABMV Sererel with other isolates
Phylogenetic analysis of complete nucleotide genome, polyprotein and coat protein (CP) 
sequences placed Sererel in a cluster different from other CABMV isolates (Figures 18A, 

18B and 19). These figures also show a great amount of genetic change both in the whole 

genome as well as the coding regions of the Ugandan isolate compared to other isolates. 

Among the five isolates analysed, Sererel isolate was more distinct from RR4 isolate from



India. Analysis of CP sequences showed that the ancestry of CP sequences for the Ugandan

isolate lies within that of the Zimbabwean isolate (Figure 19).

BRI HQ3cO242tBraz.;}

100

RR3 lndtaiKM597165)100 120

MG-AiT Braze HQ880243)100 MG-A.r B^3Z.'<H08c0243)100

CABMV-Z AF348210tZimt>at»ej CAEMV-Z AF3482WZ.mbib.xtj

■ Sererel UGAJIOAKT726933) ■ Strife! UGAnOAtKT726933j

RR4 lnd>aiKf.*655833) RR4 L-dia KM655833)

A B005 005

Figure 18: Maximum Likelihood method tree for complete genomes (A) and coding

sequences (B) of CABMV isolates.
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Figure 19: Maximum Likelihood tree for coat protein sequences of CABMV isolates.
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3.4 Discussion

Results from this study also showed that cowpea is a potential natural host for SCiMV and 

MCMV. 1 he two viruses either singly or in mixed infections arc known to infect only cereals 
(Gordon et al., 1984; Teakle et al., 1989) and have never been detected on legumes. MCMV 

and a potyvirus such as SCMV causes maize lethal necrosis (MLN) disease in maize
44

The identity of viruses infecting cowpea in Uganda was determined using next-generation 

sequencing (NGS). Three potyviruses; Cowpea aphid-borne mosaic virus (CAI3MV), Peanut 

mottle virus (PeMoV), Sugarcane mosaic virus (SCMV) and a Machlomovirus, Maize 

chlorotic mottle virus (MCMV) were detected by sequencing total RNA extracted from 

symptomatic cowpea leaf samples. The occurrence of CABMV in Uganda was first reported 

by Anon (1981) and is widely distributed in the major cowpea growing areas (Edema et al., 

1997; Orawu et al.. 2005; Amayo, 2008. Amayo et al., 2012; Orawu et al., 2015). CABMV 

causes significant cowpea yield losses for instance Kaiser et al. (1968) reported up to 80% 

reduction in seed yield in Iran, Kaiser and Mossahebi (1975) reported up to 13-87% in Iran 

while Kannaiyan and Haciwa (1993) observed a yield loss of 48- 60% in Zambia. Total 

cowpea crop loss due to CABMV was also reported Raheja and Leleji (1974) in Nigeria. 

CABMV is the most economically important virus worldwide (Bashir et al., 2002a).

Although cowpea is a known natural host for PeMoV (Demski et al., 1983) and the virus 

widely occurs in East Africa (Bock, 1973b), this is the first time that it was found on cowpea 

in Uganda. In East Africa, PeMoV is mainly widespread on groundnut and soybean but also 

infects other plant species such as Phaseolus vulgaris and Cassia occidentalis (Bock, 1973b). 

Previous studies show that PeMoV expresses mild disease reaction on cowpea (Demski et al., 

1983) however, the possibility of occurrence of naturally several strains and potential 

synergistic interaction with unrelated viruses makes it an important cowpea virus. Since 

cowpea is grown frequently in fields close or adjacent to other legumes susceptible to PeMoV 

such as soybean and groundnut, it can serve as a source of inoculum (Demski et al., 1983). 

Additional isolates of PeMoV across the country need to be studied to establish their diversity 

and virulence levels on cowpea. The distribution/incidcnce and severity of PeMoV on cowpea 

in Uganda and identification of cowpea genotypes with resistance to the virus need to be 
carried out.



(Uyemoto, et al., 1981). The occurrence of MCMV and MLN on maize in East Africa were 

initially reported by Wangai et al. (2012) and later by Adams et al. (2012) but SCMV was 

reported earlier in Kenya (Louie, 1980). Identification of MCMV and SCMV on cowpea has 

epidemiological implications on the spread of MLN since cowpeas are often intercropped or 

grown in close proximity to maize fields.

In this study, the first complete genome sequence of an isolate (Sercrel) of CABMV from 

Uganda was obtained. The isolate had all the 10 mature proteins characteristic of poty viruses 

(Adams et al., 2005a; 2005b). Comparison of Sererel with CABMV-Z from Zimbabwe 
(another isolate with a complete genome from Africa) revealed that 5’UTR and Pl were the 

most variable regions in Sercrel while in CABMV-Z, Pl and P3 were the most variable 
regions. High variability in potyvirus genomes is often associated with Pl and P3 proteins

45

The identification of SCMV, MCMV and PeMoV highlights the importance of NGS in 

enabling rapid identification of new and unusual plant viruses and facilitating the rapid 

development of high throughput diagnostic assays as previously proposed by Adams et 

al.(20\2). Conventional assays require reagents designed to exclusively detect their viral 

target and any variation in the virus genome may cause failure of the assays. However. NGS 

is non-biased method that requires no a priori knowledge of the target and hence is able to 

detect existing strains, new variants and even completely new viruses (Adams et al., 2009). 

However, the NGS approach used could not detect several viruses that were previously 

reported on cowpea in Uganda using ELISA. These included; Cucumber mosaic virus 

(CMV), Cowpea mild mottle virus (CPMMV), Cowpea mottle virus (CPMoV), Cowpea 

chlorotic mottle virus (CCMV), Cowpea yellow mosaic virus (CYMV), Cowpea severe 

mosaic virus (CPSMV) and Southern bean mosaic virus (SBMV) (Edema et al., 1997; Orawu 

el al., 2005; Amayo, 2008; Amayo et al., 2012; Orawu et al., 2015). ELISA often gives false 

positives due to cross-reactivity between antisera and plant proteins or between antisera and 

other different viruses (Dietzgen el al., 2001; Gutierrez et al., 2003; Naidua and Hughes, 

2003; Tairo, 2006: Akinjogunla et al., 2008; Kassif, 2009). Also, the samples analysed by 

NGS may have not been infected by the viruses that were previously reported. There is need 

to sequence additional isolates/samples to verify this finding. Future studies are needed to 

establish the implications of single or mixed infections of cowpea with MCMV and SCMV on 
virus spread and subsequent effects on cowpea productivity.
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(Adams el al., 2005a). In the Sererel genome, two motifs, ESKK.L in PI and LVYV in Cl 

that are conserved in polyviruses were missing. Pl protein acts as a protease in the 

autoproteolytic activity of PI al the C-terminus (Vcrchot and Carrington, 1995) and also in 

RNA silencing (Mbanzibwa el al., 2009) while CI plays several functions such as in vitro 

RNA dependent ATP binding, RNA helicase activities, virus replication and viral cell-cell 

movement (Deng el al., 2015). The absence of conserved motifs in Sererel may influence the 

virulence of the virus. It was observed that in Sererel genome, a DAG motif was present in 

the Cl protein in addition to the one present in the CP region. The DAG motif plays an 

important role in aphid transmission of the virus (MIotshwa el al., 2002). The additional DAG 

motif may influence aphid transmission of the virus although the Cl is not known to play any 

role in virus transmission by aphids.

Pairwise nucleotide comparison of entire genome and polyprotein sequences revealed that the 

Sererel isolate was very distinct from RR4 isolate (KM655833) from India with percentage 

nucleotide identity of 67.1%. However, the Ugandan isolate was closely related to two 

Brazilian isolates MG-Avr (GenBank accession number HQ880243) and BRI (HQ880242) 

(Barros el al., 2011) and an Indian isolate, RR3 (KM597165) (Mishra el al., 2015), with 

77.8%, 77.4%, and 77.5% nt identity, respectively (Table I). Phylogenetic analysis however 

clustered the Ugandan isolate separately from other isolates (Figures 18 and 19). This could 

be attributed to affinity of isolates to their geographic origin or host ecological conditions 

(Abubakar el al., 2003; Trovao el al., 2015). While sequence data is important in clarifying 

the taxonomy, diversity, evolutionary relationships among viruses (Adams et al., 2005a; 

Ndunguru el al., 2015), multiple sequences from diverse geographic areas/regions are needed 
in order to generate reliable results.

as a



CHAPTER FOUR

4.1 Introd uction

DEVELOPMENT OF A MOLECULAR DIAGNOSTIC ASSAY FOR COWPEA 
APHID-BORNE MOSAIC VIRUS

Cowpea (Vigna unguiculata L. Walp) is an important legume crop in Uganda, third after 

common beans and groundnuts widely grown in eastern and northern parts of the country 

(UBOS, 2010). The crop improves soil fertility through fixation of nitrogen and also curbs 

erosion due to its rapid ground cover (Singh et al., 2002; Tarawali el al., 2002; Casky el al., 

2002). Despite its importance both as a food and cash crop, its productivity is low with yield 

in Uganda less than 500 kg ha'1 (UBOS, 2019). Low productivity is attributed to several 

constraints such as insect pests, diseases, parasitic weeds, low soil fertility, drought and lack 

of access to inputs (Ajeigbe and Singh, 2006).

Cowpea aphid-borne mosaic virus (CABMV) is an economically important seed-borne virus 

with a worldwide distribution (Bashir et al., 2002a). The virus may have been widely 

distributed and established in several areas of the world as a result of cowpea seed trade and 

through movement of infected seed lots/germplasm for variety trials (Salem et al., 2010). The 

virus is capable of causing up to 100% yield losses under single or mixed infections (Raheja 

and Leleji, 1974: Kaiser and Mossahebi, 1975; Pio-Ribeiro et al., 1978; Pio-Ribeiro and 

Kuhn, 1980; Kannaiyan and Haciwa, 1993). CABMV, first reported in Uganda in 1981 

(Anon, 1981) is widespread in the main cowpea growing areas of the country (Edema et al., 

1997; Drawn et al.. 2005; Amayo el al., 2012; Orawu et al., 2015). The presence of CABMV 

in Uganda was recently confirmed using next-generation sequencing (Mbeyagala et al., 2016; 

2018a) further highlighting its importance in the country. In order to mitigate the damage and 

yield loss associated with CABMV and other pathogens, efficient and accurate diagnosis is 

critical. The most common diagnostic method often used by the national cowpea 

improvement programmes mainly focuses on monitoring of virus-like symptoms (Salem et 

al., 2010). However, different cowpea viruses often show similar symptoms or different 
stiains ol the same virus cause distinct symptoms on the same host (Aliyu and Balogun, 2011; 
Mbanzibwa et al., 2011). Conventional methods such as ELISA are often too specific to a 

particular virus species or strain while alternative methods such as mechanical/vector 
47
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transmission, host range tests and electron microscopy do not usually give species level 

diagnosis (Adams el al., 2012).

Studies have been undertaken in the past focusing on detection of cowpea viruses in Uganda 

using different methods (ELISA and PCR) (Orawu el al., 2005; Amayo, 2008: Byarugaba, 

2008; Amayo el al., 2012; Orawu el al. 2015). These studies however, gave inconsistent/ 

inconclusive results. This study was conducted to develop a reliable and accurate molecular 

diagnostic assay that could be used for the detection of CABMV in Uganda.

4.2.1 Plant samples

Forty (40) leaf samples from plants with characteristic virus symptoms were collected from 

two fields in Serere and Ngora districts in eastern Uganda. The leaves were dried by placing 

them between paper towels and inserted in ziploc bags and silica gel added. The bags were 

placed horizontally in a plastic container and tightly closed. Complete drying of samples was 

achieved in 2-3 days at room temperature with at least a single change of silica gel. The dried 

leaf samples were used for RNA extraction and virus detection by RT-PCR. Fresh leaf 

samples were also collected and kept in cool boxes containing ice for serological assay using 

Nitrocellulose membrane-based ELISA (NCM-ELISA).

4.2.2 Nitrocellulose membrane based ELISA (NCM-ELISA)
NCM-ELISA procedure was carried out as described by Fuentes (2010) as follows; fresh leaf 

sample discs of approximately 1cm diameter were ground with 1ml of extraction buffer, Tris 

buffered saline ( I BS, pH 7.5). Macerated samples were allowed to stand for 30 min and 

followed by blotting lOgl of supernatant on to the nitrocellulose membrane and left to dry for 

30 min. Positive and negative samples (controls) were also blotted on the NCM. The dried 

NCM was treated with 25ml of blocking buffer (TBS + 2 % milk + 2 % TRITON X-100) and 

then washed with 1 BS Buller pll 7.5. The membrane was placed in 25ml of Antibody buffer 

(TBS, pH7.5) + 4.8 g skimmed milk) containing the 1st antibody (DSMZ, Braunschweig. 

GERMANY) and incubated lor 3 hrs at room temperature followed by washing with 1 -1 BS 

buffer. Later the membrane was placed in 25ml of Conjugate buffer (TBS, pl l 7.5 + 4.8 g 

skimmed milk) containing the 2nd antibody (conjugated with alkaline phosphatase), also from 

DSMZ, Braunschweig. GERMANY followed by washing in T-TBS buffer. Both antibodies
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were used at a dilution of 1:500. The membrane was dried and then placed in 25ml of 

substrate-chromogen solution BCIP/NBT (5-Bromo-4-chloro-3-indolyI phosphate/nitro blue 

tetrazolium chloride; pH 9.5) for ±30 mins until the colour (purple/blue) changed as virus 

signals. BCIP/NBT were obtained from Sigma, St. Louis, USA. Colour development was 

stopped by discarding the substrate solution and immersing the membrane in distilled water 

for 10 mins. Positive reactions were identified by purple coloured blots while negative 

samples remained blue.

4.2.4 Primer sequences used
Primers for virus detection were designed based on available data from full genome sequences 

as well as 3'-untranslated regions (3-UTR) of CABMV in DDBJ/ENA/GcnBank. The 

sequences were aligned using multiple alignment softwares; ClustalX Version 1.83 

(Thompson el al., 1997) and MEGA7 (Kumar et al., 2016). Following multiple alignment, 

five primer pairs were designed with the forward primer for the first pair starting at the 

GNNSGQ motif located in the centre of the nuclear inclusion protein b (Nib) (Zheng et al., 

2010). Subsequent forward primers were located downstream of the GNNSGQ motif. Reverse 

primer sets were design in the 3'UTR regions. The designed primers targeted the entire coat 
protein region. 1 able 2 shows the list of primer pairs that were used in this study. An 

additional primer pair (sixth) designed by Gillaspie et al. (2001) was also included.

4.2.3 RNA extraction and cDNA synthesis
Dried leaf samples were ground into powder using a mortar and pestle with the help of liquid 

nitrogen. RNA extraction was carried out using AccuZol reagent (Bionccr, Seoul, Republic of 

Korea) according to the manufacturer's instructions. Quality was checked using 

TAE/Formamide agarose gel electrophoresis as described by (Masek et al., 2005) and 

quantified using NanoDrop spectrophotometer (Thermo Fisher Scientific, Massachusetts, 

USA). The oligo(dT)i8 primed synthesis of complementary DNA (cDNA) on 2pig of total 

RNA was achieved using RcvertAid Reverse Transcriptase (RT), a recombinant M-MuLV RT 

according to manufacturer's instructions (Thermo Fisher Scientific, Massachusetts, USA).



Reference

CABFF1

CI G AGC ACT CMA ACC GGGCA13RRI
1.514GAG AGG YTR GTK TI C ITT GCCABFF2

GGC CTC YCY GCT AAG TTCCABRR2
1,333TGA ATT AYG AYT TCT CAG AAA GCABFF3

CTG RAT ATA TGC GTA CTA T IT ACCABRR3
1,281AGA GAR GAR 'FT A TGG TTC ATGCABFF4

CTA AAA CCA ACC ATT AGCCABRR4

TAC ATA CCA AAR CTW GAG C 1,275CABFF5
CCA CAC TRR CAT ATA TAGCABRR5

221CGCTCAAACCCATTGTAGAAGF

TA TTGCTTCCCTTGCTCTTTCGR

50

Predicted size (bp) 
~ 1,642 This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

Gillaspie et al. (2001)

Table 2: Primers used for detection of CABMV in Ugandan cowpea samples

Primer name Primer sequence (5'-3')

GG I A AC AA Y AGT GGR CAA CC

4.2.5 Polymerase chain reaction (PCR) conditions

After optimization of PCR conditions, only CABFF1/CABRRI out of the five designed 

primer pairs was effective thus further sections on methodology, results and discussions are 

limited to this primer as well as GF/GR primer set designed by Gillaspie et al. (2001). The 

PCR mix consisted of lOjil of 2X PCR Master mix (Bioneer, Seoul, Republic of Korea), 

0.25pM of each primer, I pl of cDNA and 8pl of sterile nuclease free water giving a total 

reaction volume of 20j.il. The PCR conditions for CABFF1/CABRR1 were; 94°C for 2 min 

followed by 35 cycles of 94°C (30 sec), 58°C (90 sec), 72°C (90 sec) for denaturation, 

annealing and extension, respectively with a final extension at 72°C for 5min. The PCR 

conditions used for GF/GR were as described by Gillaspie et al. (2001).

PCR products were analysed by electrophoresis in 1% agarose gel in 1XTAE buffer and 

stained with ethidium bromide. Gel electrophoresis was carried out at 100V for 60 min. After 

electrophoresis, images of the PCR products were captured/visualized using an inbuilt camera 

in an E-Gel® Imager System (Thermo Fisher Scientific, Massachusetts, USA) under UV 

light.
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CABMV was delected in all the 40 leaf samples by NCM-ELISA including the positive and 

negative controls. NCM-ELISA therefore was not able to distinguish between positive and 

negative samples since all samples gave positive signals. Among the six primer pairs that 

were designed, only one primer (CABFFI/CABRRI) was able to give CABMV amplification 

when tested on the positive controls. The primer pair was therefore used to differentiate all 

collected samples into negative and positives. CABFFI/CABRRI primer pair yielded the 

expected PCR product of approximately 1,642 bp (Figure 20). However, the GF/GR primer 
designed by Gillaspie et al. (2001) produced a PCR product of about 400 bp instead of the 
expected 221 bp (Figure 21).

4.2.6 Sanger sequencing and sequence analysis
The PCR products were purified from the gel using Wizard SV Gel and PCR Clean-Up 

System (Promega, Madison, USA) following manufacturer's instructions and later directly 

sequenced. Sequencing was carried out al Macrogen Inc (Macrogen Europe Laboratory, 

Amsterdam, The Netherlands). Sequencing results were compared to published DNA 

sequences using a Basic Local Alignment Search Tool (BLAST) as described by Johnson et 

al. (2008). Related sequences identified through BLASTN analysis were selected and used in 

phylogenetic analysis. A total of 21 sequences including an out group {Barley yellow dwarf 

virus-\SW\) were included in the analysis. Multiple sequence alignment and computation of 

nucleotide sequence identities were done using the BioEdit software version 7.0.5 (Hall, 

1999).

Phylogenetic relationships were inferred using the Maximum Likelihood method, based on 

the Tamura-Nei model (Tamura and Nei, 1993) implemented in MEGA7.0 (Kumar et al., 

2016). Initial trce(s) for the heuristic search were obtained automatically by applying 

Neighbour-Joining and BioNJ algorithms to a matrix of pairwise distances estimated using the 

Maximum Composite Likelihood (MCL) approach and then selecting the topology with 

superior log likelihood value. The trees were drawn to scale with branch lengths measured in 

the number of substitutions per site. Statistical significance of branching for phylogenetic 
trees was assessed using bootstrap analyses of 1,000 different alignments from the original 

dataset, and reported as percentage.
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Figure 20: RT-PCR product for CABMV resulting from CABFFI/CABRR1 primer pair: Lane 

1: Negative control, lanes 2-6: Samples, lane 7: Positive control.

BLAST analysis (BLASTN) of nucleotide sequences from Ugandan CABMV isolates 

amplified with CABFF1/CABRR1 primer showed similarity to coat protein (CP) sequences of 

other CABMV isolates in the DDBJ/ENA/GenBank (Figure 22). However, BLAST analysis 

of sequence data from GF/GR primer fragments gave no virus hits (there were no significant 

alignments). Nucleotide sequences for three Ugandan CABMV isolates (CABMV-H1, 

CABMV-H2 and CABMV-H5) were deposited in the DDBJ/ENA/GenBank under accession 

numbers MHI51199, MH151200 and MH151201, respectively. Sequences of these isolates 

contained a single open reading frame (ORF) of 278 aa encoding the entire coat protein (CP) 

followed by a non-coding region of 147 nt, 150 nt and 144 nt, excluding the poly A tail for 

CABMV-HL CABMV-H2 and CABMV-H5, respectively.



400 bp

Figure 21: RT-PCR product for CABMV for GF/GR primer pair: M is 100 bp ladder, lane 1-

5: Samples, lane 6: Negative control.

.Proious Match

DG QQ H R M G L L S H M N

TRH R E S F MG

N V N S sL A R DA A K Q E R AM

T K S T V E Y F R LF A Y R

N GL Y YR IP M EHE S RN

A E A A D S EF NH AH K

Figure 22: NCB1 BLAST of the sequence data for the RT-PCR fragment from
CABFF1/CABRR1 primer.
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Next Match
Strand
Plus/Minus

256
207
768
256
236
267
708
236

196
387
588
196

206 
769

266
709

326 
649

506
469

386
589

275
147
828
275

216
327
648
216

176
447
528
176

Identities
808/828(98%)

Gaps 
0/828(0%)

446
529

NVNSLAAAKMQAIAERARDS 
GTTAACGTTCGACAGGGCTGCTGCTTTCATCTGTGCTATTGCTTCTCGTGCTCTATCAGA

CDS: Putative 1
Query
Sb jet
CDS:coat protein, pa

CDS: Putative 1
Query
Sb j ct
CDS:coat protein, pa
CDS: Putative 1
Query
Sbjct
CDS:coat protein, pa
CDS: Putative 1
Query
Sbjct
CDS:coat protein, pa

CDS: Putative 1
Query
Sbjct
CDS:coat protein, pa
CDS: Putative 1
Query
Sbjct
CDS:coat protein, pa

Cowpea aphid-borne mosaic virus isolate BF-E1 coat protein gene, partial cds 
Sequence ID: MF277031.1 Length: 828 Number of Matches: 1

aeaadsfhhhiqrltpkane 
CGCTT CAGCT GCGT CAGAGAAGTGGTGCAT TAT T TGTC T AAGTGTGGGT TTTGCAT TTTC

Range 1: 1 to 828 GenBank Graphics

Score Expect
1419 bits(768)___________0.0________

nrllgyrpmyfgesnrmeiy 
ATTCCTGAGTAGTCCATACCTGGGCATGTAGAACCCCTCGGAATTTCTCATCTCTATATA 

. .A. 
R L Y F G

0 L G

M I Q

T T A

A I A

E T N

R L T P

A L S

• QGHRMGLLSHMNQNVDTAT
TTACTGCCCATGCCTCATCCCAAGAAGGGAGTGCATGTTTTGATTGACATCAGTGGCAGT 

. .C..............A.G. .
NQNVDTAT

HRETNESTTAVNGOLGFMRT 
GTGCCTCTCAGTGTTCTCACTAGTTGTCGCAACATTCCCATCCAGGCCAAACATCCTGGT 

. .G. 
V N

TKSTVEYFDFAYRALSKDRL 
AGTTTTAGAGGTCACTTCGTAGAAATCAAAAGCATACCTTGCTAAGCTCTTATCCCTTAA 
..........................G............................. G. 

DFAYRALSKD
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Phylogenetic analysis showed little divergence/genetic diversity among CP sequences for the 

Ugandan isolates as shown by the very short branch lengths. It is therefore possible that the 

three isolates belong to the same strain of CABMV. The Ugandan isolates were closely 

related to other CABMV isolates from Burkina Faso but very different from Brazilian isolates 

(Figure 23). Figure 23 also showed that virus isolates exhibited great phylogenetic affinity to 

their geographic origin with isolates from each country clustering together compared to other 
isolates.

The Ugandan CABMV isolates exhibited 62-75% nucleotide identity with CABMV isolates 

from Brazil. 72-75% identity with an isolate from Nigeria and 68-75% identity with isolates 

from Burkina Faso (Table 3). The molecular diversity among Ugandan CABMV isolates was 

very limited, ranging from 89-94% with the lowest identity observed between CABMV-HI 

and CABMV-H5. Overall the Ugandan isolates showed higher identity with African isolates 

(from Burkina Faso and Nigeria) than with the Brazilian isolates.
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Figure 23: Phylogenetic analysis of complete CP encoding nucleotide sequences of three

CABMV isolates from Uganda and other countries. The tree was rooted on the sequence of
Barley yellow dwarf virus.

4.4 Discussion

NCM-ELISA test was unable to distinguish between positive and negative samples since all

samples gave positive signals. ELISA tests are often associated with giving false signals (false

viruses (Dietzgen et al., 2001; Gutierrez el al., 2003; Kashif, 2009). Cross reaction makes it

difficult to correctly distinguish/separate infected from non-infected samples rendering
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accurate virus detection impossible. Cross adsorption of membranes with extracts (plant sap) 

from healthy plants was reported as efficient in preventing reaction of antibodies with plant
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proteins in sweet potato (Gutierrez et al., 2003). The potential of cross adsorption with 

cowpea plant extracts therefore needs to be evaluated.

Molecular analysis of the CP fragments amplified using the CABFFI/CABRR1 clearly 

identified them as CABMV belonging to the family Potyviridae (Figure 22). However, 

sequence analysis of fragments from the assay developed by Gillaspie et al. (2001) did not 

give any hits related to CABMV and therefore unable to detect the virus among Ugandan 

samples. The criteria set by the International Committee for Taxonomy of Viruses (Adams et 

al., 2011) and other taxonomic studies (Adams et al., 2005) suggested a benchmark for 

species demarcation in the family Potyviridae as a nucleotide sequence identity of less than 

76% either in the CP or over the whole genome. Using this criterion, the Ugandan virus 
isolates from cowpea belong to the same strain of CABMV (Table 3).

An RT-PCR assay developed based on CABFFI/CABRRI primers was able to detect 

CABMV in the infected cowpea plant samples that were tested. This primer set yielded the 

expected amplification of 1.642 bp (Figure 20). While reverse transcriptase PCR (RT-PCR) is 

a reliable method/assay for diagnosis and allows for further characterisation of cowpea 

viruses (Akinjogunla el al., 2008), not all RT-PCR assays are efficient. An earlier assay 

developed by Gillaspie et al. (2001) failed to detect CABMV in positive samples in this study 

(Figure 21) as was observed by Amayo (2008). However, other studies using the same 

protocol by Gillaspie el al. (2001) reported its ability to give the expected fragment size (221 

bp) (Byarugaba, 2008; Amayo et al., 2012). However, these authors (Byarugaba, 2008; 

Amayo et al., 2012) findings were not confirmed by sequencing and analysis of amplicons. 

Non-specificity of the RT-PCR assays could be attributed to nucleotide differences in 

sequences used to design diagnostic primers. The assay developed by Gillaspie et al. (2001) 

was based on a single Brazilian CABMV strain isolate from peanut. Its failure to detect 

CABMV in Ugandan samples can be attributed to differences in virus strains between Uganda 

and Brazil as well as due to host differences (peanut vs cowpea). In the present study, 

alignment of multiple sequences from different strains improved the specificity of the 

diagnostic primer (CABFFI/CABRR 1) and therefore improved its efficiency for detection of 

CABMV in Uganda.
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Pairwise sequence comparison and phylogenetic analysis showed that the Ugandan isolates 

belong to the same strain of CAI3MV given the highest identity percentage (89-94%) 

following the criteria described by Adams et al. (2005a). Phylogenetic affinity of isolates to 

their geographic origin (Figure 23) could be due to restricted geographical range (isolation by 

distance) as well as adaptation of isolates to the ecological conditions of the host as previously 

reported for Rice yellow mottle virus (R.YMV) (Abubakar et al., 2003; Trovao et al., 2015). 

The new RT-PCR assay can be deployed in breeding programs to aid selection of virus 

resistant progenies. CABMV epidemiological studies and plant quarantine.
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LEVELS OF FIELD RESISTANCE TO NATURAL VIRUS INFESTATION AMONG 
COWPEA GENOTYPES

Most of the viruses reported on cowpea in Uganda are spread through infected seed and 

several insect vectors in a non-persistent manner under field conditions and therefore use of 

insecticides is not an effective method of control (Lecoq and Katis, 2014). This is because 

insecticides generally do not act quickly to prevent the vector's short sucking time during 

which they transmit non-persistent viruses. Host resistance therefore remains the most 

effective and practical approach in reducing crop losses due to these diseases (Umaharan el 
al., 1997). This study was conducted to assess the level of resistance among cowpea 

germplasm, identify sources of resistance with good yield potential for use in breeding 
programmes.

Introduction

Cowpea viruses are widespread in the main cowpea growing areas of Uganda (Orawu el al., 

2005; Orawu, 2007; Byarugaba, 2008; Amayo, 2008; Amayo el al., 2012; Orawu el al., 

2015). Infections by viruses are associated with severe effects on growth, nutritional quality 

and yield (Neya el al., 2015). Given the economic potential of these viruses on the livelihoods 

of many smallholder farmers, breeding efforts were initiated in early 2000 at the National 

Semi Arid Resources Research Institute (NaSARRI) to manage virus infections. These efforts 

involved screening of 54 cowpea lines from Uganda, Kenya, Nigeria and South Africa for 

yield potential and resistance to CABMV (Orawu, 2007) at a single location. Five promising 

genotypes were identified and later used to study genetics of resistance to CABMV using 

North Carolina 11 mating design (Orawu el al., 2012). While five promising lines were 

identified, there is need to evaluate additional collections of germplasm and at different 

locations in the country to ensure selection of stable parents both in terms of y ield and disease 

resistance (Oloka el al., 2008; Goenaga el al., 2011; Maphosa el al., 2013).



Materials and Methods5.2

was

5.2.1
Field

5.2.2 Plant materials
In this study, 105 cowpea genotypes comprising of; landraces (82), a commercial variety (1) 

and introductions (22) were used (Table 4). The landraces were collected from the northern 

and eastern regions (NE), western and central regions (WC) of Uganda. The introductions 

were obtained from the International Institute of Tropical Agriculture (UTA). The health 

status of seed for all genotypes used in the study was not determined. The commercial variety 

(SECOW2W) was used as a check and is an improved variety released by National Semi-Arid 

Resources Research Institute (NaSARRl), Serere.

Description of study sites
trials were established at three locations; National Semi-Arid Resources Research 

Institute (NaSARRl) in Serere district (1°39’N and 33°27’E; 1038 m above sea level), Tororo 

District Agricultural Training Information Centre (Tororo-DATIC) in Tororo district 

(0°39’54"N and 34°11’41"E; 1,198m above sea level) and Budaka District Agricultural 

Training Information Centre (Budaka-DATIC) in Budaka district (l°06'03"N and 34° 

OO’I6"E: 1.160m above sea level). The trials were conducted in two seasons of 2012 herein 

referred as 2012A and 2012B. These locations are known to grow cowpeas extensively and 

have a high prevalence of cowpea viral diseases (Orawu et al., 2005).

5.2.3 Layout of experiment
A 10 x 11 alpha-lattice design with three replicates was used in the study. Each replication 

had 10 blocks with each block having 11 plots. The design was generated using the Gendcx 

DOE Toolkit with alpha program available at http://www.designcomputing.net/gendex/alpha/. 
Each genotype was planted in two rows of four meters length. Row to row spacing was 60cm 

while plant to plant spacing (within rows) was 30cm. Spacing between plots, blocks was one 
meter while spacing between replications was two meters. Experimental plots were kept free 

of weeds using a hand hoe. No fertilizer or supplementary irrigation was applied during the 

growing periods. Post-flowering pests such as flower thrips (Megalurothrips sjostedti 

Trybom), pod borers (Maruca vitrata Fabricius) and pod sucking bugs were controlled by 3-4 

sprays using Profenofos 40% + Cypermethrin 4% starting from the budding stage. There 
no inoculation of cowpea genotypes with virus during the two seasons of evaluation.
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Table 4: List and source of cowpea genotypes used in the study

CodeSourceSource

G27 WCMU 19 MAK G62 SECOW2W WC63E G97

NE WC

5.2.4 Data collection

G28 
G29 
G30 
G31 
G32 
G33 
G34 
G35

MU20 
MU20B 
MU9 
NE13 
NE15 
NE17 
NE18 
NE19

NE
Iff A
IITA
IITA
IITA
Uta
IITA
IITA
IITA
IITA
IITA
IITA
IITA
IITA
IITA
IITA
IITA
IITA
IITA
IITA
IITA
IITA
IITA
MAK
MAK
MAK

MAK 
MAK 
MAK 
NE 
NE 
NE 
NE

WC1 
WC10 
WC11 
WC12 
WC13 
WC15
WC16 
WC17

NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE 
NE

WC
WC
WC
WC
WC 
WC 
WC

G98
G99 
G100 
G101
G102
G103 
G104 
G105

WC64
WC65
WC66
WC67
WC67A
WC68
WC69
WC7

WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC

WC 
WC 
WC 
WC 
WC 
WC 
WC 
WC

EBELAT 
IT00K-835-45 
IT03K-124 
IT04K-219-2 
IT04K-221-1 
IT04K-227-4 
IT06K-121 
1T06K-123-1 
IT06K-124 
IT06K-147-1 
IT06K-154-1 
IT06K-281-1 
IT06K-9I-1 I-1 
IT07K-187-24 
IT07K-188-49 
1T07K-211-1-8 
IT07K-243-1-5 
IT07K-292-10 
IT07K-299-4 
IT07K-300-12 
IT89KD-288 
1T97K-499-35 
IT98K-503-1 
MU09B 
MU15 
MU17

G36 
G37 
G38 
G39 
G40 
G41 
G42 
G43 
G44 
G45 
G46 
G47 
G48 
G49 
G50 
G51 
G52 
G53 
G54 
G55 
G56 
G57 
G58 
G59 
G60 
G6I

G71 
G72 
G73 
G74 
G75
G76 
G77 
G78 
G79 
G80
G81 
G82 
G83 
G84 
G85
G86 
G87 
G88 
G89 
G90
G91 
G92 
G93 
G94 
G95
G96

Code Genotype 
NE23 
NE30 
NE31 
NE32 
NE36 
NE37 
NE39 
NE4 
NE40 
NE41 
NE42 
NE43 
NE44 
NE45 
NE46 
NE48 
NE49 
NE5 
NE50 
NE51 
NE53 
NE55 
NE6 
NE67 
NE70 
NE7I

Code Genotype 
G1 
G2 
G3 
G4 
G5 
G6 
G7 
G8 
G9 
GIO 
G11 
G12 
G13 
G14 
G15 
G16 
G17 
G18 
G19 
G20 
G21 
G22 
G23 
G24 
G25 
G26

Genotype Source 
WC18 
WC2 
WC21 
WC26 
WC27 
WC29 
WC30 
WC32 
WC33 
WC35A 
WC35B 
WC35C 
WC36 
WC39 
WC4 
WC4I 
WC42 
WC44 
WC48 
WC5 
WC51 
WC52 
WC53 
WC55 
WC6 
WC62

weeks after planting (WAP) at an

At each tiial site, virus disease data (incidence and severity) were collected starting from three 

interval of 14 days until the appearance of the first ripe 
61

G63
G64
G65
G66
G67
G68
G69
G70 ___________ _______ ______ _______

NE = Northern and Eastern, Uganda; WC = Western and Central. Uganda; MAK = Makcrerc 

University, Uganda; II fA = International Institute of Tropical Agriculture, Nigeria.
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Where; n = number of readings, Yj = symptom severity at date i, tj = number of days after the 

first observation on assessment date i. Data was subjected to analysis of variance (ANOVA) 

using the restricted maximum likelihood model (REML) in R. Software Version 3.1.0 (R. Core 

Team, 2014). Mean AUDPC and incidence per genotype were computed per location, season 

and per genotype. Correlation analysis among traits was carried out using Pearson's 

correlation coefficient (r). AUDPC, incidence and yield data were also visualized using 

genotype and genotype by environment (GGE) biplots as suggested by Yan et al. (2000); Yan 

(2005). GGE biplot analysis was carried out using "GGEBiplotGUT package (Frutos et al.. 

2014). GGE biplot analysis was based on an environment centred model/equation (Yan, 2005) 
expressed as;

n-1 y
AUDPC = (-

z=l

5.2.5 Data analysis
Data on symptom severity was used to compute area under disease progress curve (AUDPC) 

as described by Campbell and Madden (1990):

)(0+1

pods. To record viral disease incidence, all plants per plot were assessed while severity was 

recorded on ten randomly selected plants in each plot. Disease severity assessment was 

carried out using a 1-5 scale as described by Gumcdzoe et al. (1997) where; 1 = no symptoms 

on all leaves, 2 = slight symptoms (I to 25% of the leaves infected), 3 = moderate symptoms 

(26 to 50 % leaves infected), 4 = prominent symptoms with stunting (51 to 75% of leaves 

infected), 5 = highly severe symptoms with stunting (> 75% of leaves infected). Data on 

agronomic traits such as days to first flowering, days to 50% flowering (mid-bloom) and days 

to physiological maturity were collected as the number of days between planting date and date 

of appearance of first flower, date at 50% flowering and dale at physiological maturity, 

respectively. At maturity, pods from all plants in each plot were harvested, sun-dried, and 

threshed, and weighed to obtain plot seed yield. Plot seed yield was measured in grams and 

yield per hectare determine by extrapolation.



5.3 Results
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Yii is the value of genotype i in environment j, Ptj is the genotype by environment two-way 

table, is the grand mean, a, is the genotype (row) main effect, [ij is the environment 

(column) main effect, <pij is the specific genotype by environment interaction. Genotypes with 

high AUDPC and/or incidence values were considered susceptible while those with low 

values were considered resistant or tolerant.

5.3.1 Viral symptom expression among genotypes
Several symptoms were observed on cowpea genotypes at all the locations during the two 

seasons of evaluation. The observed symptoms included; vein banding, leaf curling, leaf 

distortion, mottling, mosaics, necrotic spots and purpling (Figure 24). In some instances, 

infected plants exhibited more than one form of symptom expression.

Figure 24: Virus symptoms on infected cowpea leaves: (A) Vein banding and leaf curling, (B) 

vein banding and leaf distortion, (Q leaf mottling. (D) mild mosaic. (E) intense mosaic, (F) 

severe mosaic, (G) Mosaic and necrotic spots, (H) Necrotic spots and (I) purpling.
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For the case of clays to 75% maturity, season, genotype, genotype by site, site, site by season 

interactions had significant contribution to explained variation of 9.15, 9.29, 9.33, 17.17 and 

31.52%, respectively at P<0.00l. Number of days to 50% flowering over the two seasons 

ranged from 45 days to 73 days in Budaka, 39 days to 63 days in Serere and 42 days to 67 

days in Fororo. The average number of days to 50% flowering in 2012A was 57, 44 and 53 

days for Budaka, Serere and Tororo, respectively. In 2012B, the average number of days to 

50% flowering was 52, 54 and 52 days in Budaka, Serere and Tororo, respectively. Number 

of days to maturity across the two seasons ranged from 69 days to 101 days in Budaka, 71 

days to 88 days in Serere and 67 days to 99 days in Tororo. Average number of days to 

maturity in 2012A was 87 days in Budaka, 81 days in Serere and 85 days in Tororo while in 

2012B, the average number of days to maturity was 74, 81 and 89 days in Budaka, Serere and 
Tororo, respectively.

5.3.2 Variation among cowpea genotypes for AUDPC, incidence and other traits
Results of analysis of variance for area under disease progress curve (AUDPC), incidence, 

days to first flower (first flower), days to 50% flowering (mid-bloom), days to maturity 

(maturity) and yield are presented in Table 5. Genotypes, locations and seasons significantly 

(P<0.001) influenced area under disease progress curve, virus incidence, yield and maturity 

traits. Interactions between genotypes and locations, genotype and season, location and 

season, genotype by site by season had significant effects (P<0.01) on AUDPC, incidence, 

first flower, mid-bloom and maturity. However, genotype by site by season interactions did 

not have a significant influence on incidence (P>0.05). The greatest variation in disease 

progress was due to the effect of season (63.6%) followed by genotypic effects at 12.5%. For 

virus incidence, season effects contributed to the greatest variation of virus incidence at 

28.5% followed by genotypic effects at 24.5% (Table 5). The highly significant effects of 

interactions indicate inconsistent response/performance of cowpea genotypes in the three 

locations.
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AUDPCTraits

1AUDPC

10.75
1-0.08

ns means non-significant at P<0.05

Incidence

Yield -0.03ns

Table 6: Correlation of AUDPC, incidence and yield

Incidence Yield

5.3.2 Correlation matrix for AUDPC, incidence and grain yield
The results of correlation analysis for AUDPC, incidence and grain yield are presented in 

Table 6. AUDPC had a significant (P<0.05) positive correlation with incidence (r = 0.75). 

This suggests that an increase in incidence is associated with increase in severity. AUDPC 

and incidence were negatively correlated with yield (r = -0.08 and r = -0.03), respectively 

although the correlation between incidence and yield was not significant (P<0.05). Correlation 

analysis results therefore show that an increase in AUDPC and incidence is associated with 

reduction in grain yield.

5.3.3 Response to virus infection and yield potential
Average values for AUDPC, incidence and yield for the cowpea genotypes evaluated in 

Budaka, Sercre and Tororo are presented in Table 7 and Appendix 1. For the two seasons, 

AUDPC was highest in Budaka and lowest in Tororo trial site. In 20I2A, lower AUDPC was 

recorded than in the second season (2012B). Overall, mean AUDPC was lower in 2012A than 

in 2012B with Budaka recording the highest values followed by Tororo and Serere in 2012A. 

In 20I2B, Budaka had the highest viral severity level followed by Serere and Tororo trial 

sites, respectively. Based on genotype source, introduced cowpea genotypes had higher 

AUDPC than local genotypes. Among the landraces, genotypes that were collected from the 

western and central regions of the country had lower viral infection levels. Average AUDPC 
across the three locations over the two seasons ranged from 39.4 for WC48 to 94.9 for NE46. 
Genotypes WC48, SECOW2W, NE15, WC18, WC33. WC53, WC35A. MU19. WC39, 

WC35C and NE32 had lower AUDPC (38.25. 41.79. 42.68. 42.74. 42.91,43.83. 44.26. 44.28, 
44.50, 44.53 and 44.57, respectively) while NE46, IT06K-9I-11-1. IT07K-188-49, II06K- 

171, MU20, 1T07K-292-10, IT06K-123-1, 1T07K-187-24 and IT06K-123-1 had the highest 
AUDPC values of 94.72, 85.49, 76.23, 75.59, 73.86, 69.98, 69.09. 68.34 and 67.44,

66



Trials conducted in 2012A had lower disease incidence than those conducted in 201213. On
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respectively in the three trial sites (Appendix I). The results showed that none of the 

genotypes evaluated was immune to viral infection.

the basis of source of germplasm, introduced genotypes had higher virus incidence than the 

local genotypes. Genotypes from the western and central regions (WC) of Uganda had lower 

virus incidence levels among the local genotypes.

Virus incidences among cowpea genotypes were equally highest in Budaka and lowest in 

Tororo over the two seasons (Table 7). Genotypes with the lowest average incidence across 

the three locations were; WC48, WC35A, WC18, WC35C, WC33, WC39, MU 19, WC26, 

SECOW2W. NE32 with incidence values 22.21%, 23.39%, 23.52%, 24.25%, 25.54%, 

25.64%, 25.80%. 26.95%, 27.27% and 27.62%, respectively (Appendix 1). Genotypes with 

the highest average incidence across the three locations were NE46, IT06K-91 -1 l-l, IT06K- 

121, MU20. IT07K-300-12, 1T06K-I47-1, IT07K-188-49, 1T07K-187-24, 1T97K-499-35, 

1T06K-123-1 with 71.86%, 71.14%, 69.82%, 69.32%, 65.35%, 65.02%, 64.19%, 64.11%, 

62.79% and 62.12%, respectively.

Yield over the two seasons ranged from 25 kg/ha to 3,000 kg/ha in Budaka, 8.3 kg/ha to 2,650 

kg/ha in Serere and 25 kg/ha to 2,708 kg/ha in Tororo. In Budaka, higher average yields were 

recorded in 2012A (1,529 kg/ha) compared to 523 kg/ha obtained in 2012B. In Serere, there 

were higher yields in 2012B (899 kg/ha) compared to 187 kg/ha in 20I2A while in Tororo, 

higher yields were obtained in 2012A (566 kg/ha) compared to 345 kg/ha in 2012B (Table 7). 

Across locations, genotypes such as WC51, NE48, NE37, MU 17, NE51 and WC32, were 

consistently high yielding across the two seasons with 1,388.97 kg ha'1, 1,191.43 kg ha'1, 
1,156.48 kg ha'1, 1,1 19.67 kg ha'1, 1,106.37 kg ha'1 and 1,082.87 kg ha'1, respectively while 

the lowest yielding genotypes were MU20B, IT07K.-299-4, WC5, 1T97K-499-35 and WCl 1 
with 357.6 kg ha'1, 363.8 kg ha'1, 365.97 kg ha'1, 370.34 kg ha'1 and 385.87 kg ha'1, 

respectively. Genotypes NE23, NE40 and NE15 yielded highly in 2012A while 1T04K-227-4 
and 1T06K-91 -1 1 -1 were high yielders in 2012B. A summary of average yield values for each 

genotype in each location is presented in Appendix 1.



Incidence (%)AUDPCLocation Season

27.9634.75Budaka I2A

62.5779.481213
187.2825.4231.11Serere 12A
899.3864.1878.221213
565.9628.5131.56Tororo 12A

344.8334.8864.981213
61.9715.1312.82LSD
54.1831.84CV (%) 18.83
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5.3.4 Biplot analysis of disease indexes and yield data
Biplot analysis was used to explain the responsiveness of the evaluated cowpea genotypes to 

virus infection. The biplots were also used to identify the best and worst yielding genotypes at 

the three locations and group the locations into putative mega-environment(s) in relation to 

virus infection and yield. The results of biplot analysis are presented in Figures 25-30.

1,529.31

522.69

Table 7: Mean values of AUDPC, incidence and yield across three locations

Yield (kg/ha)

5.3.4.1 Biplot analysis based on AUDPC
Genotype and genotype by environment biplot analysis of AUDPC data explained 93.06% of 

the variation in the data (Figure 25). The first principal component (PCI/AxisI) accounted for 

81.15%; while the second principal component (PC2/Axis2) accounted for 11.19%. The 

"which-won-where feature ol the GGEBiplotGUI package generated a biplot (Figure 25) 

with seven sectors with the most responsive (most susceptible) genotypes for each sector 

located at the respective vertex. The vertex genotypes were the most responsive since they 

had the longest distance from the biplot origin. From Figure 25, the three locations (Serere, 

fororo and Budaka) formed a single mega-environment with regard to AUDPC. In this mega- 
enviionment, the most responsive (most susceptible) genotypes were G50 (NE46), GI3 
(1T06K-91-11-1), G15 (1T07K-188-49), G14 (IT07K-187-24), Gli (1T06K-154-1), G6 

(1I04K-227-4), G19 (IT07K-299-4 and G22 (IT97K-499-35) while the most resistant were 
G89 (WC48), G47 (NE43), G79 (WC33) and G71 (WC18).
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Figure 25: Mega-environment and most responsive genotypes based on AUDPC among 
cowpea genotypes across three locations in Uganda using a genotype focused biplot.
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Ranking of genotypes based on AUDPC data using a concentric circle biplot (Blanche et 

al.,2001) placed the most susceptible genotypes (with high AUDPC values) at or close to the 

centre of concentric circles (Figure 26) along the average tester axis (ATA). Accordingly, the 

most susceptible genotypes were G50 (NE46), G13 (IT06K-91-11-1), G15 (1T07K-188-49), 

G7 (IT06K.-L21), G28 (MU20), GIO (1T06K-147-1), G8 (IT06K-123-1), G18 (1T07K-292- 

10). G14 (IT07K-187-24), G20 (1T07K-300-12), G21 (IT89KD-288), Gil (IT06K-154-1), 

G6 (1T04K-227-4). G3 (IT03K-124) and G9 (IT06K-124) while the least susceptible 

genotypes included G89 (WC48), G47 (NE43), G32 (NE15), G80 (WC35A), G84 (WC39), 

G79 (WC33), G82 (WC35C) and G71 (WC18).
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Figure 26: Ranking of genotypes in relation to the “most susceptible" to viral infection based 
on AUDPC values using a genotype focused biplot.
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5.3.4.2 Biplot analysis based on incidence
When incidence data were subjected to GGE biplot analysis (“which, won. where" feature), 

the resulting biplot explained up to 93.96% of the variation in the data (Figure 27). PCI 

explained 86.58% while PC2 explained 7.38% of the variation in the data. The three locations 

were grouped into two sectors/mega-environments. The first sector comprised of Serere and 
Tororo while the second sector comprised of only Budaka. Genotypes G20 and G30 had the 

highest viius incidence in the first mega-environment while genotypes G50, G13, G7, GIO, 

G18 and G11 had the highest disease incidence in the second mega-environment (Figure 27). 

On the other hand, genotypes G80, G71, G79. G82, G72, G84, G27 and G89 had the lowest 
virus incidence levels.
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Figure 27: Mega-environments and most responsive genotypes for virus incidence in cowpea 
genotypes across locations in Uganda using a genotype focused biplot.
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Genotype ranking on basis of virus incidence using a concentric circle biplot placed 

genotypes with high virus incidence closer to the centre of concentric circles (Figure 28) 

along the ATA while those with low incidence levels were placed further away from the 

centre. Genotype Gl3 (IT06K.-91-11-1) had the highest virus incidence (at the centre ol the 

smallest concentric circle) followed by G50 (NE46), G20 (IT07K.-300-12), G28 (G28 (MU20) 
and G7 (IT06K-121). On the other hand, G89 (WC48), G82 (WC35C), G71 (WC18), G79 

(WC33) and G74 (WC26) further to the right on the ATA and below the stability axis had the 
lowest incidence.
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Figure 28: Ranking of cowpea genotypes based on virus incidence using a genotype focused 
concentric circle biplot.
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5.3.4.3 Biplot analysis based on yield
Analysis of yield data using GGE biplot revealed that the two axisl (PCI) and axis2 (PC2) 

explained 85.57% of the total variation (67.84% for PCI and 17.73% for PC2) (Figure 29). 

The three locations (Budaka, Serere and Tororo) formed a single mega-environment with 

genotypes; G91 (WC51), G41 (NE37), G51 (NE48) and G54 (NE50) genotypes as winning 

genotypes. The average yield for G91 (WC51), G41 (NE37), G51 (NE48) and G54 (NE50) 
were; 1,384.7, 1,156.5, 1,191.4, and 976.2 kg ha'1, respectively.
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Using a concentric circle biplot, G91 (WC51), G51 (NE48), G26 (MU17), G78 (WC32), G55 

(NE51), G41 (NE37), G72 (WC2), G87 (WC42), G32 (NE15), G93 (WC53), G62 

(SECOW2W) and G54 (NE50) were identified as the most desirable genotypes combining 

g y d and stability acioss the three locations given their closeness to the "ideal 
genotype" (Figure 30). An “ideal" genotype (centre of the innennost concentric ring/circle) is 

aVe'a°e tester axis (ATA) (“absolutely stable”) in the positive direction and has 
, g h eqUa* tO the lon8est vectors of the genotypes on the positive side of ATA 

4QoT.??11ean PerfOmanCe”)- The Poorest genotypes in terms of yield were G22 (IT97K- 

29 (MU20B), G20 (IT07K-300-12), G95 (WC6), G65 (WC11), G19 (IT07K-299-

AX1S1 67.84 %

Figure 29: Biplot view of mega-environments and winning genotypes for grain yield using a 
genotype focused biplot.
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4) and G90 (WC5). Not all genotypes that were resistant to virus infection were high yielding. 

For example. G50 (NE46) which had the highest AUDPC and incidence values yielded higher 

(929 kg ha’1) than the overall mean (670 kg ha’1) across the three locations. The yield ol G50 

was also higher than that of G89 (WC48) which was the most resistant genotype.

CXJ
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Figure 30: Ranking of cowpea genotypes relative to the ideal genotype for grain yield using a 
genotype focused concentric circle biplot.

Seasonal differences had the greatest effect on AUDPC and incidence with lower virus 
incidence and AUDPC in the first (wetter) season compared to the second (drier) season. This 
suggests that virus infection and spread among cowpea genotypes was favoure^ by ‘ow



moisture conditions. Dry or low moisture conditions arc associated with high virus vector 

populations and mobility and hence higher infestations compared to wet seasons as previously 

reported by Taiwo et al. (2006) and Kone el al. (2017a,b). However, earlier reports suggested 

that virus infection was higher under wet conditions (Edema et al.,\997; Adipala el al., 1999). 

Genotypic effects were the second contributor to the total explained variation after season 

effects, indicating the presence of genetic variation among the genotypes. It is therefore, 

possible to obtain sources of resistance among the existing pool of genotypes. Previous 

studies by Edema et al. (1997), Goenaga et al. (2008), Aliyu and Balogun (2011) also 

reported the influence of cowpea variety differences on viral disease severity and incidence. 

The introduced genotypes were more susceptible compared to the local genotypes. This could 

be due to the fact that introduced genotypes are not adaptable to local conditions and also lack 

resistance to the local virus strains (Fioreze et al., 2018). Potential sources of resistance 

therefore exist among local germplasm for use in breeding for resistance and every effort 

should be done to effectively conserve this local germplasm. Differential response of 

genotypes is common in disease resistance screening and can be attributed to differences in 

environmental conditions, pathogen variability and virulence (Gremillion et al., 2011). 

However, none of the genotypes evaluated was immune to virus infection as previously 

reported by Mbeyagala et al. (2014). Resistance to virus infection can be categorized as 

immune (plan cannot be infected), hypersensitive (localized form of necrosis associated with 

restricted virus invasion), sensitive (plants respond severely) or tolerant (little effect on the 

plant) (Cooper and Jones, 1983).

In this study, it was possible to graphically identify susceptible/responsivc genotypes (G50, 

G13, G15, GI4, Gl 1, G6 and G22) as well as resistant genotypes such as G89, G32, G47, 

G79, G80, G82, G71, G84 and G62. The discriminative power of GGE biplots has been 

repoited previously lor other crops by several authors such as in soybean (Yan and Rajcan, 
2002), wheat (Yan and Tinker, 2006) and cotton (Blanche et al.. 2007). Further screening of 

identified resistant genotypes under high viral load/inoculum is needed to ascertain their 
resistance.

Genotype, locations and location by season interactions had the greatest contribution to 

variation in yield and maturity indices. The observed variability in this study allows for 
selection of suitable genotypes for grain yield and maturity period as previously reported
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(Hawkes, 1991). Based on the median values for 75% maturity, most of the cowpea genotypes 

in this pool are largely medium maturing. The range of yield values indicated that both low to 

potentially high yielding genotypes exist in this collection. These findings are in agreement 

with Agbahoungba el al. (2017) suggesting that it is possible to select genotypes with high 

yield from the assembled germplasm pool.

With regard to AUDPC, the three locations (Serere, Tororo and Budaka) formed a single 

mega-environment (Figure 25) in which the most responsive (most susceptible) genotypes 

were G50 (NE46), G13 (1T06K-91-11-1), G15 (IT07K-188-49), GI4 (IT07K-187-24), Gil 

(IT06K-154-1), G6 (1T04K-227-4), G19 (1T07K-299-4 and G22 (IT97K-499-35) while the 

most resistant were G89 (WC48), G47 (NE43), G79 (WC33), G32 (NEI5), G80 (WC35A), 

G82 (WC35C), G84 (WC39) and G71 (WC18). The three locations formed two mega­

environments with regard to incidence one comprised of Serere and Tororo while the second 

one comprised of Budaka (Figure 27). Genotypes G20 and G30 had the highest virus 

incidence in the first mega-environment while genotypes G50, GI3, G7, GIO, G18 and G11 

had the highest disease incidence in the second mega-environment. In terms of yield, the three 

locations formed a single mega-environment with G9I, G41, G5I, G26 and G54 as the high 

yielding and stable genotypes (Figure 29). Ceccarelli (2012) suggested that good genotypes 

should have the best combination of high yield and high stability. Partitioning of test locations 

into mega-environments and deploying different genotypes for different mega-environments 

is the best way to exploit positive genotype x environment interactions while avoiding 

negative ones (Yan and 1 inker, 2006). However, data from further multiple seasons is 

required to confirm if the observed mega-environment pattern is repeatable (Yan and I inker, 
2005, 2006).



CHAPTER SIX

GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

General discussion6.1

Viral diseases of cowpea are still a threat to the productivity and nutritional value of cowpea 

grain in Uganda putting the livelihoods of many smallholder farmers at risk. Different disease 

management approaches such as early planting and intercropping are still ineffective while 

reduction of virus vectors through chemical sprays is also associated with reduced efficiency 

since most viruses are transmitted in a non-persistent manner. Moreover, chemicals destroy 

natural enemies of vectors and have adverse environmental and human health risks. 

Additionally, chemical sprays are costly especially for the smallholder resource poor farmers 

who are the main producers of cowpea in the country. Use of resistant varieties therefore 

remains the most effective, cheap and reliable approach to manage viral diseases. To develop 

virus resistant varieties, breeders need a better understanding of the viruses present in the 

country; have access to reliable virus diagnostic assays for accurate detection; screening to 

identify sources of resistance genes for incorporation in susceptible backgrounds. These were 

therefore the main focus of the studies conducted.

The first study (Chapter three) deployed next-generation sequencing (NGS) to identify viruses 

infecting cowpea in Uganda. Results from this study identified four viruses, CABMV. 

PeMoV, SCMV and MCMV. With the exception of CABMV, this is the first report ol 

PeMoV, SCMV and MCMV on cowpea in Uganda. Identification of SCMV and MCMV is 

also the first report of these two viruses infecting a legume crop. This shows that cowpea 

and/or other legumes are likely alternative hosts for SCMV and MCMV. Identification of 

only foui viruses by NGS yet several viruses were reported in previous studies using methods 
such as ELISA could be due to absence of other viruses in the samples analysed by NGS. 
False positives due to cross-reaction in ELISA may have also contributed to erroneous 

rcporting/identification of many viruses in previous studies. This study also generated the first 

complete genome of CABMV from a Ugandan isolate (Sererel). Sererel clustered separately 
from other isolates including CABMV-Z from Zimbabwe. The genome of Sererel lacked two 

conserved motifs ESKKL and LVYV in the PI and CI regions, respectively. This may likely 
affect the virulence of the virus. It was also observed that Sererel had a DAG motif in the CI
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in addition to another present in the CP region yet CI is not known to play any role in virus 

transmission by aphids aided by DAG motifs. This finding may have an impact on insect 

transmission of Ugandan CABMV virus isolates. Also, variability in Scrcrel was greatest in 

the 5'UTR and Pl regions yet in potyviruses, the greatest variability is found in Pl and P3 

regions.

The second study (Chapter four) developed and tested a new RT-PCR assay for diagnosis of 

CABMV, one of the four viruses identified in Chapter three. CABMV causes the greatest 

economic loss on cowpea. I Tie new assay with CABIF1: 5'-GGl AAC AAY AG I GGR 

CAA CC-37CABRR1: 5'-CTG AGC ACT CMA ACC GGG-3 successfully delected 

CABMV. Analysis of Ugandan CABMV isolates amplified with CABFF l/CABRR I showed 

that they were closely related (89.3%-94.3% nucleotide identity). Phylogenetic analysis of 

Ugandan isolates with others from different countries revealed affinity of isolates to their 

geographic origin. Therefore, ecology of the host plays a key role in the variability of the 

virus. The new assay is recommended in breeding programs for rapid screening of segregating 

progenies at an early stage, quarantine approaches and in studying the epidemiology of 
CABMV.

Developing virus resistant cowpea cultivars depends on identification of good sources of 

resistance to serve as resistance donors. Thus, in order to identify cowpea genotypes with 

broad resistance, 105 genotypes were screened in study three (Chapter five) under natural 

conditions in Serere, Tororo and Budaka. Results from this study showed variability among 

the genotypes with landraces exhibiting reduced virus infection than introduced materials. 

Genotypes WC48, NE43, NE15, WC35A, WC39, WC33, WC35C and WC18 had low 

AUDPC. I his suggests that these genotypes can be used as donors of resistance genes to 

develop resistant varieties. I he three study locations formed a single mega-environment with 
regaid to yield and AUDPC, thus a genotype that consistently performs better in one location 

is likely to show the same performance in any of the other locations. Several genotypes with 
the best combination of high yield and yield stability were identified, these included; WC5I, 

NE48, MU20, WC32, NE51, NE37, WC2, WC42, NE15, WC53, SECOW2W and NE50. 
These genotypes con be promoted for cultivation by farmers.
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Using next-generation sequencing (NGS) approach, four viruses; CABMV, PeMoV, SCMV 

and MCMV were identified. With the exception of CABMV, the other three viruses had never 

been reported to infect cowpea in Uganda. This is also the first report of the occurrence or 

ability of SCMV and MCMV to infect a leguminous crop like cowpea. NGS also led to the 

assembly of the first complete genome for a Ugandan isolate of CABMV. The Ugandan 

isolates of CABMV clustered separately from other African isolates. Ugandan CABMV 

isolates also had a high nucleotide percentage identity (89.3-94.3%). A new RT-PCR assay 

based on CABFF I (5'-GGT AAC AAY AGT GGR CAA CC-3')/CABRRl(5’-CTG AGC ACT 

CMA ACC GGG-3') was developed for detection of CABMV. Genotypes WC48, NE43, 

NE15, WC35A, WC39, WC33, WC35C and WC18 showed broad resistance to virus 

infestation under natural condition. Serere, Budaka and Tororo formed a single mega- 

environment with regard to yield and AUDPC. However, with regard to incidence, two mega­

environments were formed, the first mega-environment comprised of Serere and Tororo while 

the second one comprised of Budaka. WC51, NE48, MU20, WC32, NE51, NE37, WC2, 

WC42, NE15, WC53, SEC0W2W and NE50 were high yielding and stable.

In this study, four viruses (CABMV, PeMoV, SCMV, MCMV) were identified in cowpea. 

Further sequencing of additional virus isolates from symptomatic plants collected from the 

main cowpea growing areas in the country is needed for a better understanding of their 

diversity and geographical distribution. The optimized RT-PCR assay [CABFF 1(5’-GGT 

AAC AAY AGT GGR CAA CC-3')/CABRRl(5'-CTG AGC ACT CMA ACC GGG-3')] for 

CABMV has potential downstream applications in crop protection such as plant quarantine, 

virus indexing foi virus elimination and clean seed production as well as for screening 

segregating populations. Genotypes WC48, NE43, NE15, WC35A, WC39. WC33, WC35C 
and WC18 which showed horizontal resistance are recommended as donors in cowpea 
breeding programs for developing cultivars with broad virus resistance. However, there is 

need to confirm their resistance under high virus pressure by artificial inoculation.
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