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Abstract 

 

Cassava (Manihot esculenta Crantz) is affected by two major viral diseases, namely Cassava 

brown streak disease (CBSD) and Cassava mosaic disease (CMD). Two of the most widely 

distributed begomoviruses in East Africa associated with CMD, are East African cassava virus- 

Uganda2 (EACMV-UG2) and African cassava mosaic virus (ACMV). Despite efforts of 

generating improved Tropical Manihot Series (TMS) by traditional breeding and using highly 

resistant geminivirus cassava landraces such as Tropical Manihot Esculenta1 (TME1) and 

Tropical Manihot Esculenta3 (TME3), more recently two circular single stranded (ss) satellite-

like DNA molecules (episomal DNA-II and DNA-III) have been found to be associated with 

CMD and are able to break resistance to EACMV-UG2 and enhance virus symptoms.  

 

The nature of these satellite-like DNA molecules is unknown, and furthermore, the discovery of 

integration of partial copies of DNA molecules (DNA-II and III fragments), and evidence for 

transcription from cassava Expressed Sequence Tag (EST) database screening, has led to an even 

more perplexing disease complex. In the present study, we attempted to further explore the 

interaction between the satellite-like DNAs and their associated cassava-infecting begomoviruses 

by investigating the impact of these DNA molecules on disease development in TME3 (tolerant) 

and cv. 60444 (susceptible) cassava cultivars, and to also gather biological evidence for 

transcription of integrated genomic and episomal (putative predicted ORFs) sequences in the 

ACMV and EACMV-UG2-associated DNA-II and DNA-III. 

 

 Biolistic inoculation of EACMV-UG2, ACMV, and in co-bombardment with DNA-II, DNA-III, 

DNA-II + DNA-III was successfully performed. CMD symptoms were developed earlier on 
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cassava plants inoculated with ACMV + DNA-II, ACMV + DNA-III, ACMV + DNA-II + DNA-

III and EACMV-UG2 + DNA-II, EACMV-UG2 + DNA-III, EACMV-UG2 + DNA-II + DNA-

III molecules compared with cassava plants inoculated with begomoviruses alone. Additionally, 

CMD symptoms were more severe in cv.60444 compared to TME3 when inoculated with 

begomoviruses alone, or in combination with DNA-II, DNA-III and DNA-II + DNA-III 

molecules. DNA-II and III were able to break resistance to the highly CMD-tolerant cassava 

landrace, TME3, and enhance virus symptoms. 

 

In order to confirm EST-generated evidence for transcription of DNA-II and III fragments, 

cDNA was subjected to RT-PCR.  RT-PCR of transcripts was successful for only three putative 

ORFs: ORF C4 of the antisense DNA-II strand, ORF V1 on sense DNA-II strand, and ORF C2 

on antisense strand for DNA-III. Primers for transcripts amplified 250 bp and 220 bp for ORF 

C4 of DNA-II and ORF V1 of DNA-III, respectively. Transcribed ORFs were confirmed by 

sequencing, and the sequences were similar to the published sequences of Begomovirus 

associated DNA-II satellite and Begomovirus associated DNA-III satellite, respectively. These 

results showed that at least two putative ORFs for DNA-II and one (the largest ORF VI) DNA-

III can be transcribed.  

 

Furthermore, surveys were undertaken in order to ascertain the distribution of episomal and 

integrated DNA-II and III in cassava germplasm from several countries, namely Tanzania, 

Uganda, Kenya and Rwanda. Results from this research successfully established genetic 

diversity and wide geographical distribution of integrated DNA-II and DNA-III molecules. Two 

primer pairs were designed from a central conserved sequence found in all the integrated DNA-II 
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or III fragments identified from the cDNA libraries (EST database). These primers also amplified 

integrated sequences of expected size in cassava accessions and wild Manihot species which 

were similar to satellite-like sequence occurrences in the ESTs.  

 

Using designed primers, PCR amplification yielded integrated DNA-II and DNA-III products of 

~895 bp and ~306 bp, respectively. Analysis of 363 field leaf samples detected the presence of 

DNA-II or DNA-III from Kenya (3.3% or 8.3%), Uganda (18% or 2.5%), Rwanda (6.5% or 

19.6%) and Tanzania (5.7% or 11.9%) , results which were confirmed by analysis of the 

sequenced PCR amplicons. Detection of both DNA-II and DNA-III molecules on the samples 

collected was also found from Kenya (73%), Uganda (69.1%), Rwanda (50%) and Tanzania 

(69.3%). Interestingly integrated DNA-II and II copies were amplified from healthy, 

symptomless and infected cassava samples. DNA-II sequences did not vary significantly (93.3% 

- 99.8%) and were highly similar to the sequences of Begomovirus associated sat DNA-II 

(AY836366) and 99% with mentha leaf deformity disease associated satellite DNA-II, while 

DNA-III sequences and Begomovirus associated DNA-II satellite (AY833667).  

 

In conclusion, this study has provided useful information that contributes to a further 

understanding of the biological function of integrated and episomal DNA-II and III molecules in 

begomoviruses infected cassava plant. However the relationship, if any between episomal and 

integrated forms needs to be established in future, and investigation into whether the transcribed 

ORFs can produce functional proteins, needs to be undertaken.  How DNA-II and III interact 

with EACMV-UG2 and ACMV in disease modulation remains to be explored, and the 

replication of episomal DNA-II and III by these associated begomoviruses needs to be confirmed 
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if these DNA molecules are to truly show a satellite-like relationship. Furthermore, the findings 

in this study that partial and varied-sized integrated DNA-II and III fragments occur widely in 

healthy and infected cassava germplasm  will enable researchers (plant virologists and breeders) 

working on cassava in Sub Saharan Africa (SSA) to explore this complex more deeply in order 

to develop durable management strategies for CMD.  
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Background and Justification for study 

 

Cassava (Manihot esculenta Crantz) is one of the leading crops in Sub-Saharan Africa in terms 

of production and has become an important source of income to households and small-scale 

farmers (FAOSTAT, 2010). Cassava is considered as a staple root crop for more than 800 

million people living in developing countries (Burns et al., 2010). About 70% of world cassava 

root production is used for human consumption either directly after cooking or in processed 

forms; the remaining 30% is used for animal feed and industrial products, such as starch, glucose 

and alcohol (El-Sharkawy, 2004). However, the production across the region is greatly affected 

by cassava mosaic disease (CMD) and cassava brown streak disease (CBSD). Several studies 

(Gibson., 1996; Ogbe et al., 1996; Legg et al., 1999; Fondong et al., 2000; Berry and Rey, 2001; 

Ndunguru et al., 2005; Bisimwa et al., 2012) have reported the occurrence of CMD in different 

countries in Sub-Saharan Africa. A comprehensive cassava mosaic begomovirus (CMB) 

characterization study by Ndunguru et al. (2005) in East Africa showed that seven cassava 

mosaic geminivirus species occur in Tanzania. Mbanzibwa et al. (2009a) reported the prevalence 

of two Ipomovirus species causing CBSD in the Lake Victoria basin and along the coastal belt of 

Indian Ocean. 

 

Plant viruses are occasionally associated with satellite molecules which contribute to increase 

virus symptoms on infected plants. Satellites are either viruses or nucleic acids that depend on a 

helper virus for their replication but lack general nucleotide sequence homology to the helper 

virus (Mayo et al., 2005). Satellites associated with RNA plant viruses were the first satellites to 

be discovered and described, and are divided into satellite viruses and satellite RNAs (Schneider, 

1969). The majority of satellite RNAs do not encode functional proteins but can have a 
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remarkable effect on the symptoms induced by their helper viruses, ranging from mild symptoms 

to severe symptom (Roossink et al., 1992). Two satellites associated with monopartite 

begomovirus diseases; alphasatellites and betasatellites were isolated from different infected 

crops of Old World (OW) begomovirus diseases such as in Tomato yellow leaf curl disease in 

China, Cotton leaf curl disease in Pakistan and India, and Ageratum yellow vein in South East 

Asia (Dry et al 1997; Briddon et al, 2004). These satellites depend on helper virus for the protein 

encapsidation and movement within and between plants (Mayo et al., 2005). 

 

More recently, two satellite-like molecules, DNA-II and DNA-III associated with CMBs 

(African cassava mosaic virus (ACMV) and East African cassava mosaic virus (EACMV), were 

described from infected cassava plants in Tanzania and were able to enhance CMD symptoms 

and break resistance to geminiviruses in the highly tolerant landrace TME 3 (Ndunguru et al., 

2005; 2008; Ingelbrecht et al., 2008). Primers to amplify DNA-II (895bp) and DNA-III (306 bp) 

were previously designed based on the sequences from conserved regions across different 

matching ESTs. Surprisingly, these primers amplified integrated sequences in cassava accessions 

and wild Manihot species which were similar to satellite-like sequence occurrences in the ESTs 

when additional sequences from the cassava genome were examined.  

 

The diversity and geographic distribution of DNA-II and III in Uganda, Kenya, Rwanda and 

Tanzania is not well documented. Further, it is not known if the open reading frames (ORFs) of 

the DNA-II and III are transcribed; this information would be helpful to establish if the 

transcribed products potentially produce functional proteins involved during viral infection in the 

plant host. 
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This study aimed to generate information on the genetic diversity and geographic distribution of 

the integrated DNA-II and III molecules in Kenya, Uganda, Tanzania and Rwanda. Furthermore, 

an investigation of the putative transcripts of genomic and episomal DNA-II and III molecules 

was also conducted. Findings from this study will add to the body of knowledge on these unusual 

DNA molecules and will help researchers (plant virologists and breeders) working on cassava in 

Sub Saharan Africa (SSA) to develop durable management strategies for CMD in the future.  

 

Overall objectives 

 

The aim of this study is to further uncover the nature of these unusual episomal satellite-like 

DNA molecules associated with putative begomoviruses in East African countries. Furthermore, 

this study aimed to;  

i. Confirm that these putative episomal DNA-II and III molecules influence the symptom 

phenotype and severity of CMD in order to further understand the nature of resistance, 

and investigate biological evidence for transcription of putative ORFs on DNA-II and 

DNA-III. 

ii. Screening of cassava germplasm to establish the geographic distribution and diversity 

of integrated forms in cassava germplasm. 
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The specific aims of the study are: 

i. To screen cassava genome germplasm in major cassava-producing areas in Uganda, 

Kenya, Rwanda and Tanzania in order to establish genetic diversity and geographic 

distribution of integrated DNA-II and DNA-III sequences. 

ii. To investigate mechanisms of interaction between the satellite-like DNAs and their 

associated cassava – infecting begomoviruses by investigating the impact of these DNA 

molecules on disease development in TME3 (tolerant) and cv. 60444 (susceptible) 

cassava cultivars. 

iii. To determine if any putative regions or ORFs on episomal or integrated DNA-II or III are  

transcribed.  
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CHAPTER ONE 

 

LITERATURE REVIEW 

 

1.1 Cassava (Manihot esculenta Crantz) 

 

1.1.1 Introduction 

 

Cassava (Manihot esculenta Crantz) is extensively cultivated as an annual crop in tropical and 

subtropical regions of Africa, Asia and Latin America between 30°N and 30°S (El-Sharkawy, 

1993). Cassava is considered as a staple root crop for more than 800 million people living in 

developing tropical countries (Burns et al., 2010). The total worldwide cassava production in 

2009 was about 241 million tonnes (Bull et al., 2011) with Africa being the leading producer 

(FAOSTAT, 2010). About 70% of world cassava root production is used for human consumption 

either directly after cooking or in processed forms; the remaining 30% is used for animal feed 

and other industrial products, such as starch, glucose and alcohol (El-Sharkawy, 2004). Cassava 

is being increasingly used for bio-ethanol production in Brazil and China (Narina and Odeny, 

2011) while in Nigeria it is a major cash crop earning the country about US$ 3 billion annually 

through export of the crop and related products (FAO, 2004). Of the estimated 18 million ha of 

cassava cultivated worldwide, approximately two thirds are in Africa, producing 110 million 

tonnes (mt) of tuberous roots annually (FAO, 2006). Worldwide average yield of cassava 

production in 2010 was estimated to be 12.40 tonnes/ha (FAOstat, 2012) (Table 1).  
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Table 1: World cassava production in 2010 

 

Location  Area harvested (ha)  Yield 

(tons/ha)  

Production (tons)  

World  18,568,788 12.4 230,265,639 

Africa  11,969,784 10.16 121,661,234 

S. America  2,400,720 13.2 31,686,404 

Asia  3,901,877 19.26 75,148,313 

Tanzania  798,000 5.5 4,392,170 

Kenya  61,573 5.25 323,389 

Uganda  415,000 12.73 5,282,000 

Malawi  195,828 20.43 4,000,990 

Mozambique  950,000 6 5,700,000 

Rwanda  197,394 12.04 2,377,210 

Zambia  198,000 5.82 1,151,700 

    Source: FAOstat, 2012 

 

Although cassava requires optimal conditions to reach high growth rates, it performs well in 

drought areas and on poor soils and thus is considered one of the most productive tropical crops 

on marginal lands (Zhang et al., 2010). Under prolonged water shortages in seasonally dry and 

semi-arid environments with less than 700 mm of annual rain, improved cultivars can give dry 

root yields of over 3 t ha-1 (El-Sharkawy, 2006). Five well known tuber crops (potato, cassava, 

sweet potato, yams and taro) together account for 90% of world’s total staple tuber production 
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(Shewry, 2003). Among these tuber crops, FAO (2010) statistics show that cassava ranks second 

after potato, accounting for 30% of total tuber production (Table 2). 

 

Table 2: Production of staple tuber crops 2003 to 2008 (million tons)  

 

Tuber 

Crop  

2003  2004  2005  2006  2007  2008  Ave.  

Potatoes  314.2  336.3  325.1  305.6  323.5  314.1  319.8  

Cassava  191.3  203.1  207.1  222.3  224.1  232.9  213.5  

S/potato  129.8  129.6  126.7  105.7  99.7  110.1  116.9  

Yams  44.2  46.9  49.0  52.2  46.6  51.7  48.5  

Taro  10.7  10.9  11.2  11.7  11.3  11.8  11.3  

 

 

1.1.2 Description of cassava and its importance 

 

Cassava is a shrubby perennial plant that typically grows from one to three meters (3-10 feet) in 

height. It is grown mainly for its carbohydrate rich tuberous roots (Katz and Weaver, 2003). It 

belongs to the family Euphorbiceae that also includes other commercially important plants like 

castor bean (Ricinus communis L.) and rubber (Havea bransiliensis L.). Cassava is believed to 

have originated in South and Central America and was introduced into West Coast Africa in 16
th

 

century and later to East Africa through Madagascar and Zanzibar, and later into Asia in the late 

17
th

 century by Portuguese traders. Africa has become the largest producer of cassava, 

constituting 54% of world production. Most of the spread of cassava in Africa away from the 
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coastal areas and riverside trading posts took place during the 20
th

 century due to colonial powers 

encouraging its cultivation as a reserve against famine and the ability of the crop to withstand 

locust attack (Hillocks, 2002). However cultivation of cassava started to decline in the 1960s due 

to post colonial governments turning their attention to maize in terms of funding and research 

efforts, as well as taste preference for maize (Haggblade and Zulu, 2003). Today, cassava is 

cultivated in more than 80 countries mainly between 30º South and 30º North of the equator 

(Fauquet and Fargette, 1990).  

 

Cassava is suited to warm humid lowland tropics and can be grown in areas where the mean 

annual temperature exceeds 20ºC with annual rainfall that varies between 5000 mm and 8000 

mm (Pounti-Kearlas, 1998). Cassava is a very hardy plant, tolerating drought better than most 

other crops, and growing well in very poor and acidic soils (Katz and Weaver, 2003). Cassava 

crop can yield up to 13 millions kcal/acre (Bender and Bender, 2005). 

  

Cassava naturally is grown by small-scale farmers using traditional methods, and often on land 

not suitable for other crops (Katz and Weaver, 2003). Cassava is propagated by cutting a mature 

stem into sections of approximately 15 cm and planting prior to the wet season. Most of the 

harvest from cassava is used for human consumption, either fresh or in processed forms. Cassava 

can be processed into a wide variety of products for food and industrial uses, such as starch, 

flour, alcohol, glucose and others. The leaves, which are rich in proteins, vitamin C and other 

nutrients, are consumed in some communities to supplement the low protein content of the roots. 

Cassava is consumed by an estimated 600 million people (FAO, 2006). Cassava flour is used in 

the production of biscuits, sausage rolls, meat pies and bread (Ogbe, 2001). The non-food 
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industrial uses of cassava include production of starch which is used in a wide range of products: 

paper, textiles and pharmaceuticals (Tonukari, 2004). In most east African countries, though 

maize is the dominant staple food, cassava is very important in Mozambique, Tanzania, Uganda, 

and Burundi as a reserve against famine. 

 

1.1.3 Production constraints 

 

Cassava production in East and Southern Africa is particularly exposed to numerous biotic 

stresses. Common constrains include pests and diseases, poor agronomic practices, low yielding 

varieties, high cyanide levels, lack of clean planting materials and long maturity periods (Thresh 

et al. 1994). Pests and diseases are the most economically important constrains (Hillocks, 1994) 

to the cassava production. Pests infesting cassava include cassava green mite (Mononychellus 

tanajoa), green spider mite (Mononychellus tanajoa), mealy bugs (Phenacoccus manihot), 

cassava hornworm (Erinnyis ello), scales, thrips and whitely (Bemisia tabaci) (Montero, 2003). 

Diseases of cassava include cassava mosaic disease (CMD), cassava brown streak disease 

(CBSD), cassava bacterial blight (CBB), cassava anthracnose disease (CAD), cassava bud 

necrosis, and root rots (Calvert and Thresh, 2002). Virus diseases, particularly CMD and CBSD, 

are the most important economical constraints of cassava production in east and southern Africa 

(Taylor and Fauquet 1997; Thresh et al. 1994; Thresh et al. 1997). The two diseases are thought 

to have a risen from infection of cassava by viruses already present in the indigenous African 

flora (Legg and Hillocks, 2003).  
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The perpetuation of these diseases in cassava production is influenced by the abundance of 

efficient insect vectors for transmission and continuous use of unclean planting materials 

normally selected from the previous seasons. Despite success with control of cassava mealy bug 

and cassava green mite using biological control programs, CMD and CBSD have remained a 

challenge to control using sustainable approaches though there are adequate information on the 

pathogen and efficient diagnostic tools such as PCR and RT-PCR tools being well established. 

Thus, the two diseases are now key research priorities of many root and tuber programs in many 

African countries (Legg and Thresh, 2003). 

 

1.1.4 Geminiviruses 

 

Geminiviruses are viruses which infect plants and are characterized by circular single-stranded 

DNA genomes encapsidated into small twinned icosahedra virions. The family Geminiviridae is 

divided into four genera (Mastrevirus, Curtovirus, Topocuvirus and Begomovirus), which are 

differentiated based on their genome structure; the host plants they infect and the type of insect 

vector (Fauquet et al., 2008). 

  

The genus Begomovirus consists of either two DNA molecules, DNA-A and DNA-B, each of 

about 2.8 kb which are responsible for different functions in the infection process (Stanley et al., 

2005) (Fig. 1), or a single DNA component (monopartite). Begomoviruses are the largest group 

of plant viruses and cause economically important diseases of many vegetable and fibre crops 

(Rojas et al., 2005; Varma and Malathi, 2003). DNA-A contains six partially overlapping open 

reading frames (ORFs) organized in two opposite transcriptional directions separated by an 

http://www.virologyj.com/content/2/1/21#B1
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intergenic region (IR). On the virion-sense strand, DNA-A component contains AV1 and AV2 

ORFs, and AC1–AC4 are on the complementary-sense strand. The DNA-A encoded gene 

products are replication-associated protein AC1 (Rep); AV1 coat protein (CP); and proteins that 

participate in the control of replication (AC3) and gene expression (AC2) (TrAP). DNA-B 

encodes proteins required for nuclear trafficking (BV1) and cell-to-cell movement (BC1) of the 

viral DNA (Hamilton et al., 1984; Hanley-Bowdoin et al., 1999). Both DNA components (DNA-

A and DNA-B) share a high nucleotide identity in the IR (c. 200 nt) called the common region 

(CR), which contains promoter and sequence elements required for DNA replication and 

transcription (Lazarowitz, 1992; Eagle et al., 1994; Chatterji et al., 1999). Begomoviruses are 

transmitted by the whitefly Bemisia tabaci (Bemisia tabaci Genn.), and are also spread through 

infected cuttings, which are the usual mode of cassava propagation. CMBs have been reported 

from all cassava-growing countries in Africa and CMD constitutes a threat to cassava 

production.  

 

In addition to sub-viral components, geminiviruses have also been shown to be accompanied by 

smaller-sized DNA molecules, called defective-DNA molecules, that are derived from the helper 

virus genomes, but are not satellite molecules (Patil and Dasgupta, 2006; Simon et al., 2004). 

Monopartite begomoviruses are accompanied by circular single stranded DNAs (ssDNA) which 

are alphasatellites and betasatellites. Most Old World monopartite begomoviruses are associated 

with one or more betasatellite DNA(s), which are required for induction of typical disease 

symptoms and depend on the helper begomovirus for replication and movement (reviewed by 

Mansoor et al., 2006; Briddon and Stanley, 2006).  
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Figure 1: Cassava mosaic begomovirus genome structure composed of twinned particles; DNA-

A (left) and DNA-B (right). Functional ORFs on the DNA-A virion-sense (AV1 and AV2) and 

the complementary-sense strand (C1 to C4). DNA-B has two ORFs: BV1 and BC1. In both 

DNA-A and DNA-B component there is a non-coding intergenic region referred to as the 

common region (CR) (Adapted from Alabi, et al., 2011). 

 

1.1.5 Cassava mosaic disease 

 

Cassava mosaic disease (CMD) occurs in all cassava- producing regions in Africa and Indian 

subcontinents (Legg and Fauquet, 2004; Legg et al., 2006). Cassava mosaic disease is the major 

constraint to cassava production in Africa (Thresh and Cooter, 2005). CMD symptoms are 

variable according to season and variety, but always include a chlorotic mosaic on infected 
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leaves and the colour of chlorosis varies from pale green to whitish yellow. In moderate to severe 

infections, leaves also show crumpling, the laminae are distorted, and the size is reduced (Fig. 2) 

leading to the stunting of the growth of the plant. There are no symptoms on the stem or roots 

(Legg and Thresh, 2000). 

 

Cassava mosaic disease in Africa is caused by nine species of begomoviruses (Fauquet et al., 

2008). Cassava mosaic begomoviruses (CMBs) were originally placed into three groups based 

on their reaction to monoclonal antibodies (Swanson and Harrison, 1994). Group A was limited 

to West Africa, Burundi, Chad, Uganda and Western part of Kenya. Group B occurred in 

Malawi, Madagascar, Zimbabwe and Eastern part of Kenya and Tanzania; and Group C was 

restricted to India and Sri Lanka. However due to the movement of infected stakes, these 

geographic boundaries are no longer defined. Due to the differences in their nucleotide 

sequences, these viruses were later identified as different virus species (Hong et al., 1993) and 

named African cassava mosaic virus (ACMV), East Africa cassava mosaic virus (EACMV) and 

Indian cassava mosaic virus (ICMV) respectively.  

 

More recently, nine species of CMBs have been classified (Fauquet et al., 2008): These viruses 

are African cassava mosaic virus (ACMV); East African cassava mosaic virus (EACMV), East 

African cassava mosaic Cameroon virus (EACMCV) (Fondong et al., 2000), East African 

cassava mosaic Kenya virus (EACMKV) (Bull et al., 2006), East African cassava mosaic 

Malawi virus (EACMMV) (Zhou et al., 1998), East African cassava mosaic Zanzibar virus 

(EACMZV) (Maruthi et al., 2004)), African cassava mosaic Bukina Faso virus (ACMBFV) 
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(Tiendrébéogo et al., 2012), South African cassava mosaic (SACMV) (Berrie et al.,1998) and 

Cassava mosaic Madagascar virus (CMMGV) (Harimalala et al., 2012).        

 

Furthermore, cassava is often infected with more than one begomoviruses that can enhance 

symptom severity due to synergistic effect and because of recombination (Pita et al., 2001). For 

instance, ACMV-EACMV recombinant component A, previously designated EACMV-UG2, and 

a pseudo-recombinant component B, designated EACMV-UG3 (Pita et al., 2001), caused the 

pandemic of severe CMD currently devastating cassava much of East and Central Africa (Legg 

et al., 2004).  In 1997, only ACMV and EACMV were known to occur in Tanzania with the 

former occurring only in the western part of the country (Ogbe et al., 1997). The discovery of 

EACMZV on the island of Zanzibar (Maruthi et al., 2002) together with the recent spread into 

Tanzania of the EACMV-UG2 associated pandemic of severe CMD (Legg et al., 2004, Ogbe et 

al., 1997) has exacerbated the CMD situation. 

   

Cassava mosaic disease has been reported only in Africa and Indian subcontinent despite the 

large scale cultivation of cassava in Latin America and South East Asian countries (Fargette et 

al., 2006). This is due to the inability of the polyphagous Bemisia tabaci B biotype to colonize 

cassava effectively (Carabali et al., 2005), and recent studies have demonstrated a Southern 

African clade composed of cassava whitefly haplotypes that are not part of the B group (Berry et 

al., 2004; Esterhuizen et al., 2012). 

 

In the 1920s, the search for virus-resistant genotypes started, and breeding for resistance has 

been the major control strategy for CMD (Otim-Nape et al., 1998). Since that time, trials of 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Tiendr%26%23x000e9%3Bb%26%23x000e9%3Bogo%20F%5Bauth%5D
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cultivars and selections have been done in several countries including Kenya, Tanzania, Uganda, 

Madagascar, Democratic Republic of Congo and Nigeria (Jennings, 1994). The use of resistant 

cassava landraces such as TME3 as has remained the most economical and ecologically 

sustainable control measure. 

 

 

 

Figure 2: Cassava mosaic disease symptoms in cassava field. 

 

1.1.6 Cassava mosaic begomovirus transmission 

 

Cassava mosaic begomoviruses are transmitted by the whitefly vector, Bemisia. tabacci (B. 

tabaci). CMBs were first thought to be transmitted by the B biotype in Africa, but more studies 

have shown that the whitefly associated with cassava in sub-Saharan Africa is a different 

haplotype belonging to a unique clade and recently the Q-biotype has been reported in South 
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Africa (Berry et al., 2004; Esterhuizen et al., 2012; Mugerwa et al., 2012). The coat protein (CP) 

of begomoviruses is adapted for transmission by the local whitefly population, which explains 

the antigenic similarity of the CPs of the begomoviruses from the same area (Harrison and 

Robson, 1999) and the proposed theory of co- adaptation between the CMBs and their local 

whitefly population (Maruthi et al., 2002). The whitefly B biotype is more productive and has an 

extreme broad host range (Colvin et al., 2004) which might have contributed to the transmission 

of the new viruses from the weed hosts to cultivated crop plants hence the emergence of a 

number of begomoviruses disease in the world.  

 

Close relatives (haplotype variants) of both biotypes are endemic to adjacent locales, and in 

some habitats B-like and Q-like haplotypes overlap with respect to geographic distribution and 

host association. The prototype B and Q biotypes are highly productive, polyphagous, have a 

propensity to develop insecticide resistance, and cause damage to plants directly through feeding 

and honeydew excretion, and indirectly, by virus transmission (Dennehy et al., 2005; Horowitz 

et al., 2005; Prabhaker et al., 2005; Chu et al., 2006; Dennehy et al., 2006; Brown, 2010; 

Dennehy et al., 2010). The unrestricted movement of whitefly-infested and virus-infected plants 

has resulted in the widespread distribution of these two aggressive biotypes beyond their 

respective geographical range, and nearly worldwide (Chu et al., 2006; De La Rua et al., 2006; 

Dennehy et al., 2006; Brown, 2007; Bethke et al., 2009; Mckenzie et al., 2009; Dennehy et al., 

2010). The onset of CMD epidemic in Uganda has led to an increase of whitefly populations 

comprising two distinct clusters of B. tabaci (Ug1 and Ug2) (Legg et al., 2002, Sseruwagi et al., 

2005). 

 



 

21 

 

1.2  Satellites 

 

 Satellites are defined as viruses or nucleic acids that depend on a helper virus for their 

replication but lack general nucleotide sequence homology to the helper virus (Mayo et al., 

2005). Satellites associated with RNA plant viruses were the first satellites to be discovered and 

described, and are divided into satellite viruses and satellite RNAs (Schneider, 1969). Satellite 

viruses encode a structural protein that encapsidates its own nucleic acid while satellite RNAs 

rely on the helper virus structural protein for encapsidation and do not necessarily encode 

additional non-structural proteins. Satellite RNAs also depends on the helper virus for their 

replication, but provides a function that is necessary for the biological success of the helper 

virus. The first satellite RNA was identified in 1969 in association with the nepovirus Tobacco 

ringspot virus (Schneider, 1969), and since that time, a large number of satellite RNAs, 

associated with several groups of plant viruses, have been reported (Mayo et al., 2005). The 

majority of these satellite RNAs do not encode functional proteins but can have a dramatic effect 

on the symptoms induced by their helper viruses, ranging from less severe symptoms to an 

increase in symptom severity (Roossinck et al., 1992). 

 

1.2.1 Discovery of sub viral agents associated with begomovirus diseases 

 

The first begomovirus satellite to be discovered, was ToLCV-sat isolated from tomato plants 

infected with the monopartite begomovirus Tomato leaf curl virus (ToLCV) in Australia (Dry et 

al., 1997). The circular satellite is small (682 nucleotides), has no extensive open reading frames 

and has little sequence similarity to its helper virus with the exception of sequences within the 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WXR-4HTPV1J-T&_user=1378557&_coverDate=01%2F05%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1629088270&_rerunOrigin=scholar.google&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=6f6ab0886e1bcf61b8d26d07ee94200d&searchtype=a#bib83
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WXR-4HTPV1J-T&_user=1378557&_coverDate=01%2F05%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1629088270&_rerunOrigin=scholar.google&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=6f6ab0886e1bcf61b8d26d07ee94200d&searchtype=a#bib83
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WXR-4HTPV1J-T&_user=1378557&_coverDate=01%2F05%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1629088270&_rerunOrigin=scholar.google&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=6f6ab0886e1bcf61b8d26d07ee94200d&searchtype=a#bib111
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WXR-4HTPV1J-T&_user=1378557&_coverDate=01%2F05%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1629088270&_rerunOrigin=scholar.google&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=6f6ab0886e1bcf61b8d26d07ee94200d&searchtype=a#bib111
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WXR-4HTPV1J-T&_user=1378557&_coverDate=01%2F05%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1629088270&_rerunOrigin=scholar.google&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=6f6ab0886e1bcf61b8d26d07ee94200d&searchtype=a#bib83
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WXR-4HTPV1J-T&_user=1378557&_coverDate=01%2F05%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1629088270&_rerunOrigin=scholar.google&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=6f6ab0886e1bcf61b8d26d07ee94200d&searchtype=a#bib98
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WXR-4HTPV1J-T&_user=1378557&_coverDate=01%2F05%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1629088270&_rerunOrigin=scholar.google&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=6f6ab0886e1bcf61b8d26d07ee94200d&searchtype=a#bib28
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WXR-4HTPV1J-T&_user=1378557&_coverDate=01%2F05%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1629088270&_rerunOrigin=scholar.google&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=6f6ab0886e1bcf61b8d26d07ee94200d&searchtype=a#bib28
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apex of two stem-loop structures, one containing the ubiquitous geminivirus TAATATTAC 

motif and the other containing a putative ToLCV Rep binding motif (Behjatnia et al., 1998). 

ToLCV-sat is not required for ToLCV infectivity and has no effect on the symptoms induced by 

the helper virus but is dependent on the helper begomovirus for its replication and encapsidation 

and hence has a typical feature of satellite DNA. 

 

1.2.2 Alphasatellite 

 

Alphasatellites (DNA-1) are self- replicating satellite-like molecules, depend on the helper virus 

for movement, encapsidation and vector transmission. The alphasatellites do not have known 

specific functions that can be attributed to the begomovirus though they are associated with 

monopartite Old World begomovirus diseases such as Cotton leaf curl disease in Pakistan and 

India, Tomato yellow leaf curl disease in China and Ageratum yellow vein disease from South 

East Asia (Briddon et al., 2004). DNA-1 components cannot strictly be defined as satellite DNAs 

according to current guidelines because they do not rely on helper virus for replication (Mayo et 

al., 2005).  

 

Alphasatellites have a highly conserved genome organization, encompassing a replication-

associated protein 36kDa, adenine- rich region of 200 nts and origin of replication including a 

conserved nanonucteotide TAGTATT/AC, similar to nanoviruses (Briddon et al., 2004). 

According to the study conducted on the evolution of geminiviruses and satellites, it was 

reported that there were no alphasatellites associated with New World begomovirus (Briddon 

and Stanley 2006, Nawaz-ul-rehman and Fauquet 2009). However, recently, in a study by 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WXR-4HTPV1J-T&_user=1378557&_coverDate=01%2F05%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1629088270&_rerunOrigin=scholar.google&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=6f6ab0886e1bcf61b8d26d07ee94200d&searchtype=a#bib5
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WXR-4HTPV1J-T&_user=1378557&_coverDate=01%2F05%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1629088270&_rerunOrigin=scholar.google&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=6f6ab0886e1bcf61b8d26d07ee94200d&searchtype=a#bib18
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WXR-4HTPV1J-T&_user=1378557&_coverDate=01%2F05%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1629088270&_rerunOrigin=scholar.google&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=6f6ab0886e1bcf61b8d26d07ee94200d&searchtype=a#bib83
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WXR-4HTPV1J-T&_user=1378557&_coverDate=01%2F05%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1629088270&_rerunOrigin=scholar.google&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=6f6ab0886e1bcf61b8d26d07ee94200d&searchtype=a#bib83
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WXR-4HTPV1J-T&_user=1378557&_coverDate=01%2F05%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1629088270&_rerunOrigin=scholar.google&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=6f6ab0886e1bcf61b8d26d07ee94200d&searchtype=a#bib18
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Paprotka et al. (2010), the first two alphasatellites were discovered in the New World - one 

associated with a Brazilian strain of Euphorbia mosaic virus (EuMV) and another with a newly 

discovered Begomovirus species, Cleome leaf crumple virus (ClLCrV). Sequence analysis 

indicates that these alphasatellites are different from all other known OW satellites. 

 

1.2.3 Betasatellites 

 

A novel ssDNA component of approximately half the size of the helper begomovirus was 

isolated and shown to induce the yellow vein phenotype when re-introduced with AYVV into 

Ageratum (Saunders et al., 2000). The component was named DNA-β because, in many respects, 

it functionally resembled the DNA-B component of bipartite begomoviruses. Betasatellites 

(DNA-β) are completely depending on the helper virus for replication, encapsidation and 

movement within and between plants (Mayo et al., 2005). Betasatellites are associated with their 

specific helper component, irrespective of host and geographical distribution. Betasatellites 

encode a single gene, betaC1 (13kDa protein) in the complementary strand, and contain an 

adenine-rich region 240 nt, and a 220 nt satellite-conserved region (SCR) which is highly 

conserved among all betasatellites known (Briddon et al., 2004). While DNA-1 component was 

derived from nanoviruses, the evolutionary origin of DNA-β remains unclear. DNA-β 

components contain an A-rich region suggesting that, like DNA-1, they may have originated as a 

bona fide component of another pathogenic agent prior to being captured by the begomovirus, 

necessitating a slight increase in size.  
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1.2.4 Replication and compatibility of begomovirus subviral agents 

 

Comparison of the growing number of DNA-β components has indicated that they have a highly 

conserved structure. In addition to an A-rich region, DNA-β components encode a single gene 

(βC1) and contain a highly conserved sequence of approximately 80 nucleotides, referred to as 

the satellite-conserved region (SCR). PCR primers based on this sequence have provided a 

simple and robust method for the detection and isolation of DNA-β components (Briddon et al., 

2002). The SCR is located adjacent to the putative stem-loop structure, which contains the 

TAA/GTATTAC motif, which, by analogy to geminiviruses, is the site where Rep introduces a 

nick during the initiation of virion-sense DNA replication. The fact that naturally occurring 

mutants lacking the βC1 coding region (Briddon et al., 2003) and mutants in which the βC1 

coding region and A-rich region have been deleted in vitro (Tao et al., 2004, Qian and Zhou, 

2005) are maintained by the helper begomovirus is consistent with the involvement of the SCR 

and stem-loop in replication, although the identification of precise DNA-β sequences that 

contribute to replication awaits fine mapping studies. Two-dimensional gel electrophoresis 

analysis of ToLCV and CLCuD DNA-β replication intermediates suggests that the satellite 

replicates use similar rolling circle and recombination-dependent replication mechanisms 

(Alberter et al., 2005). The observation that ToLCV-sat proliferated in the presence of ACMV 

and BCTV (Dry et al., 1997) was unexpected because neither virus has the precise ToLCV and 

ToLCV-sat high-affinity Rep binding motifs that should be necessary for trans-replication 

according to the generally accepted model for the initiation of replication. The ToLCV high-

affinity Rep binding site is located adjacent to the stem-loop containing the nick site, as has been 

found for other begomoviruses. 
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 Comparison with DNA-β components shows that ToLCV-sat contains a slightly modified SCR 

at this position, but the binding site is located outside of this region, within stem-loop II. In 

contrast to all other reports for begomoviruses, it has been demonstrated that the binding sites are 

not essential for ToLCV and ToLCV-sat proliferation in tomato (Lin et al., 2003), indicating that 

high-affinity binding is not a prerequisite for replication for this monopartite begomovirus and its 

satellite. However, it is possible that a more transient interaction involving the binding site, a 

cryptic version of the motif or an entirely unrelated sequence, is necessary to correctly position 

Rep within the origin. The apparently indispensable nature of the high-affinity binding site for 

replication of bipartite begomoviruses (Fontes et al., 1994a and Fontes et al., 1994b) suggests 

that it may have evolved to ensure that both genomic components are stably maintained. 

 

DNA-1 components have been found in association with several distinct monopartite 

begomoviruses that have been isolated from a range of plant species growing in different regions 

throughout Africa and Asia (Mansoor et al., 1999, Mansoor et al., 2000a, Mansoor et al., 2000b, 

Mansoor et al., 2001, Saunders and Stanley, 1999, Briddon et al., 2004 and Wu and Zhou, 2005). 

Although they are frequently found in association with monopartite begomovirus/DNA-β 

complexes, there have been no reports to suggest that DNA-1 components occur naturally in 

association with bipartite begomoviruses.  
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1.2.5 Functions of begomovirus subviral agents 

 

Begomovirus DNA-β complexes induce a variety of host-specific symptoms ranging from a vein 

yellowing phenotype, in Ageratum, Eupatorium  and Honeysuckle, that has no obvious adverse 

effect on plant survival (Wong et al., 1993, Saunders et al., 2003 and Were et al., 2005a), to 

severe leaf curl, chlorosis and stunting in crops such as cotton, tobacco and mungbean, that can 

have a significant effect on productivity (Harrison et al., 1997, Briddon and Markham, 2000, Cui 

et al., 2004b and Rouhibakhsh and Malathi, 2005). Initial studies to resolve the aetiology of 

AYVD and CLCuD demonstrated that the DNA-β components made an important contribution 

to the disease phenotype (Saunders et al., 2000 and Briddon et al., 2001). More recently, βC1 

has been shown to be a repressor of host immunity i.e. RNA silencing (Cui, et al., 2005). AYVD 

DNA-β does not significantly affect AYVV replication in an N. benthamiana leaf disk assay 

although it does enhance the systemic accumulation of the helper begomovirus in its natural host 

ageratum (Saunders et al., 2000).  

 

1.2.6 Common features between begomovirus components and satellites 

 

The unique common feature for all begomoviruses and their satellites (Fig. 3) is the rolling circle 

replication (RCR) mechanism and the presence of a stem loop with the nanonucleotide origin of 

replication (TAATATT/AC for betasatellites or TAGTATT/AC for alphasatellites). RCR is a 

basic replication mechanism, for the replication of bacterial and archaeal plasmids as well as 

circular human, animal and plant viruses, which depends on a replication-associated protein, 

possessing nicking and ligation functions of double stranded DNA replicative forms (Ilyina and 
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Koonin, 1992). The begomovirus-encoded Rep protein performs the same functions as 

prokaryotic plasmid replication associated proteins during the RCR (Jeske et al., 2001).  

 

Although begomoviruses and their satellites are highly diverse in nucleotide sequence of their 

genomes and ORFs (Briddon et al., 2008), the genetic architecture, localization, length of 

individual genes at specific locus and the function of individual proteins are highly conserved 

among the members of each genus (Fig. 3). For example, members of the genus Mastrevirus 

have four ORFs in their genomes, LIR and SIR and a Rep protein interrupted by an intron, 

irrespective of the species considered, monocot or dicot hosts and geographical distribution 

(Stanley et al., 2005). The TrAP proteins of the OW Tomato yellow leaf curl China virus 

(TYLCCNV-C2), African cassava mosaic virus (ACMV-AC2), Mungbean yellow mosaic virus 

(MYMV-AC2), and the NW Tomato golden mosaic virus, (TGMV-AC2) have all been 

associated with a transcription activator function of  late viral genes ( Cui et al., 2005). Although 

small differences are present in their mode of action and regulation of genes, all TrAPs of these 

diverse viruses share the trans-activation of viral genes and nuclear localization. Similar 

conclusions can be drawn for all geminivirus and satellite genes. 
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Figure 3: Cassava mosaic begomovirus genome structure composed of twinned particles; DNA-

A (left) and DNA-B (right) represent bipartite genome and satellite DNA-β is often associated 

with DNA-A component of monopartite genome. ΒC1 protein of DNA β performs the role of 

RNAi suppression in monopartite begomoviruses. The location of the conserved region of all 

geminiviruses, namely, TAATATT/AC has been indicated (Briddon and Stanley, 2006). 

 

1.2.7 Cassava begomovirus-associated satellites 

 

Two novel subviral DNAs (DNA-II and DNA-III) have recently been isolated from cassava 

infected with bipartite begomoviruses (Ndunguru et al., 2005) in Tanzania. DNA-II and DNA-III 

(AY836366 and AY836367, respectively) were discovered in cassava-growing areas in the 

coastal region and Lake Victoria basin in north-western of Tanzania respectively, and due to 

their ability to modify symptoms in cassava when co-inoculated with their cognate begomovirus, 

were thought to be satellite-like. Cassava plants containing DNA-II displayed very severe 
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symptoms, characterised mainly by leaf distortion, narrowing, yellowing, and mosaic. Cassava 

plants from which DNA-III was detected expressed very unique symptoms, characterized by a 

severe leaf narrowing due to rapid loss of leaf blades (filiform) and very prominent leaf 

yellowing (Ndunguru et al., 2005). These circular single stranded DNA-II and III molecules are 

relatively small, approximately 1032 and 1209 nucleotides, respectively. They contain a GC-rich 

region, and yet are distinct from each other (23% nucleotide identity) and from all 

begomoviruses and other subviral components. As they have been isolated only from 

symptomatic plants, they may represent a novel type of satellite DNA that is adapted to bipartite 

begomoviruses.  

 

The genome structure of cassava mosaic begomovirus-associated satellite-like DNA molecules 

consist of eight putative ORFs and four ORFs for DNA-II and DNA-III, respectively (Fig. 4). 

Whether these ORFs of DNA-II and DNA-III are actually expressed is still unknown. Although 

little is yet known about their replication and gene expression strategies, infectivity studies have 

demonstrated that DNA-II and DNA-III enhance symptoms in cassava caused by African 

cassava mosaic virus, East African cassava mosaic virus and East African cassava mosaic 

Cameroon virus, and allow these begomoviruses to produce symptomatic infections in resistant 

cassava landrace (TME3) (Ndunguru et al., 2008 unpublished data). These novel satellites need a 

more detailed analysis and assessment of their contribution to the cassava mosaic disease 

pandemic caused by begomoviruses that is currently affecting many central and east African 

countries (reviewed by Legg and Fauquet, 2004).  
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An earlier study in Tanzania also showed a high occurrence of DNA-II and III in a large 

proportion of cassava leaf samples tested (Ndomba, 2012). The aim of this study was to establish 

genetic diversity and geographic distribution of DNA-II and DNA-III in Kenya, Uganda, 

Rwanda and Tanzania. Moreover the study aimed to explore the interaction of these unusual sub-

genomic DNA-II and DNA-III with their associated begomovirus such as viruses EACMV-UG2 

and ACMV in a screen-house experiment. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Genomic structure of cassava mosaic begomovirus associated satellite-like DNA         

molecules. (A) satDNA-II with eight putative ORFs (V1toV3) on sense strand and (C1toC5) on 

antisense strand, and (B) satDNA-III with four putative OFRs (V1toV2) on sense strand and 

(C1to C2) on antisense strand (Adapted from Ndunguru et al., unpublished)  
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CHAPTER TWO 

A STUDY OF THE IMPACT OF DNA-II AND DNA-III ON CASSAVA 

MOSAIC DISEASE, AND INVESTIGATION INTO TRANSCRIPTION OF 

PUTATIVE EPISOMAL ORFs 

 

2.1 Abstract 

 

A study was conducted to investigate the transcription of putative ORFs of DNA-II and DNA-III 

molecules from cassava plants inoculated with either EACMV-Ug2, or ACMV, and co-

inoculated with DNA-II, DNA-III or both DNA-II and III infectious clones. The experiment was 

conducted at Mikocheni Agricultural Research Institute greenhouse in Tanzania in 2012. Young 

cassava mosaic disease symptomatic and symptomless cassava leaves from inoculated cassava 

plants were collected for the analysis. Using primers to amplify selected regions (putative ORFs) 

of the DNA-II and III genome, RT-PCR yielded transcripts of 250 bp of ORF C4 for DNA-II and 

220 bp of ORF V1 for DNA-III, and these were confirmed by sequencing. Transcripts of ORF 

C4 for DNA-II had >94% nt sequence similarity to cassava begomovirus associated satellite 

DNA-II deposited in the Genebank (AY836366), while ORF V1 of DNA-III had >94% nt 

similarity to cassava begomovirus associated satellite DNA-III (AY836367). This study reports 

two ORFs, ORFs C4 for DNA-II in antisense strand and ORF V1 of DNA-III in sense strand 

which could be transcribed in all experimental cassava treatments (healthy non-infected and 

infected) of cv.60444 and TME3 cassava cultivars, confirming that these ORFs are also part of 

expressed cassava genome-derived transcripts.  
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2.2 Introduction 

 

Plant viruses are often associated with satellite DNA/RNA molecules, which modulate 

replication and enhance symptom expression of their cognate helper virus (Roossinck et al., 

1992; Simon et al., 2004). These satellite molecules completely lack sequence identity to their 

helper viruses and depend on the helper virus for replication, encapsidation, movement, and 

transmission (Mayo et al., 2005). Satellites were initially reported to be associated with RNA 

viruses and are very well characterized (Simon et al., 2004). In the last decade, more than 500 

satellite sequences associated with DNA begomoviruses (family Geminiviridae) have been 

isolated from a diverse range of cultivated crops and weeds (Briddon and Stanley, 2006; Briddon 

et al.,2008). Two classes of DNA satellites are associated with several monopartite 

begomoviruses, namely alphasatellites (formerly called DNA-1) and betasatellites (formerly 

called DNA-) (Briddon et al., 2008). In addition to these sub-viral components, geminiviruses 

are accompanied by smaller-sized DNA molecules, called defective DNA molecules, that are 

derived from the helper virus genomes, but are not satellite molecules (Patil and Dasgupta, 2006; 

Simon et al., 2004). Alphasatellites are nanovirus-like components approximately 1.3 kb that, in 

some cases, suppress viral disease symptoms. Although alphasatellites encode a replication-

associated protein, they depend on the helper virus encoded proteins for movement and 

encapsidation (Briddon and Stanley, 2006; Nawaz-ul-Rehman and Fauquet, 2009). The first 

betastellite components identified were associated with cotton leaf curl disease (CLCuD) and 

Ageratum yellow vein disease (AYVD) complexes. Since then, many betasatellites have been 

reported to be associated with a diverse range of begomovirus disease complexes (Briddon et al., 

2004; Mansoor et al., 2001; Saunders and Stanley, 1999). 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WXR-4HTPV1J-T&_user=1378557&_coverDate=01%2F05%2F2006&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1629088270&_rerunOrigin=scholar.google&_acct=C000052500&_version=1&_urlVersion=0&_userid=1378557&md5=6f6ab0886e1bcf61b8d26d07ee94200d&searchtype=a#bib83
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Two novel satellite-like DNA molecules (episomal DNA-II and DNA-III) originating in 

Tanzania have recently been amplified, using universal betasatellite primers (Briddon et al., 

2001), from cassava infected with bipartite begomoviruses in cassava cultivation areas in the 

Coastal and Lake Victoria regions (Ndunguru, 2005). Cassava plants containing episomal DNA-

II displayed very severe symptoms, characterized mainly by leaf distortion, yellowing, and 

mosaic. Cassava plants from which episomal DNA-III was detected expressed very unique 

symptoms, characterized by a severe leaf narrowing due to rapid loss of leaf blades (filiform) and 

very prominent leaf yellowing (Ndunguru et al., 2005). These DNA molecules are relatively 

small (~1032 bp for episomal DNA-II and ~1209 bp for episomal DNA-III) and contain a GC-

rich region, yet are distinct from each other (23% nucleotide identity), from all known 

geminiviruses and other sub-viral components.  

 

A previous study conducted in 2005 showed that these DNA molecules were isolated only from 

cassava plants showing symptoms for cassava mosaic disease (CMD). A more recent study 

(unpublished) showed that even in healthy cassava plants, these DNA-II and III molecules could 

be detected by PCR in a partial form which resembled the episomal sequences deposited in 

Genbank (AY836366 and AY836367), suggesting that fragments of DNA-II and DNA-III are 

integrated into the cassava genome. Although little is yet known about their function, putative 

mode of replication and gene expression strategies, infectivity studies have demonstrated that 

episomal DNA-II and DNA-III enhance symptoms in cassava caused by African cassava mosaic 

virus, East Africa cassava mosaic virus-UG2 (ECMV-UG2) and East African cassava mosaic 

Cameroon virus (EACMCV), and allow these begomoviruses to produce symptomatic infections 

in resistant cassava landrace (TME3) (Ndunguru et al., 2008 unpublished data). More recently, 
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portions (nearly full-length to smaller fragments) of DNA-II and DNA-III have been confirmed 

to be integrated in genes at different locations in the cassava genome. Although both DNA-II and 

DNA-III have several putative ORFs, it is not known if they are transcribed or not. 

 

In this study we have established that transcripts of ORF C4 in the antisense strand of DNA-II, 

ORF V1 in the sense strand, ORF C2 in the antisense strand of DNA-III molecule and part of 

GC-rich region were expressed from mock- inoculated cassava cultivars TME3 and cv. 60444 

(cassava plants inoculated with gold particles via biolistics) and diseased cassava plants (cassava 

plants inoculated with EACMV-Ug2 alone, ACMV alone and co-inoculated with episomal 

DNA-II or III or both DNA-II + DNA-III clones). Using RT-PCR, transcription from ORF C4 of 

DNA-II and ORF VI for DNA-III was demonstrated using designed primers (Table 5).  

 

2.3 Materials and Methods 

 

2.3.1 Micropropagation and acclimatization of cassava cultivars TME3 and 

cv. 60444 

 

The experiment was conducted at Mikocheni Agricultural Research Institute (MARI), in 

Tanzania in which two cassava cultivars, TME3 resistant to cassava mosaic disease (CMD) and 

cv. 60444 a susceptible (control) were used. Plantlets of cassava cultivars were obtained from 

tissue culture using nodal cuttings. Prior to biolistic inoculation, TME3 and cv. 60444 were 

screened for the presence of CMD, associated episomal DNA-II and DNA-III and integrated 

DNA molecules (DNA-II and DNA-III) using specific primers. CMD- free (but not integrated 
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DNA-II or DNA-III molecules) cassava plants were micro propagated in Murashige and Skoog 

media (MS + Vitamin, sucrose and phytogel) in tissue culture laboratory. Cassava nodes were 

cut from the base of plants and subculutred in a sterile bottle containing MS media asceptically 

in lamina floor hood. Cassava plantlets were kept in growth room of 28°C for 16 hours light and 

8 hours dark for shoot and root development until ready for acclimatization. Then cassava 

plantlets were transferred into pots and kept in the greenhouse free from insects for 8 weeks until 

use (Fig. 5). 

 

Figure 5: Stages for acclimatization process; A) TME3 tissue culture cassava plantlets B) cv. 

60444 tissue culture cassava plantlets C) Four- week old cassava plants in small pots D) 8 week-

old cassava plants in big pots ready for inoculation. 
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2.3.2 Biolistic inoculation of virus and DNA-II and III clones  

 

2.3.2.1 Preparation of gold particles  

  

Sixty micrograms of gold particles were sterilized in 800 µl absolute ethanol, vortexed 

vigorously for 5 min and spun down at 13,000 rpm for 2 min. The supernatant was removed, 500 

µl of absolute ethanol was added, vortexed for 2 min and centrifuged at 13,000 rpm for 2min. 

The supernatant was removed; the pellet was washed with 500 µl of sterile double distilled 

water, vortexed for 1 min and centrifuged at 13,000 rpm for 1 min. After washing gold particles, 

the supernatant was removed and then 500 µl of sterile double distilled water was added, 

vortexed and split into 10 tubes each with 50 µl. 

 

2.3.2.2 Coating of virus and DNA-II and III infectious clones  

 

Infectious clones of helper viruses, EACMV-UG2 and ACMV DNA components A and B were 

obtained from MARI in pBlueScript vector while DNA-II and DNA-III infectious clones were in 

pGEM-T
R
 Easy vector. One microgram of each DNA component, DNA-II and DNA-III clones 

was coated with 50 µl of gold particles as indicated in Table 3. The gold particles were vortexed, 

and while vortexing, 1µg of DNA A, DNA B of EACMV-UG2 and ACMV components, DNA-

II and DNA-III clones were added. This was followed by the addition of 20µl of 0.1M 

spermidine and 50 µl of 2.5M calcium chloride. The mixture was left on the bench for 10 min. 

The mixture was then spun at 13,000 rpm for 2 min and the resultant supernatant was removed 
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and 500 µl of absolute ethanol was added. The mixture was vortexed for 2 min, centrifuged at 

13,000 rpm for 1 min and the supernatant was removed. Lastly, 50 µl of absolute ethanol was 

added to the coated DNA, vortexed and used to shoot 8-week old cassava plants in pots at a 

pressure of 90 psi using a handheld DNA gene gun (Biorad). Coated DNA was inoculated 

biolistically into TME3 or cv. 60444 cassava plants (Table 3). Mock plants were used as 

negative controls. After bombardment, cassava plants were monitored visually in the greenhouse 

for symptom development over 50 days and symptoms severity was scored using a scale of 1-5 

(1 represents symptomless cassava plants and 5 represents most severe symptoms in cassava 

plants). 

Table 3: Number of treatments used in studying putative transcription of DNA-II and DNA-III 

 

Treatments Virus specie/strain DNA molecules No. of plants 

1 EACMV-UG2 - 4 

2 EACMV-UG2 II 4 

3 EACMV-UG2 III 4 

4 EACMV-UG2 II + III 4 

5 No virus II 4 

6 No virus III 4 

7 No virus II + III 4 

8 Mock - 4 

9 ACMV - 4 

10 ACMV II 4 

11 ACMV III 4 

12 ACMV II + III 4 

13 No virus II 4 

14 No virus III 4 

15 No virus II + III 4 

16 Mock - 4 
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2.3.2.3 Transcript determination in the geminivirus – DNA-II and DNA-III - 

cassava host systems 

 

2.3.2.3.1 RNA extraction  

 

Young apical symptomatic and symptomless cassava leaves were collected from biolistic-

inoculated cassava plants in greenhouse (Table 4). Total RNA was extracted using modified 

CTAB protocol (Allen et al., 2006). Leaf samples were ground with pestle in a mortar containing 

warmed 700 µl of 2% CTAB extraction buffer with 98% β-mercaptoethanol (10% CTAB, 1M 

Tris-HCL, 0.5M EDTA, 5M NaCL), and the homogeneous mixture was transferred to clean 1.5 

ml eppendorf tube. The mixture was incubated at 65°C in a water bath for 30 minutes, mixed by 

inverting the tubes every 10 minutes and left at room temperature for 10 minutes. An equal 

volume (700 µl) of chloroform: isoamyl (24:1) was added to the mixture and inverted for 10 

minutes and centrifuged at 13,000 rpm for 15 min. The supernatant (500 µl) was transferred to a 

new 1.5 ml tube; an equal volume of cold isopropanol was added to each tube and centrifuged at 

13,000 rpm for 10 min to precipitate RNA. The RNA pellet was washed with 500 µl of 70% 

ethanol treated with DEPC (diethylpyrocarbonate), air dried for 40-60 minutes and re-suspended 

in 50 µl of DEPC treated water followed by further DNAse1 treatment. 
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Table 4: Reaction of cassava plants to biolistic inoculation with EACMV-UG2, ACMV,  

               and in combination with DNA-II, DNA-III and DNA-II + DNA-III infectious clones 

Cassava variety Treatments 

No. of plants 

inoculated Symptomatic plants 

TMS 60444 

EACMV-UG2 4 3 

EACMV-UG2 + II 4 4 

EACMV-UG2 + III 4 4 

EACMV-UG2 + II + III 4 4 

II 4 0 

III 4 0 

II + III 4 0 

Mock 4 0 

ACMV 4 4 

ACMV + II 4 4 

ACMV + III 4 4 

ACMV + II + III 4 4 

II 4 0 

III 4 0 

II + III 4 0 

Mock 4 0 

TME3 

EACMV-UG2 4 0 

EACMV-UG2 + II 4 1 

EACMV-UG2 + III 4 0 

EACMV-UG2 + II +III 4 2 

II 4 0 

III 4 0 

II + III 4 0 

Mock 4 0 

ACMV 4 3 

ACMV + II 4 4 

ACMV + III 4 4 

ACMV + II + III 4 4 

II 4 0 

III 4 0 

II + III 4 0 

Mock 4 0 

 

 



 

40 

 

2.3.3.2 Primer design and RT- PCR analysis of ORF C4 for DNA-II and ORF 

V1 for DNA-III 

 

Primers to amplify putative ORFs for DNA-II and DNA-III, were designed from the genome 

map of DNA-II (AY836366) and DNA-III (AY836367) respectively (Fig. 6). Primer pairs SatII-

2F/3R and SatIII-7F/9R were used to detect transcripts for DNA-II ORF C4 in the antisense 

strand and ORF V1 in the sense strand, ORF C2 in the antisense strand and part of GC-rich 

region for DNA-III, respectively (Table 5). A two step Reverse Transcriptase-Polymerase chain 

reaction (RT- PCR) procedure was performed. Total genomic RNA was first transcribed into 

cDNA using oligo dTs primer according to manufactures instructions. cDNA synthesis involved 

2 steps; Master mix I involved sterile double distilled water (sdd H2O) (9 µl), oligo dT (1 µl) and 

RNA as a template (2 µl). Then the mixture was incubated for 10min at 70°C, cooled on ice for 5 

min and master mix II was added. Master II contained sdd H20 (6.5 µl), 5 X RT buffer (4.0 µl), 

dNTPs (1 µl), RNAsin (0.5 µl) and RT enzyme (1 µl). The mixture was heated at 42°C for 55 

min, 70°C for 10 min and then stored at 4°C for further use. The resulting cDNA was used as a 

template in PCR of 30 cycles each consisting of 94°C, 1 min; 94°C, 1 min; 56°C, 1 min; 72°C, 2 

min; 72°C; 10 min using designed specific primers from ORF C4 and ORF V1 for DNA-II and 

DNA-III respectively (Table 5). PCR was performed in a 50 µl reaction volume, which 

contained sterile distilled water (41.25 µl) 10x Dream Taq buffers (3.5 µl), 2.5 mM dNTPs (1.0 

µl), 10 mM each amplification primer (1.0 µl), Dream Taq (0.25 µl) and cDNA template (2.0 

µl). After completion of PCR, samples (25.0µl) were loaded onto a 1% agarose gel in 1xTAE 

(Tris-acetate- ethylenediaminetetraacetic acid) buffer and the ethidium stained DNA-bands 

visualized using ultraviolet light.  
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Figure 6: Genomic structure of cassava mosaic begomovirus associated satellite-like DNA         

molecules. (A) satDNA-II with eight putative ORFs (V1-V3) on sense strand, and (C1-C5) on 

antisense strand, and (B) satDNA-III with four putative OFRs (V1-V2) on sense strand and (C1-

C2) on antisense strand (Adapted from Ndunguru et al., unpublished)  
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Figure 7; Genome maps of circular DNA-II and III molecules showing primer positions  
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Table 5: List of primer pairs used for transcript detection of ORF C4 of DNA-II in     

 antisense strand, ORF C2 of the antisense strand and ORF VI of the sense strand 

 of DNA-III. 

 

 

S/N Primer 

name 

Primer sequence 5’ - 3’ Remark 

1 IIIV1-F TACGAAAGATGAGGAGAAG Detect transcript for ORF V1 for 

DNA-III in sense strand  

2 IIIV1-R AAAAGCACACATATGAAACC

A 

Detect transcript for ORF V1 of 

DNA-III in sense strand  

3 SatII-2F GCAGTTCAGCAGTTCAACTG Detect transcript for ORF C4 of 

DNA-II in antisense strand 

4 SatII-3R TCGAGCTCCAAAGGTCCT Detect transcript for ORF C4 of  

DNA-II in antisense strand 

5 SatIII-7F CATGCTGTCAACGCCATTGCT

G 

Detect transcript for ORF V1 in 

sense strand, ORF C2 in the 

antisense strand and part of GC-rich 

region of DNA-III  

6 SatIII-9R AACCACAGTGATTGACGTAGC Detect transcript for ORF VI in 

sense strand, ORF C2 in the 

antisense strand and part of GC-rich 

region of DNA-III  
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2.3.3.4. Sequencing 

 

RT-PCR products were precipitated with the addition of 10 µl of 3M sodium acetate and 300 µl 

absolute ethanol, and then centrifuged at 13,000 rpm for 15 min. The pellet was washed with 400 

µl 70% ethanol and air dried at room temperature for 1 hour. Precipitated RT-PCR products were 

sent to North Carolina State University for sequencing using primers used for RT-PCR. 

Sequences were aligned with MUSCLE alignment in Geneious Computer Software. All 

sequence editing was performed using BioEdit computer software. Three sequences for each 

primer set were done and the consensus sequence was used for analysis. 

 

2.4 Results 

 

2.4.1 Symptoms observation 

 

Cassava mosaic disease (CMD) symptoms were observed visually on cv. 60444 and TME3 

cassava plants inoculated with EACMV-UG2 alone, EACMV-UG2 + DNA-II, EACMV-UG2 + 

DNA-III, EACMV-UG2 + DNA-II +DNA-III, ACMV alone, ACMV + DNA-II, ACMV + 

DNA-III and ACMV + II + III 7days post inoculation (dpi)  except for TME3 cassava plants 

inoculated with EACMV-UG2 alone (Table 4). Cassava plants of cv. 60444 and TME3 

inoculated with DNA-II alone, DNA-III alone, both DNA-II + DNA-III and mock plants 

(cassava plants inoculated with gold particles) did not develop CMD symptoms as expected 

(Table 4).  
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Cassava plants inoculated with either EACMV-UG2, ACMV, and in combination with DNA-II, 

DNA-III and both DNA-II + DNA-III clones developed several CMD symptom phenotypes (Fig. 

8 & 9) except for Figure 7E which did not show symptoms. CMD symptoms observed were 

mosaic, yellowing and leaf deformation and symptoms started as mild symptoms and then 

developed into severe symptoms over time. Fifteen out of sixteen plants of cv. 60444 inoculated 

with EACMV-UG2 alone and in combination with DNA-II, DNA-III and DNA-II + DNA-III 

clones developed cassava mosaic symptoms. Symptoms were observed on young emerging 

leaves on plants inoculated with EACMV-UG2 alone and in combination with DNA-II or / and 

III. TME3 (tolerant cassava cultivar) showed cassava mosaic symptoms on plants inoculated 

with EACMV-UG2 in combination with DNA-II, DNA-III and both DNA-II + DNA-III clones. 

Three plants out of sixteen TME3plants inoculated with EACMV-UG2 alone, and in 

combination with DNA-II, DNA-III and both DNA-II + DNA-III clones developed CMD 

symptoms (Table. 4). In addition, unusual malformation of cassava leaves (Fig. 8 F& G) was 

observed in TME3 plants inoculated with EACMV-UG2 in combination with DNA-II and DNA-

III clones. 

 

Cassava mosaic disease symptoms were also observed on TME3 and cv. 60444 plants 

biolistically inoculated with another different virus ACMV alone and in combination with DNA-

II, DNA- III and both DNA-II + DNA-III clones (Fig. 9). CMD symptoms observation differed 

between inoculated cassava cultivars cv. 60444 and TME3 infected with ACMV alone or co-

inoculated with DNA-II, DNA-III and both DNA-II + DNA-III clones. Symptoms observed in 

the susceptible cassava cultivar, cv. 60444, were much more severe (3 scale) compared with 

resistant cassava cultivar, TME3 (2 scale), when inoculated with ACMV in combination with 
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DNA-II and III clones (Fig. 9 D& H). All 16 plants of cv. 60444 inoculated with ACMV alone 

and in combination with DNA-II, DNA-III and DNA-II + DNA-III clones developed CMD 

symptoms while 15 plants out of 16 TME3 plants inoculated with ACMV alone, and in 

combination with DNA-II, DNA-III and both DNA-II + DNA-III clones developed CMD 

symptoms as shown previously (Table. 4). 

Figure 8: Cassava mosaic disease symptom development on cv. 60444 plants inoculated with A) 

EACMV-UG2 alone, B) EACMV-UG2 + DNA-II, C) EACMV-UG2 + DNA-III, D) EACMV + 

DNA-II & III. CMD symptom development on TME3 plants inoculated with E) EACMV-UG2 

alone, F) EACMV-UG2 + DNA-II, G) EACMV-UG2 + DNA-III, H) EACMV-UG2 + DNA-II 

& III.  
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Figure 9: Cassava mosaic disease symptom development on cv. 60444 plants inoculated with A) 

ACMV alone, B) ACMV + DNA-II, C) ACMV+ DNA-III, D) ACMV + DNA-II & III.  

CMD symptom development on TME3 plants inoculated with E) ACMV alone, F) ACMV+ 

DNA-II, G) ACMV + DNA-III, H) ACMV + DNA-II & III. 

 

2.4.2 Symptoms severity and disease severity progress curves 

 

Cassava mosaic disease symptom severity on inoculated cassava plants was recorded every 7 

days over 7 week (49 days) period. From the disease progress curves (Fig. 10), generally CMD 

symptom severity score ranged from 1-3 with either of the four treatments in cv.60444 and 

TME3. The highest score was achieved after 14 days post inoculation in cv.60444 when 

inoculated with EACMV-UG2 + DNA-II, 21 day post inoculation in cv. 60444 and TME3 
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inoculated with  EACMV-UG2 alone and EACMV-UG2 + DNA-II + DNA-III respectively, 28 

day post inoculation in cv. 60444 inoculated with EACMV-UG2 + DNA-II + DNA-III and lastly 

35 day post inoculation in cv. 60444 inoculated with EACMV-UG2 + DNA-III. However 

cassava plants inoculated with EACMV-UG2 alone and in combination with DNA-III had a 

severity score of 1 in TME3 throughout the 7 weeks monitoring period.  Infection rates for 

EACMV-UG2-inoculated cassava plants were observed to be 93% and 12.5% for cv. 60444 and 

TME3, respectively and cassava plants inoculated with DNA-II, DNA-III , both DNA-II + DNA-

III  and gold particle only did not show symptoms up to 49 days monitoring, as expected. 

 

From the disease progress curve (Fig. 11), generally CMD symptom severity scores ranged from 

2-3 with either of the four treatments in cv.60444 and TME3. The highest score was achieved 

after 14 days post inoculation in cv.60444 and TME3 when inoculated with ACMV + DNA-II, 

ACMV-DNA-II + DNA-III and ACMV + DNA-III, ACMV + DNA-II + DNA-III respectively. 

In cv. 60444 inoculated with ACMV, ACMV + DNA-III, the highest severity score was 

achieved after 21 day post inoculation. After 28 and 35 day post inoculation in TME3, the 

highest severity score was achieved in cassava plants inoculated with ACMV + DNA-II and 

ACMV alone respectively.  

 

The observation made in this experiment is that, cassava plants cv. 60444 and TME3 inoculated 

with either of EACMV-UG2 or ACMV and in combination with DNA-II, DNA-III or both 

DNA-II+ DNA-III developed CMD symptoms earlier that cassava plants inoculation with 

EACMV-UG2 or ACMV alone. However CMD symptoms never got severe with DNA-II, DNA-

III and both DNA-II + DNA-III when compared to cv.60444 or TME3 inoculated with EACMV-
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UG2 or ACMV alone. Infection rates for ACMV- inoculated plants were 100% and 93% for cv. 

60444 and TME3, respectively and cassava plants inoculated with DNA-II, DNA-III , both 

DNA-II + DNA-III  and gold particle  only did not show symptoms up to 49 days monitoring, as 

expected. 

 

 

Figure 10: Disease severity progress curves for cassava plants inoculated with EACMV-UG2 

and in combination with DNA-II, DNA-III and DNA-II + DNA-III in A) cv.60444 and B) TME3 
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Figure 11: Disease severity progress curves for cassava plants inoculated with ACMV and in 

combination with DNA-II, DNA-III and DNA-II + DNA-III in A) cv. 60444 and B) TME3. 

 

2.4.3. RT-PCR for ORF C4 of DNA-II, ORF V1 and ORF C2 of DNA-III  

 

The amplification of transcripts for ORF C4 of DNA-II and ORF V1, ORF C2 of DNA-III were 

successful from cv.60444 and TME3 inoculated with EACMV-UG2 alone, ACMV alone, 

begomovirus co-inoculated with DNA-II, DNA-III, DNA-II + DNA-III and mock -inoculated 

cassava plants with gold particles. Primer pairs SatII-2F/SatII-3R and SatIII-7F/SatIII-9R 

amplified a DNA fragment band size of ~250bp for DNA-II and ~220bp for DNA-III, 

respectively (Fig. 12A&B) and primer pair IIIV1F/R yielded a band size of ~228 bp for DNA-

III.  
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Figure 12: Gel picture showing amplification of ORF C4 and ORF V1 transcripts on 1% agarose 

by RT-PCR from cassava plants inoculated with either EACMV-UG2, ACMV and in 

combination with DNA-II and DNA-III clones A) DNA-II; and B) DNA-III. L= Molecular 

marker of 1kb plus, C= Negative control and, Lanes 1-20 are described in table 6 below. 
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Table 6: Samples collected from screen house for transcript analysis of DNA-II and  

                DNA-III 

Sample No Sample description (Treatment) 

1 EACMV-UG2 alone in cv. 60444 

2 EACMV-UG2 + DNA-II in cv. 60444 

3 EACMV-UG2 + DNA-III in cv. 60444 

4 EACMV-UG2 + DNA-II +DNA-III in cv. 60444 

5 Mock in cv. 60444 

6 EACMV-UG2 alone in TME3 

7                             EACM    EACMV-UG2 + DNA-II in TME3 

8 EACMV-UG2 + DNA-III in TME3 

9 EACMV-UG2 + DNA-II + DNA-III in TME3 

10 Mock in TME3 

11 ACMV alone in cv. 60444 

12 ACMV + DNA-II in cv. 60444 

13 ACMV + DNA-III  in cv. 60444 

14 ACMV + DNA-II + DNA-III in cv. 60444 

15 Mock in cv. 60444 

16 ACMV alone in TME3 

17 ACMV+ DNA-II in TME3 

18 ACMV+ DNA-III in TME3 

19 ACMV +DNA-II +DNA-III 

20 Mock in TME3 
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2. 4. 4 Sequence analysis 

 

2.4.4.1 Transcript sequences for DNA-II 

 

From NCBI BLAST search, it showed that transcript sequences for DNA-II ORF C4 had highly 

(>94%) nt sequence similarity to the cassava begomovirus-associated satellite-like DNA-II 

(AY836366) in Genbank. Alignment results of ORF C4 transcript sequences from 19 DNA-II 

isolates illustrates that several sequences were highly conserved; for example nucleotide 

sequences AGGCATC at position 76-82, GGTAA at position 37-41 and GAGAA at position 

117-121 (Appendix 2.1). Phylogenetic tree and similarity distance for transcripts from different 

samples are highly related up to 100% nucleotide sequence similarity (Appendix 2.2). 
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Table 7: Description of amplified RT- PCR samples for transcripts DNA-II sent for  

    sequencing. 

Code number Sample number Sample Description (Treatments) 

1.12 12 ACMV + DNA-II in cv. 60444 

2.14 14 ACMV + DNA-II + DNA-III in cv.60444 

3. 2 2 EACMV-UG2 + DNA-II in cv.60444 

4.11 11 ACMV alone in cv.60444 

5.20 20 Mock in TME3 

6.8 8 EACMV-UG2 + DNA-III in TME3 

7.3 3 EACMV-UG2 + DNA-III in cv.60444 

8.1 1 EACMV-UG2 alone in cv.60444 

9.5 5 Mock in cv.60444 

10.15 15 Mock in cv.60444 

11.18 18 ACMV+ DNA-III in TME3 

12.4 4 EACMV-UG2 + DNA-II + DNA-III in cv.60444 

13.7 7 EACMV-UG2 + DNA-II in TME3 

14.16 16 ACMV alone in TME3 

15.17 17 ACMV+ DNA-II in TME3 

16.13 13 ACMV + DNA-III in cv.60444 

17.9 9 EACMV-UG2 + DNA-II + DNA-III in TME3 

18.6 6 EACMV-UG2 alone in TME3 

19.10 10 Mock in TME3 
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2.4.4.2 Transcript sequences for ORF V1 of DNA-III 

  

BLAST search shows that transcript sequences for DNA-III had high (>94%) nt sequence 

similarity to the cassava begomovirus-associated satellite-like DNA-III (AY836367). Alignment 

results for transcript DNA-III illustrated that several nucleotide sequences from several plant 

sample isolates are highly conserved; for example nucleotide sequences 

TCGTCGCCTTTGGTCCTCAATCACA at position 94-124, nucleotide C at position 70, 73, 89, 

124 and similarly nucleotide G is conserved at several positions for example at position 40 

(Appendix 2.3). Phylogenetic tree and nucleotide similarity distances for transcripts from 

different isolates are highly related (up to 100% nt sequence similarity) (Appendix 2.4). 
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Table 8: Description of amplified RT- PCR samples for transcripts DNA-III sent for  

    sequencing. 

 

Code number Sample number Sample Description (Treatment) 

1.27 27 EACMV-UG2+ DNA-II in TME3 

2.37 37 ACMV + DNA-II inTME3 

3.24 24 EACMV-UG2 + DNA-II + DNA-III in cv. 60444 

4.25 25 Mock in cv. 60444 

5.45 45 EACMV-UG2 alone in TME3 

6.56 56 ACMV + DNA-II + DNA-III in TME3 

7.52 52 
ACMV + DNA-III in cv. 60444 

8.4 40 Mock in TME3 

9.29 29 EACMV-UG2 + DNA-II + DNA-III in TME3 

10.39 39 ACMV + DNA-II + DNA-III inTME3 

11.28 28 EACMV-UG2 + DNA-III in TME3 

12.31 31 ACMV alone in cv. 60444 

13.32 32 ACMV + DNA-II in cv. 60444 

15.33 33 ACMV + DNA-III in cv. 60444 

14.34 34 ACMV + DNA-II + DNA-III in cv. 60444 

16.36 36 ACMV alone in TME3 

17.22 22 EACMV-UG2 + DNA-II in cv. 60444 

18.26 26 EACMV-UG2 alone in TME3 

19.51 51 ACMV + DNA-II in cv. 60444 

20.21 21 EACMV-UG2 alone in cv. 60444 

21.35 35 Mock in cv. 60444 

22.38 38 ACMV+ DNA-III inTME3 

23.3 3 Mock in TME3 
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2.5 Discussion 

 

From the biolistic co-inoculation experiment conducted (Fig. 8), it was observed that cassava 

mosaic disease (CMD) symptoms developed earlier on cv. 60444 compared to TME3 plants 

when inoculated with EACMV-UG2, or EACMV-UG2 co-inoculated with DNA-II or DNA-III, 

and both DNA-II + DNA-III infectious clones, and this may be due to the susceptible nature of 

cv. 60444 compared with the tolerant TME3 cultivar. It was difficult to differentiate between 

CMD symptom severity on cv. 60444 when plants were inoculated with EACMV-UG2 alone 

and in combination with DNA-II, DNA-III or both DNA-II + DNA-III, as the highest severity 

scores were the same. Probably the effect of DNA-II and DNA-III molecules on symptom 

severity could have been discerned if the experiment had been extended. TME3 plants tolerant to 

CMD developed cassava mosaic symptoms when EACMV-UG2 was co-inoculated with either 

DNA-II or both DNA-II + DNA-III clones.  

 

Failure of EACMV-UG2 alone to infect TME3 but in the presence of either of the satellites or 

both indicated that EACMV-UG2 requires the episomal DNA-II and III molecules to induce 

infection. In addition, DNA-II and DNA-III molecules appear to work with EACMV-UG2 to 

break CMD tolerance in TME3, and enhance symptoms as previously reported (Ndunguru, 2008 

unpublished data). It is postulated that these DNA-II and III sequences may participate in 

assisting EACMV-UG2 to overcome antiviral defense mechanisms (either post transcriptional 

gene silencing (PTGS) of virus derived transcripts, or transcriptional gene silencing (TGS) 

through methylation of viral genome). Several studies support a possible role of methylation as 

an important plant defense strategy against geminivirus. For example, in vitro methylation of 
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geminiviral DNA drastically reduced its infectivity (Brough., 1992; Ermak., et al 1993; Bisaro, 

2006).  

 

Another biolistic infection experiment (Fig. 9) was performed with a different begomovirus 

species, ACMV, and DNA-II, DNA-III and both DNA-II + DNA-III in cv. 60444 and TME3. 

Cassava mosaic disease symptoms severity ranged from 2-3 based on the CMD severity scale of 

1-5 (Sseruwagi et al., 2004). The highest severity score was 3 in both cv. 60444 and TME3 

however cv. 60444 plants developed symptoms earlier than TME3 plants. CMD symptoms were 

developed earlier on cv.60444 than TME3 inoculated with ACMV alone and in combination 

with DNA-II, DNA-III or both DNA-II + DNA-III. In cv. 60444, in contrast to EACMV-UG2, 

cassava mosaic symptoms was more severe in plants inoculated with ACMV in combination 

with DNA-II and III compared with those inoculated with ACMV alone, suggesting the 

influence of DNA-II and DNA-III on symptom enhancement and may also be due to 

susceptibility nature between ACMV and EACMV-UG2 in the cv. 60444. A research study 

conducted by (Ayeh and Ramsell., 2008) showed differences in susceptibility between 

begomoviruses in the same cassava cultivar. For example, a similar pattern of 

resistance/susceptibility has also been observed in some of the cultivars on cassava fields in 

Ghana. A study conducted in Uganda showed that different cassava varieties had different 

responses of susceptibility to begomovirus infection in the field as well as in the laboratory 

(Sserubombwe et al., 2008).  

 

Tolerant TME3 cassava plants showed cassava mosaic symptoms when inoculated with ACMV 

alone on young emerging leaves and recovered 42 days post inoculation. The same phenomenon 
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was observed in the field trials when cassava plants inoculated with ACMV did not develop 

CMD symptoms. TME3 was reported to be tolerant to CMD because it has a dominant gene 

(CMD2) important to cassava production (Akano et al., 2002) and which was able to tolerate 

viral infection but recent studies showed that it is no longer tolerant (Ndunguru et al., 2008 

unpublished ). Recovery is a well-known phenomenon in many plants in addition to cassava 

(Hagen, et al., 2008; Chellappan et al., 2005). Symptom recovery in the infected plants over time 

was shown to correlate with the accumulation of short interfering RNAs (siRNA) targeted 

against specific genes of the virus (Rodriguez-Negrete et al., 2008).  

 

In the two cassava cultivars used in this study (i.e. cv. 60444 and TME3) differences in symptom 

expression were observed.  In general CMD symptoms were observed earlier, and were more 

severe, in cv.60444 than TME3 plants, and this is due to the susceptibility of cv. 60444 to 

ACMV infection. Differences in symptom severity between the same cassava mosaic 

begomovirus in the different cultivars have been also reported by Ndomba (2012). For example a 

study conducted in Ghana revealed that there is a difference in symptom severity of cassava 

breeding lines infected by the same infectious clones. Variation in cassava cultivars genetic 

ability to resist CMD has also been reported by other studies (Lapidot and Friedmann, 2002; 

Ogbe et al., 2002).  

 

Recovery in TME3 could also be due to the fact that some leaves exclude the spread of virus 

which may be related to expression of certain host defense mechanisms later on, leading to virus-

free leaves. Viruses may not be evenly distributed between leaves from inoculated plants and 

some leaves may have lower virus titer due to patterns in virus movement.  
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 Symptoms recovery from begomoviral infection of inoculated TME3 cassava plants in this 

study may be due to presence of major dominant gene (CMD2) that controls resistance to CMBs 

reported by Akano et al. (2002). But recent evidence showed that recovery to plant viruses in 

many cases, may be due to innate basal immunity known as RNA silencing (Fregene et al., 

2001a; Dixon et al., 2001; Fraser, 2006, Patil and Fauquet, 2009). This occurs either in PTGS or 

TGS silencing leading to a decrease in virus replication. RNA silencing involves the production 

of small interfering RNAs (siRNAs) by the enzyme DICER, which splices viral mRNAs 

(Rodriguez-Negrete et al., 2008). The production of siRNAs in plants challenged or containing 

various geminiviruses can however be affected by temperature (Nelson and Citovsky, 2005). 

RNA silencing was reported to increase as the temperature was raised from 25°C to 30°C, but in 

this study this was not the case. Changes in symptom phenotype in this study may be related to 

the presence of partially characterized DNA-II and DNA-III molecules. This observation was 

also made from another study conducted by Ndunguru et al., (2013) (manuscript in preparation) 

who observed enhanced CMD symptom on TME3 cassava land race due to the presence of 

DNA-II and DNA-III in combination with the wild type EACMV-Ug2. 

 

Putative ORFs were predicted for episomal DNA-II and DNA-III forms (Ndunguru et al., 2005). 

RT-PCR transcripts of ORF C4 for DNA-II on the antisense strand and ORF V1 on the sense 

strand, ORF C2 on the antisense strand and part of GC-rich region for DNA-III were transcribed 

in all the experimental cassava plants. ORF C4 for DNA-II out of eight ORFs, ORF V1 and ORF 

C2 for DNA-III out of four ORFs present in the genome structure of episomal DNA-II and 

DNA-III respectively were amplified. Transcripts obtained were from inoculated cassava plants 

as indicated in Table 6. Amplification of transcripts from mock-inoculated and begomovirus-
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only inoculated cassava plants demonstrates that episomal DNA-II and DNA-III are integrated 

into the cassava genome, at least in partial form, and additionally that transcription of DNA-II 

and DNA-III molecules are independent from their associated virus. The transcriptions of the 

remaining ORFs were not studied. In addition, RT-PCR was performed using cassava germplasm 

samples from farmer’s field and transcripts of the same ORFs were obtained (result not shown 

here). The results from this study provide evidence that transcription of ORFs is independent of 

helper virus and environmental conditions. 

 

In order to confirm transcription of episomal ORFs C4 and C2 from DNA-II, and VI from DNA-

III, the same experiments need to be performed in another host, such as N. benthamiana where 

no integrated sequences occur. Furthermore, the roles/functions of the transcripts are yet to be 

determined. However it is hypothesised, based on the ability of episomal DNA-II and III to 

overcome tolerance/resistance in TME3 when co-inoculated with EACMV-UG2 (which does not 

infect TME3 alone), and transcribed integrated DNA-II and III sequences, that silencing of 

homologous cognate transcripts leads to silencing of critical genes involved in begomovirus 

defence. Transcript sequencing results showed that nucleotide sequences are highly conserved 

amongst DNA-II and III in inoculated and non-inoculated cassava plants, suggesting that these 

sequences of DNA-II and DNA-III may have a genomic function in cassava, or begomovirus 

infection in cassava plants.  

 

In conclusion, this experiment has shown that ORF C4 of DNA-II on the antisense strand and 

ORF V1 on the sense strand and ORF C2 on the antisense strand of DNA-III, as well as part of 
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GC-rich region, could be transcribed, and there is a need to conduct more research to understand 

the biological functions of these conserved sequences. 
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CHAPTER THREE 

GENETIC DIVERSITY AND GEOGRAPHIC DISTRIBUTION OF DNA-II 

AND III   MOLECULES ASSOCIATED WITH CASSAVA AND CASSAVA 

MOSAIC DISEASE IN UGANDA, KENYA, RWANDA AND TANZANIA 

 

Manuscript submitted to Plant Pathology (modified with additional data from Dr. Ndomba’s 

PhD). 

 

3.1 Abstract  

 

DNA-II and III are small fragments, first detected as episomal ssDNA form associated with 

cassava mosaic begomoviruses (East African cassava mosaic virus-Uganda2 and African 

cassava mosaic virus), and later found during screening of cassava EST databases to be 

integrated into the cassava genome. Co-inoculation of episomal ssDNA-II and DNA-III with 

ACMV and EACMV-UG2 led to enhanced symptom severity in cassava cultivar TME3, leading 

to speculation of the function of these DNA molecules. A study was conducted to determine the 

genetic diversity and geographic distribution of integrated DNA-II and III molecules in Kenya, 

Rwanda, Uganda and Tanzania in 2009 and 2010. Young CMD-symptomatic and symptomless 

cassava plants (3-6 months) were collected in cassava fields across major cassava growing areas 

in each country. The samples were subjected to DNA extraction and specific PCR primer 

amplification in order to determine the frequency and genetic diversity of DNA-II/III in different 

cassava germplasm. Sequence analysis showed that DNA-II and III molecules were integrated in 

75.7% and 77.7% of the cassava genotypes, respectively. The distribution of both DNA-II and 

DNA-III molecules in collected samples was 69.1 % in Uganda, 73.3% in Kenya, 50% in 
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Rwanda and 69.3% in Tanzania. DNA-II occurred at a frequency of 18.5% in Uganda, 3.3% in 

Kenya, 6.5% in Rwanda and 5.7% in Tanzania, while DNA-III was 2.5% in Uganda, 8.3% in 

Kenya, 19.6% in Rwanda and 11.9% in Tanzania. CMD symptoms were more severe (3.2 mean 

symptom severity score based on 1-5 scoring scale), in Uganda followed by Rwanda (3.0) and 

Tanzania (2.9) and least severe in Kenya (2.5). DNA-II and DNA-III were detected from cassava 

plants displaying CMD symptoms of narrow and deformed leaves, and also non-symptomatic 

cassava plants, and is suspected to play a role in disease phenotype modulation during viral 

infection. There was little nucleotide sequence divergence (88% - 100%) between the DNA-II 

and DNA-III sequences: DNA-II sequences had 95-99% nt sequence similarity to the sequences 

of EACMV-associated episomal satDNA-II (AY836366) and 99% with mentha leaf deformity 

disease associated satellite DNA II (EU862815), while DNA-III shared sequence similarity of 

92-99% with EACMV-associated episomal satDNA-III (AY836367). This study revealed that 

both DNA-II and DNA-III are widely distributed in the cassava genotypes of almost all the 

cassava genotypes collected from surveyed areas in Uganda, Kenya, Rwanda and Tanzania. 
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3.2 Introduction 

 

Cassava (Manihot esculenta Crantz) is an important staple food for over 700 million people in 

Sub Saharan Africa (FAOSTAT, 2011). However, the production of the crop is hugely limited 

by a number of pests and diseases, among which cassava mosaic disease (CMD) and cassava 

brown streak disease (CBSD) are currently the most important (Legg et al., 2011).  

 

Cassava mosaic disease is caused by cassava mosaic begomoviruses (CMBs) which belong to 

the genus Begomovirus of the family Geminiviridae. The viruses are transmitted by whitefly 

Bemisia tabaci Genn and spread by humans through planting of infected cuttings, which is the 

usual mode of cassava propagation (Katz et al., 2003; Thresh et al., 1994). African cassava 

mosaic virus (ACMV) and East African cassava mosaic virus (EACMV) are the most commonly 

occurring CMBs on the sub-Saharan African continent (Pita et al., 2001). Cassava mosaic 

begomovirus (CMB) genome consists of two circular molecules of single-stranded DNA (DNA-

A and DNA-B), each c. 2.8 kbp (Lazarowitz, 1992). Currently, there are nine reported species of 

cassava begomoviruses (CBVs) infecting cassava in sub-Saharan Africa countries. These viruses 

are African cassava mosaic virus (ACMV); East African cassava mosaic virus (EACMV), East 

African cassava mosaic Cameroon virus (EACMCV) (Fondong et al., 2000), East African 

cassava mosaic Kenya virus (EACMKV) (Bull et al., 2006), East African cassava mosaic 

Malawi virus (EACMMV) (Zhou et al., 1998), East African cassava mosaic Zanzibar virus 

(EACMZV) (Maruthi et al., 2004)), African cassava mosaic Bukina Faso virus (ACMBFV) 

(Tiendrébéogo et al., 2012), South African cassava mosaic (SACMV) (Berrie et al.,1998) and 

Cassava mosaic Madagascar virus (CMMGV) (Harimalala et al., 2012 ). The control of CMD 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Tiendr%26%23x000e9%3Bb%26%23x000e9%3Bogo%20F%5Bauth%5D
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in East Africa has involved the introduction of improved Tropical Manihot Series (TMS) from 

the International Institute of Tropical Agriculture (IITA), Ibadan, Nigeria, initially into Uganda 

and later in Tanzania and other countries.  

 

Despite the achievements of developing CMD resistant cassava varieties through traditional 

breeding (Hahn et al., 1980) and using of several tolerant landraces, such as TME1 and TME3 

(Akano et al., 2002), these cassava varieties are no longer resistant/tolerant to CMBs. More 

recently, two episomal circular satellite-like molecules, DNA-II and DNA-III associated with 

ACMV and EACMV-UG2, were detected in infected cassava plants using universal betasatellite 

primers (Briddon et al., 2002), and were able to break resistance to EACMV-UG2 in the highly 

resistant landrace TME3 (Ndunguru et al., 2005; 2008; Ingelbrecht et al., 2008). Additionally, 

integrated DNA-II and III molecules were identified during screening of cassava EST databases 

(unpublished). Plant virus sequences (19,831) were downloaded from the DPV web plant virus 

database (Adams and Antoniw, 2006) and aligned to the set of 10577 transcripts in the CIAT-

RIKEN cassava (MATI16) full-length cDNA library using BLAST. Two viral sequences sharing 

sequence similarity with cassava transcripts were detected, namely ACMV-associated DNA-II 

and DNA-III (unpublished). The range of alignments for DNA-II and DNA-III was 112-346 bp 

and 65-226 bp, respectively.  

 

It is not known if or how these genomic DNA-II and III molecules in cassava interact with 

cassava CMBs and cassava brown streak viruses (CBSVs), or whether the episomal forms are 

transmitted by the whitefly (Bemisia tabaci) vector. The exact impact of DNA-II and III on 

cassava production and their putative role in the current pandemic of cassava mosaic disease are 
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key priorities, and require further research. This study aimed to establish the genetic diversity 

and geographic distribution of DNA molecules in Kenya, Rwanda, Uganda and Tanzania.  

 

3.3 Materials and Methods 

 

3.3.1 Sample collection  

 

Samples were collected from the major cassava growing areas in Uganda, Kenya, Rwanda and 

Tanzania (Table 9). Leaf samples were collected from CMD-symptomatic and symptomless 

cassava plants. In particular, leaves that displayed an unusual narrow (filform) phenotype were 

collected (Fig.13A). The samples were placed in sampling bags, and then stored in cool boxes 

containing ice cubes until they were delivered to the laboratory for molecular analysis. CMD 

symptom severity was assessed using a 1 to 5 scoring scale as described by Sseruwagi et al. 

(2004); where 1= symptomless and 5= very severely distorted leaf symptoms. In each field, the 

geographical location and geo-coordinates (latitude, longitude and altitude) were recorded using 

a GPS. 
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Table 9: Cassava major growing areas where survey was conducted in Uganda, Kenya, Rwanda 

and Tanzania in 2009/2010 

Country 

 District/ 

Latitude Longitude Country 

 District/ 

Latitude Longitude Region Region 

Uganda Wakiso 00°10'00''N 32°30'00''E Rwanda Kamonye 02°00'00''S 29°54'00''E 

 

Luwero 01°00'00''N 32°20'00''E 

 

Muhanga 02°05'00''S 29°45'00''E 

 

Mpigi 00°50'00''N 32°00'00''E 

 

Ruhango 02°13'57''S 29°46'49''E 

 

Mukono 00°15'00''N 32°55'00''E 

 

Nyanza 02°35'00''S 29°43'00''E 

 

Kayunga 01°00'00''N 32°52'00''E 

 

Huye 02°35'00''S 29°41'20''E 

 

Jinja 00°26'20''N 33°12'11''E 

 

Gakenke 01°42'00''S 29°47'00''E 

Kenya Kisumu 00°15'00''S 34°55'00''E Tanzania Morogoro 08°00'00''N 37°00'00''E 

 

Busia 00°25'00''N 34°15'00''E 

 

Dodoma 06°00'00''N 36°00'00''E 

 

Siaya 00°50'00''S 34°15'00''E 

 

Tabora 05°30'00''N 32°49'00''E 

 

Nyondo 00°45'00''S 38°12'11''E 

 

Shinyanga 03°45'00''N 33°00'00''E 

     

Mwanza 02°45'00''N 32°45'00''E 

     

Kagera 02°00'00''N 31°30'00''E 

     

Tanga 05°00'00''N 38°15'00''E 

     

Coastal 07°00'00''S 39°00'00''E 

     

Lindi 09°30'00''N 38°30'00''E 

     

Mtwara 10°40'00''N 39°00'00''E 

     

Songea 11°00'00''N 36°00'00''E 

          Iringa 09°30'00''N 35°00'00''E 
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Figure 13: Cassava plants showing cassava mosaic symptoms in cassava fields A; CMD 

symptoms; B; mosaic severe; C; leaf curling and distortion D; leaf narrowing. 

 

3.3.2 DNA extraction 

 

 Total genomic DNA was extracted from young CMD-symptomatic and asymptomatic cassava 

leaves using a modified Dellaporta et al (1983) method. For each leaf sample, 700 mg were 

ground with a pestle in a mortar containing 500 µl extraction buffer (1M Tris-HCl, 0.5M EDTA 

and 5M NaCl) with 98% β-mercaptoethanol and the homogeneous mixture was transferred to 
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clean 1.5 ml eppendorf tubes. In each tube, 40 µl of sodium dodecyl sulphate (SDS) solution was 

added, mixed and the contents incubated in a 65°C water bath for 30 min. The content was 

mixed by inverting the tubes after every 10 min. Then 200 µl of 3M sodium acetate solution was 

added to each tube, mixed, incubated in ice for 20 min and centrifuged at 14,000 rpm for 10 min 

at room temperature. The supernatant (500 µl) was transferred to a new 1.5 ml tube to which 2 µl 

of 10 mg/ml RNase A enzyme was added and incubated in water bath at 37°C for 30 min. To 

precipitate the DNA, 500 µl of cold isopropanol was added to the contents, stored at -20°C for 30 

min, followed by a 10 min centrifugation to precipitate the DNA. After washing with 70% 

ethanol, the DNA were air-dried for 30 min, re-suspended in 100 µl of sterile double distilled 

water and stored at-20°C. 

 

3.3.3 Polymerase chain reaction (PCR) 

 

 PCR amplification for integrated DNA sequences was performed using specific primers: satIIF 

5’-GCCGCACCACTGGATCTC-3’ forward primer, satIIR 5’-

CAGCAGCCAGTCAGGAAGTT-3’ reverse primer for DNA-II and satIIIF 5’-

AGGCCTCGTTACTAAAAGTGC-3’ forward primer, satIIIR 5’ 

ACCTGACGGCAGAAGGAAT-3’ reverse primer for DNA-III (German Plata CIAT, 

Colombia). PCR was performed using a Thermorcycler (GeneAmp
R
 PCR System 9700) with the 

first cycle at 94°C for 1 min followed by  30 cycles at 94°C for 1 min, 55°C for 1 min, 72°C for 

2 min and a final extension at 72°C for 10 min. A total reaction mixture of 50 µl made up of 

41.75 µl of sterile distilled water, 2.5 µl PCR buffer (10x), 1.5 µl MgCl2 (25 mM), 0.5 µl dNTPs 

(2.5 mM), 1 µl each of the forward (10 mM) and reverse primer (10mM), 0.25 µl Taq 
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polymerase and 2.0 µl of the DNA template was used. To detect the PCR products, 

electrophoresis was performed at 100 volts in a 1% agarose gel buffered with 1X TAE (Savant 

HG330 electrophoretic gel system), and stained with 6x Orange DNA loading dye. The gels were 

run for 1 hour, and visualized using the bench top UV transilluminator, and photographed with a 

gel documentation system (BioDoc-It
TM

 Imaging System).  

 

3.3.4 Molecular cloning 

 

Amplicons of integrated DNA-II and DNA-III were purified from the agarose gels using a 

QIAgen Gel Extraction Kit (Invitro, Life Science, USA) as per the manufacturer’s protocol. In 

each country, at least five positive amplicons each of DNA-II and DNA-III were ligated into the 

pGEM
R
-T Easy Vector using a TA Cloning Kit (Promega, USA) following the manufacturer’s 

guidelines, and transformed into chemically highly competent cell Escherichia coli strain JM109 

(Promega, USA). Transformed bacteria colonies were cultured in Luria Bertani broth containing 

appropriate antibiotics and incubated at 37°C overnight while shaking at 200 rpm. Plasmids were 

purified by using QIAgen Minprep Purification Kit (Promega, USA) and the purified plasmids 

were sequenced using universal primers (M13F/R) at BeCA-ILRI- Nairobi, Kenya. 

 

3.3.5 Sequences analysis 

 

DNA sequences of integrated DNA-II and DNA-III molecules were assembled from contiguous 

sequences with SEQMAN program (DNASTAR). Putative Open Reading Frames (ORFs) were 

identified with a FramePlot software program. To determine whether the molecules were similar 
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to published DNAs sequences, they were initially aligned, using BLASTN, to known sequences 

in the National Center for Biotechnology Information (NCBI). ORFs were translated to protein 

and BLASTed (http://www.ncbi.nlm.nih.gov/BLAST/) to sequences in Genbank to determine 

whether the proteins were similar to known satellite proteins, for example CAA65841, 

CBJ19308, CAJ85966 and YP-184756. Sequences were aligned with the MEGA software, 

(ClustalW) (Thompson et al., 1997) and phylogenetic trees constructed using the neighbour-

joining algorithm.  

 

3.3.6 Statistical data analysis and presentation 

 

Geo-coordinates were entered into excel and used to generate disease distribution maps for the 

data collected in the surveyed areas. Significance of the DNA-II and III occurrence and 

distribution data was analysed using a one-way analysis of variance (ANOVA) and means 

separated using the least significance differences (LSD) at 5%.  

 

3.4 Results 

 

3.4.1 Cassava mosaic disease symptom expression in the field 

 

 Cassava mosaic disease symptoms varied widely among the infected plants in cassava fields. 

The symptoms observed were mosaic, severe mosaic, leaf narrowing, leaf curling, leaf distortion 

and leaf deformation (Fig.13A, B, and C &D).  

 

http://www.ncbi.nlm.nih.gov/BLAST/
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Analysis of variance (ANOVA) indicated that, symptom severity scores differed significantly 

(P<0.011, df = 3, F = 3.76) between Tanzania, Uganda, Rwanda and Kenya where the surveys 

were conducted. CMD severity averaged 2.9 and was highest in Uganda (3.2) and lowest in 

Kenya (2.5) (Table 10). 

Table 10: Analysis of Variance for symptom severity on cassava samples collected from   

Uganda, Kenya, Rwanda and Tanzania in 2009-2010 

 

 

 

 

 

 

 

  

 

 

 

 

3.4.2 PCR analysis of integrated DNA-II and DNA-III molecules 

 

Partial fragments of DNA-II (895bp) and DNA-III (306bp) molecules were amplified (Fig. 14A 

& B) in 275 (75.8%) and 282 (77.7%), respectively, of the 363 total samples collected. Of The 

81 samples in Uganda, 15 (18%) were positive for DNA-II only, 2 (2.5%) for DNA-III only, and 

56 (69.1%) for both DNA-II and DNA-III. In Kenya, of 60 samples collected, 2 (3.3%) had 

 

Mean symptom 

 

severity 

Country (scale 1-5) 

Uganda 3.2 

Kenya 2.5 

Rwanda 3.0 

Tanzania 2.9 

Mean 2.9 

P-value (5%) 0.011 

F-statistics 3.76 
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DNA-II only, 5 (8.3%) had DNA-III only, and 44 (73.3%) were positive for both DNA-II and 

DNA-III. Of the 46 samples collected from Rwanda, 3 (6.5%) had DNA-II, 9 (19.6%) had DNA-

III, and 23 (50%) were positive for both DNA-II and DNA-III. Of the 176 samples from 

Tanzania, 10 (5.7%) samples had DNA-II only, 21 (11.9%) had DNA-III only, and 122 (69.3%) 

confirmed the presence of both DNA-II and DNA-III molecules. Combined PCR results for all 

samples collected in the surveys showed that 67% (245/363) of the samples had with both 

integrated DNA-II and DNA-III molecules. Only 8% (30/363) and 10% (37/363) had either 

integrated DNA-II or DNA-III, respectively, and 14% (51/363) did not yield any amplification.  

 

 

Figure 14: PCR amplification of integrated DNA-II molecules (16A) and DNA-III (16B) on 1% 

agarose gel. M=Molecular weight marker of 1 kb plus; +C= positive control and -C = negative 

control. Lanes 1-20 (16A &16B) represent samples collected from farmers’ field. 
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3.4.3 Occurrence and geographical distribution of integrated DNA molecules 

 

 Generally, DNA-II and III molecules occurred at a high frequency in major cassava growing 

areas from surveyed regions (Table 9). Percentage frequency of DNA molecules in the surveyed 

areas was 73% in Uganda, 85% in Kenya, 76% in Rwanda and 86% in Tanzania, based on the 

total number of samples collected in each country. Dual infection of DNA-II and DNA-III was 

detected more frequently in the major cassava growing areas compared with single DNA-II or 

DNA-III (Fig 15).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Occurrence of integrated DNA molecules in Uganda, Kenya, Rwanda and Tanzania 

in 2009/2010.  
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There was no apparent defined pattern in terms of geographical distribution of the integrated 

DNA molecules among the countries and within the country, since the integrated DNA 

molecules were frequently distributed in all the surveyed areas, either singly or as dual infection 

(Fig. 16). The DNA molecules were distributed throughout the surveyed areas in major cassava 

growing areas in Lake Victoria, Southern zone and Coastal zone in Tanzania, Central areas in 

Uganda, Northern and Southern provinces in Rwanda and Western province in Kenya.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Geographical distribution of DNA-II and DNA-III molecules in Uganda, Kenya, 

Rwanda and Tanzania in 2009/2010 
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3.4.4 Phylogenetic analysis and sequence comparisons 

 

DNA-II and DNA-III sequences were aligned and gaps were removed. After alignment, 

phylogenetic trees were generated in which DNA-II sequences grouped into a single cluster (Fig. 

17A), while DNA-III sequences formed two clusters (Fig. 17 B). Grouping of the isolates was 

random within the two clusters indicating that there was no specific definite geographical 

distribution of genotypes. Analyzed sequences for DNA-II molecules obtained from Uganda, 

Kenya, Rwanda and Tanzania revealed an average integrated sequence length of 841 nucleotides 

(nt). The variation in length within the sequences obtained was due to deletion of 54 nt in 

expected sequences of 895 bp within DNA-II molecules (unpublished). Pair-wise comparison 

within the analysed sequences showed 88% - 100% sequence identity to each other. All DNA-II 

sequences analysed had GC region typical of episomal DNA-II in the database (AY836366). 

Nucleotide sequences derived from these sequences were compared with GeneBank sequences, 

and were highly similar (95-99%) to the published episomal DNA sequence accession number 

(AY836366) (Ndunguru et al, 2008) and 99% to Mentha leaf deformity associated DNA-II 

(Accession No. EU862815) (Borah et al, 2010) associated with Menthal leaf deformity virus.  

 

Analyzed sequences for DNA-III revealed a sequence length that ranged from 290-314 nt. 

Within analysed sequences for DNA-III, sequences obtained from Rwanda had an average length 

of 290 nt, while those of Kenya, Uganda and Tanzania ranged between 306 and 314 nt. The 

variation in length within DNA-III sequences analysed was due to a deletion of 16 nt 

(CTCAACTCTCCATGCC), in the Rwandan DNA-III isolates, in the expected sequence (306 

bp) amplified in earlier studies (unpublished). In contrast the Kenyan, Ugandan and Tanzanian 
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DNA-III sequences had a longer length of 314 nt due to insertion of 8 nt. All analysed DNA-III 

sequences had GC region typical of episomal DNA-III in the published sequence (AY836367). 

The sequences were blasted against the GeneBank sequence and showed to be highly similar 

(92-99%) to episomal DNA-III (Ndunguru et al, 2008). 
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Figure 17: Phylogenetic trees (using the neighbour-joining algorithm) obtained from alignment 

of the nucleotide sequences of DNA-molecules with available sequence of satDNA-II and 

satDNA-III. 19A: DNA-II sequences; 19B: DNA-III sequences obtained from Uganda, Kenya, 

A 

B 
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Rwanda and Tanzania in 2009/2010, obtained from Genbank with accession number AY836366, 

AY836367 and EU862815. 

3.5 Discussion 

 

There is no prior published information from the literature on DNA-II or DNA-III-like 

molecules (associated with ACMV or EACMV) integrated into the cassava, or any other plant 

genome. Other DNA molecules associated with symptom modulation of begomovirus infections 

have been reported in the literature. Amongst these are defective interfering molecules, 

associated with helper begomoviruses in cassava in South Africa, and Tanzania, and which are 

derived from helper virus DNA A or B genome (Choge et al., 2001; Paximadis et al, 2001; 

Ndunguru et al., 2006; Abraham et al., 2012). Additionally, betasatellites have been reported in 

several begomovirus diseases in the Old World, and are known to alter symptom phenotypes in 

their respective hosts (Briddon and Stanley, 2006). Satellite DNAs or sub-viral agents are 

dependent on their cognate helper begomovirus for replication, and can exacerbate or reduce 

symptoms. Some examples include ToLCV-sat components associated with monopartite 

begomovirus ToLCV in tomato plants (Dry et al., 1997), DNA-β associated with AYVV in 

ageratum weed (Saunder et al., 2000), CLCuV in cotton plants (Briddon et al., 2000, 2001) and 

DNA-1 components isolated from a range of plant species growing in different regions 

throughout Africa and Asia, for example DNA-1 isolated from CLCuD (Briddon et al., 2004; 

Mansoor et al., 2001; Mansoor et al., 200a; Mansoor et al., 200b; Wu and Zhou, 2005).  

 

This study reports for the first time the presence of DNA-II and DNA-III molecules integrated 

into the cassava genome of CMD-infected and non- infected cassava plants. While the nature of 
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these integrated DNA fragments are not known, they share high sequence identity with two 

episomal forms amplified by betasatellite universal primers from ACMV/EACMV-infected 

cassava in Tanzania (Ndunguru, 2005). These so- called episomal circular ssDNA satellite-like 

DNA-II and III amplicons were found to exacerbate symptom severity in cassava, and to reduce 

tolerance in TME3, when co-inoculated with EACMV-UG2 (Ndunguru et al., 2005, 2008). 

Mentha leaf deformity is associated with a geminivirus-satellite complex of cotton leaf curl 

Multan betasatellite (CLCuMB) (EU862816) and Tomato leaf curl Karnataka virus (ToLCKV) 

infecting mint plants in the Punjab in India (Borah et al., 2012). 

 

 In addition to the betasatellite, the betasatellite primers amplified a 1019 nucleotide product 

(EU862815). Surprisingly the Mentha leaf deformity associated DNA-II (MLDA-DNA-II) 

showed 98% sequence identity with DNA-II (AY836366) reported from cassava associated with 

EACMV-UG2 from cassava in Tanzania. Neither MLDA-DNA-II or cassava-associated DNA-II 

appear to contain any known betasatellite ORFs, such as –C1, although putative ORFs have 

been postulated. It is interesting to note that both cassava and mentha display severe leaf 

deformity, and it would appear the episomal DNA-II plays a role in begomovirus symptom 

phenotype severity. However the exact nature, origin and function of the integrated fragments is 

not known. As with cassava, MLDA-DNA-II accumulated in the majority but not all 

symptomatic mentha plants. DNA-III related sequences have not been reported in any other 

plants in the Genebank database. MLDA-DNA-II could not be transmitted to Nicotiana 

benthamiana by mechanical inoculation (Borah et al., 2012), but infectious clones of cassava-

associated DNA-II and III were able to infect cassava and N.benthamiana by agro-inoculation 

and biolistic bombardment along with helper CMB (Ndunguru et al., 2005; 2008).  
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Further work is necessary to determine the role of these satellite-like and integrated DNA agents.  

Since smaller fragments of cassava-associated DNA-II and III were first uncovered from EST 

databases, and now have been mapped to scaffolds of the cassava genome (unpublished), it is 

certain that there is some biological function. However what, if any, roles these DNAs may have 

in gene function/regulation or begomovirus-host interaction, needs to be elucidated.  
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CHAPTER FOUR 

 

SUMMARY AND RECOMMENDATIONS 

 

Some plant viruses are associated with satellites that are composed of nucleic acid and depend on 

co-infection of host cell with a helper virus for their multiplication. Many of them modulate 

disease symptoms and increase viral accumulation (Roossinck et al., 1992; Simon et al., 2004). 

The earliest satellites were associated with RNA viruses, but recently satellites associated with 

DNA viruses, such as geminiviruses, have been discovered. These satellites include TLCV Sat-

DNA, betasatellites and alphasatellites which were isolated from monopartite begomoviruses and 

satellite-like DNA molecules isolated from bipartite begomoviruses. Successful interaction 

between betasatellites and the New Word (NW) bipartite begomovirus Cabbage leaf curl virus 

(CbLCuV) has been reported by Nawaz-ul-Rehman et al. (2009). Also, the recent discovery of 

satellite DNAs proves that the Old World (OW) bipartite begomoviruses can indeed be 

associated with satellites. The association between satellites and viruses has caused massive 

economic losses on crop yields through exacerbated disease symptoms.  

 

Cassava mosaic disease (CMD) is the most important disease reducing cassava productivity in 

sub-Saharan Africa. The disease is caused by at least nine species of begomovirus that occur 

singly and in co-infection (Fauquet et al., 2008). Despite the efforts to develop CMD resistant 

cassava varieties through convectional breeding (Hahn et al., 1980), and use of several tolerant 

cassava landraces such as TME1 and TME3 (Akano et al., 2002), these cassava varieties are no 

longer tolerant/resistant to CMBs. More recently, two circular single stranded DNA molecules, 
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DNA-II and DNA-III associated with cassava mosaic begomoviruses were detected in infected 

cassava plants using universal betasatellite primers (Briddon et al., 2002), and were able to 

enhance CMD symptoms and break resistance to EACMV-UG2 in the highly resistant landrace 

TME3 (Ndunguru et al., 2005; 2008; Ingelbrecht et al., 2008). Additionally, DNA-II and III 

molecules were found integrated in the cassava genome of both domesticated and wild Manihot 

species during screening of cassava EST databases (unpublished). It has been demonstrated that 

DNA-II and DNA-III molecules integrate into the host genome while the previously reported 

satellites were not known to be integrated into genome. 

 

In this study primer pairs satII-F/R and satIII-F/R were able to amplify the expected size for 

DNA-II and DNA-III molecules integrated in the cassava genome respectively. DNA-II and 

DNA-III molecules were identified from cassava leaf samples collected from healthy and CMD-

infected cassava plants that was confirmed by sequencing. A total of 363 cassava genotype were 

collected from Kenya, Uganda, Rwanda and Tanzania countries and were screened for integrated 

DNA-II and DNA-III and were found  86% of the samples .This showed that DNA-II and DNA-

III integrated in the cassava genome are widely distributed into the major cassava growing areas.  

 

The other achievement made in this study was the successful biolistic inoculation of EACMV-

UG2, ACMV, DNA-II and DNA-III infectious clones to cv.60444 and TME3. Cassava leaf 

samples collected from inoculated TME3 and cv. 60444 from screen house were used for 

determination of transcription of ORFs for DNA-II and DNA-III. RT- PCR using primer pairs 

designed from genome structure of satellite-like DNA-II and DNA-III were performed. SatII-

2F/3R and SatIII-7F/9R primers detected the expected sizes for transcript ORF C4 and ORFV1 
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for DNA-II in antisense strand and DNA-III in sense strand, respectively. This suggests that at 

least part of DNA-II and DNA-III can be transcribed. 

In conclusion this study has generated useful information on the genetic diversity and 

geographical distribution of the DNA-II and DNA-III molecules from Kenya, Rwanda, Uganda 

and Tanzania and transcripts analysis for ORF C4 and ORF V1 in antisense strand of DNA-II 

and sense strand of DNA-III respectively. Information generated can be helpful in understanding 

the biological function of integrated DNA molecules and if the transcribed ORF can produce 

functional protein. Furthermore, the study findings will add to the body of knowledge on the 

DNA II and III and help researchers (plant virologists and breeders) working on cassava in Sub 

Saharan Africa (SSA) to develop durable management strategies for CMD.  

 

Recommendations  

The present study has opened up more areas for further research in order to understand the role 

of DNA-II and DNA-III molecules in the etiology and pandemic of CMD and which contribute 

to the loss of cassava productivity in Uganda, Kenya, Rwanda and Tanzania when associated 

with cassava mosaic begomoviruses. The areas for further research include:  

1. The exact impact of DNA-II and III on cassava production and roles in gene 

function/regulation or begomovirus-host interaction needs to be elucidated.  

 

2. How these genomic DNA-II and III molecules in cassava interact with cassava CMBs or 

whether the episomal forms are transmitted by the whitefly (Bemisia tabaci) vector or co-

encapsidated.  
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3. Further study on the transcribed ORFs if they produce functional proteins, and design primers 

for the remaining ORFs for DNA-II and DNA-III.  
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 Appendix 2.3: Alignment of DNA-III ORF V1 and ORFC2 transcripts isolates collected from mock-inoculated cassava plants and 

cassava plants inoculated with either EACMV-Ug2, ACMV and in combination with DNA-II, DNA-II and DNA-II + DNA-III clones. 

Highlighted colours are conserved nucleotides in all the sequenced samples. Yellow colour is G, Blue colour is C, Green colour is T 

however A nucleotide was not conserved 
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