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Abstract 
Cassava (Manihot esculenta Crantz) is a basic staple food crop in Tanzania. Cassava mosaic 

disease (CMD) caused by cassava mosaic geminiviruses (CMGs) constitutes a major limiting 

factor to cassava production in the country. This study was undertaken to characterize the CMGs 

occurring in Tanzania using molecular techniques and to map their geographical distribution to 

generate information on which the formulation of control measures can be based. Using 

Polymerase Chain Reaction (PCR) and Restriction Fragment Length Polymorphism (RFLP) for 

analysis of CMGs DNA-A genomes, different CMGs were found to be associated with CMD. 

Higher molecular diversity was observed among East African cassava mosaic viruses (EACMVs) 

than African cassava mosaic viruses (ACMVs), which was confirmed later by complete 

nucleotide sequence analysis. In addition to EACMV and ACMV isolates, two isolates of 

EACMV Cameroon virus (EACMCV) were found in Tanzania. These were confirmed to be 

strains of EACMCV Cameroon, originally described in Cameroon, West Africa and here named 

EACMCV- [TZ1] and EACMCV-[TZ7]. They had high (92%) overall DNA-A nucleotide 

sequence identity and EACMCV-[TZ1] was widespread in the southern part of the country. A 
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subgenomic DNA form of CMG that appeared to be truncated was identified in a CMD-infected 

cassava plant. It was confirmed upon sequence analysis to be a defect of EACMV DNA-A and 

had a capacity of attenuating symptoms when coinoculated with wild-type EACMV. In addition, 

this study revealed for the first time the presence of two novel non-geminivirus single-stranded 

DNA (ssDNA) sub-genomic molecules associated with CMG infection. They were shown to be 

dependent on CMG for replication and movement within the plants, confirming their status as 

satellite molecules named here as satDNA-II and satDNA-III. When present in coinfection with 

CMGs, they enhance symptoms and can break high levels of resistance in a cassava landrace. 

Finally a simple, inexpensive technique is described of archiving, transporting and recovering 

plant DNA for downstream geminivirus characterisation. 

 

Key words: African cassava mosaic virus, cassava, cassava mosaic disease, cassava mosaic  

geminiviruses, East African cassava mosaic virus, DNA-A, DNA-B molecular   

characterisation, Tanzania  
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        where mosaic symptoms were observed.  (a) satDNA-II; (b) satDNA-III.  

        SatDNA-II and satDNA-III were amplified using the primer pairs Beta01/Beta02  

      and DNA1-F/DNA1-R respectively; lanes 1-4 represent a samples for infected 

        symptomatic cassava plants; (-c) represents sample from healthy control cassava;  

      M: DNA marker; Arrows on the right indicate the expected fragment for  

      satDNA-II (1.03 kbp) and satDNA-III (1.2 kbp); Lane b1 represents  

     a  CMG-infected plant but which is PCR-negative for satDNA-III. kbp: kilo  

     base pair                      131 

Figure 5.3 Complete nucleotide sequence of cassava mosaic virus associated  

       satellites DNA molecules.  (a) satDNA-II and (b) satDNA-III.  The region  

       of high GC composition in both satellites is boxed.  Direct repeat  

       sequences are shaded black. A consensus putative transcript polyadenylation 

       signal (AATAAA) is indicated by gray shade with an underline. The putative  

       TATA boxes in the two satellites are shaded gray. The putative TTGTA motif  

       frequently associated with functional   polyadenylation signals 

      (Rothnie et al., 1994) is positioned upstream of the polyadenylation signal  
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      shown in bold and boxed.  For sat DNA-III, the putative ACGTCA motif 

       believed to be associated with strong promoter activity in undifferentiated 

      actively dividing cell types (Nakayama et al., 1992) is indicated in bold and  

      underlined.  The predicted AP-1 bidning motifs are underlined.  

                 The position of primers Beta01 and DNA1-F used for amplification of  

     satDNA-II and satDNA-III, respectively, are indicated.     133 

Figure 5.4 Genome organization of cassava mosaic geminivirus-associated satellites DNA  

molecules.  (a) satDNA-II; (b) satDNA-III. The putative genes encoded  

on either virion-sense (V) or complementary sense (C) are indicated by  

dark arrows and their direction of transcription is shown.  The name  

of each open reading frame is shown in bold type.  The hatched regions  

represent the GC-rich region present in both satDNA-II and satDNA-III.  135 

Figure 5.5 Accumulation of viral DNA in systemic leaves of Nicotiana benthamiana  

      and cassava plants of landraceTME3.  Southern blots show detection of 

        EACMCV-[CM],  EACMV-UG2, satDNA-II and satDNA-III using specific 

        probes. (a) N. benthamiana plants inoculated with the combinations 

       (EACMCV-[CM] DNA-A and DNA-B), (EACMV-UG2 DNA-A and  

       EACMV-UG3 DNA-B), satDNA-II and satDNA-III alone or in combination;  

      (b) TME3 plant were inoculated with the combination (EACMV-UG2 DNA-A 

      and EACMV-UG3 DNA-B) and SatDNA-II alone or in combination.   

      Samples were collected at 14 days post-inoculation (dpi) for N. benthamiana and 

        21 dpi for TME3, inoculated with viral DNA infectious clones.  DNA  

accumulation was quantified and the values indicated under each lane for  

each blot refer to the percentage of viral DNA amount.     136 

Figure 5.6 Accumulation of viral DNA in systemic leaves of Nicotiana benthamiana  

        and cassava plants.  Southern blots show detection of EACMCV-[CM], 

         EACMV-UG2, satDNA-II and satDNA-III using specific probes.  

(a) accumulation of satDNA-II and satDNA-III in cassava field samples. 

                   -control corresponds to DNA samples from CMD-affected cassava plants  

                    that tested negative for satDNA-II and satDNA-III 

(b) accumulation of satDNA-II and satDNA-III in N. benthamiana  

and TME3 inoculated with viral DNA infectious clones.   

Only one sample corresponds to DNA from TME3 and is indicated  
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on the figure. + control corresponds to full-length satDNA-II and satDNA-III  

digested from plasmid infectious clone.       138 

Figure 6.1 (a) Pairwise analysis of begomoviruses in the old world that do not exhibit  

putative recombinant fragments, at the species level (green curve) and at  

the strain level (blue curve). (b) Pairwise analysis of EACMCV-[TZ1]  

A component, paired with the sequence of the A component of other cassava 

geminiviruses like EACMCV-[TZ7] (blue line), ACMV-[TZ] (brown line),  

EACMV-KE (red line) and EACMZV-ZB (green line), showing the  

recombinant fragment of this virus (1200 – 2000 nts) as well as the  

one from EACMZV-ZB (2000 – 2900 nts).  The linearized genome  

organization of these geminiviruses is depicted at the bottom of the  

graph.          167 

Figure 6.2 CMD symptoms on naturally infected cassava plants (a,c, e and g) 

 in the field with their corresponding plants raised from field collected 

 cuttings  maintained in the growth chamber (b, d, f and h). Only  

plants containing  single virus infection are shown. Plants (a) and (b)  

contained a single infection of EACMV-KE[TZM] virus strain, (c)  

and (d) contained ACMV-[TZ], (e) and (f) were infected by  

EACMCV-[TZ1] and (g) and H by EACMV-UG2[TZ10].    169 

Figure 6.3 Phylogenetic tree (100 boot strap replications) showing the DNA-A 

complete nucleotide sequence relationships between the seven Tanzanian 

 cassava mosaic geminiviruses strains and other selected begomoviruses. 

 Tomato golden mosaic virus (TGMV) (K02029) was used as the out group. 

Abbreviations and accession numbers: EACMCV-[CM], East African  

cassava mosaic virus-Cameroon (AF112354); EACMCV-CM[IC],  

East African cassava mosaic virus-Cameroon Ivory Coast (AF259896);  

EACMV-KE-K2B, East African cassava mosaic virus (Isolate K2B) (Z83258); 

EACMV-[TZ], East African cassava mosaic virus-Tanzania (Z53256);  

EACMV-UG2Svr, East African cassava mosaic virus-Uganda2 severe 

 (AF126806); EACMV-UG2Mld, East African cassava mosaic virus-Uganda2 

 mild (AF126804); EACMV-UG2, East Africa cassava mosaic virus-Uganda2 

(Uganda variant) (Z83257); EACMMV-MW[MH], East African cassava 

 mosaic virus-Malawi [MH] (AJ006459); EACMMV-WM[K], East African 

 cassava mosaic Malawi virus-[K] (AJ006460); EACMZV, East African  
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cassava mosaic Zanzibar Virus (AF422174); EACMZV-Kekil, East African 

 cassava mosaic Zanzibar virus-Kenya [Kil] (AJ516003); SACMV, South 

 African cassava mosaic virus (AF155807); SACMV-[M12], South African 

 cassava mosaic virus-(Isolate M12) (AJ422132); ACMV-[IC], African 

 cassava mosaic virus-[Ivory Coast] (AF259894); ACMV-[Nig-Ogo],  

African cassava mosaic virus-[Nigeria-Ogo] (AJ427910);  ACMV-[NG],  

Afrian cassava mosaic virus-[Nigeria] (X17095); ACMV-[CM], African 

 cassava mosaic virus-[Cameroon] (AF112352); ACMV-[CM/D02],  

African cassava mosaic virus-[Cameroon D02] (AF366902); ACMV-UGMld,  

African cassava mosaic virus-Uganda mild (AF126800); ACMV-UGSvr,  

African cassava mosaic virus-Uganda severe(AF126802); ACMV-[KE],  

African cassava mosaic virus-[Kenya] (J02057); SLCMV-[Col],  

Sri-Lanka cassava mosaic virus–[Colombo] (AF314737).   171 

Figure 6.4 Consensus phylogenetic tree (1000 bootstrap replications) obtained from  

comparison of the complete nucleotide sequence of EACMCV-[TZ1] 

 DNA-B and selected cassava mosaic geminiviruses DNA-B components 

(Abbreviations and GenBank accession numbers are indicated in the  

Phylogenetic tree).         173 

Figure 6.5 Relationship dendrogram of the coat protein gene (CP) nucleotide  

sequences of the cassava mosaic geminiviruses strains from Tanzania  

and other selected begomoviruses. The tree was constructed using  

PAUP (1000 bootstrap replications) and reconstructed using  

Discovery Studio (DS) Gene software for Windows 1.5  

(Accelrys Inc, USA). Sequence of tomato golden mosaic virus 

 (TGMV) was used as the outgroup. For more abbreviations and  

accession numbers for the published sequences see figure 6.3.  

Bootstrap percent values more than 50 are numbered along branches.  174  

Figure 6.6a Alignment of common region nucleotide sequences of DNA-A of the  

EACMV strains from Tanzania with the closely related isolates of  

EACMV from the Database sequences. The TATA box for AC1 

 is boxed and indicated. The putative CR iterative sequences (iterons)  

are boxed and indicated with arrows. The conserved nonanucleotide 

 sequences TAATATTAC together with its stem loop are  

boxed and shown. Mismatched nucleotides are highlighted in white.  175 
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Figure 6.6b Alignment of common region nucleotide sequences of DNA-A of the 

ACMV-[TZ] strain from Tanzania with its closely related selected  

isolates of ACMV from Africa derived from the Database sequences. The 

 TATA box for AC1 is boxed and indicated. The putative common  

region iterative sequences (iterons) are boxed and indicated  

with arrows. The conserved nonanucleotide sequences TAATATTAC 

 together with its stem loop are boxed and shown. Mismatched  

nucleotides are are highlighted in white.      176 

Figure 6.7 Alignmnent of the nucleotide sequences (DNA-A and –B) of the  

common region of EACMCV isolates from West Africa and Tanzania.  

Large boxes indicate the positions of iterons, TATA box and  

the conserved TAATATTAC stem loop.      177 

Figure 6.8  Linearized recombination map of putative recombinant fragments for the  

(a) top and (b) bottom components of cassava geminiviruses.  Each  

horizontal box represents one genotype and the color coded boxes  

represent the origin of the putative recombinant fragments.   

The length of the genomes is indicated on the top of each diagram 

and the genome organization is depicted on the bottom, while 

the name of the viruses are listed on the left.  The color code for 

the recombinant fragments is indicated in the boxes at the bottom  

     of each diagram.  The vertical arrows indicate the position of  

possible “hot spots” for recombination. For clarity of the figure, 

we only indicated the name of one isolate for each genotype 

and those from Tanzania.        178 

Figure 6.9 Phyologenetic tree (1000 boot strap replications) showing the relationship 

                  between the 13 different Tanzanian EACMV isolates (DNA-B component  

                  nucleotide sequences) and selected cassava mosaic geminiviruses. 

                 Virus abbreviations follow those indicated in Figure 6.3 legends.  

                 The accession numbers for the reference EACMV DNA-B components 

                 are shown against each name in this figure. Bootstrap percent values  

                 more than 50 are numbered along branches.     180 

Figure 7.1 Application of samples collected from infected (a) cassava and (b) maize  

                  on FTA card (c). Samples were dried and stored on FTA 

                 card at room temperature after which three discs (2 mm) were 
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     punched from each sample area of the FTA card (panel D), pooled  

                 and the total plant DNA eluted for use in PCR analysis  

                  of cassava mosaic geminiviruses and maize streak virus (MSV).  195 

Figure 7.2 PCR amplification of near-full length DNA-A of CMG using universal 

 primers (UNIF and UNIR) either on DNA processed by the Dellaporta 

 method (a) or eluted from FTA card (b). In addition, primers 

 Universal 1 and Universal 2 (Table 7.1) were used for PCR amplification  

of ~ 1.0 kbp DNA-A fragment from DNA eluted from FTA card  

(c). Samples were CMD-infected cassava plants held in the 

 greenhouse.         196 

Figure 7.3 PCR amplification of EACMV and ACMV species on total nucleic acid 

from cassava leaves processed either by the Dellaporta (phenol purified)  

method or FTA elution. Amplifications are: 555 bp (IR/BC1) fragment  

of EACMV DNA-B component (panels a and b) and 770 bp coat  

protein gene of ACMV (panels c and d). Negative controls (-C)  

contained nucleic acid from healthy cassava leaves.  

M = 1 Kbp plus DNA ladder (for sizes see Figure 7.2).    197 

Figure 7.4  PCR amplification of (a) 0. 5 kbp Maize streak virus  

       DNA fragment from infected maize plant leaf samples collected from Kenya 

       and Malawi on FTA cards, (b) NPTII transgene in genetically modified cassava  

       plants held in the greenhouse. Samples (lanes 1-5) were collected on FTA cards 

                   and the genomic DNA processed for PCR amplification. Negative control  

                   samples (–C) consisted of DNA extracted from healthy cassava plants  198 

Figure 7.5 Restriction enzyme digestion of (a) near-full length DNA-A of CMG  

for detection of ACMV/EACMV dual infection. Samples were collected 

from CMD-infected plants in the fields, archived on FTA cards, DNA 

eluted and used for PCR analysis. DNA was recovered from the agarose 

gel, purified and digested with EcoRV for 1.5 hrs at 37 oC (b).  

Recombinant plasmids carrying 556 bp DNA-B viral fragment (IR/BC1) 

of EACMV. PCR was done on FTA or phenol processed template DNA,  

cloned in pGEM-T Easy vector (Promega) and recombinant plasmids 

recovered by miniprep analysis by digestion with EcoRI to release  

the viral inserts.         199 

Figure 7.6 Nucleotide sequence comparison of EACMCV-CM clones of viral DNA 
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      fragment obtained from FTA or phenol-purified PCR DNA templates.  

                 A 556 bp PCR product was cloned and sequenced and sequences of 

                 duplicate clones were compared by Multiple Sequence Alignment  

                  using MegAlign option of DNASTAR package.     201 

Figure 7.7 Quantification of recombinant plasmids eluted from FTA cards loaded 

       with known amount of recombinant plasmid DNA + 8 µl of sap from 

                    healthy cassava leaf extracted in distilled water (a). The eluted  

DNA was used for PCR amplification of 555 bp viral DNA fragments 

insert using primers EAB555F/EAB555R (b).  Positive  

control lanes (+C) contained the 555 bp viral DNA-B fragment  

PCR-amplified from cassava plants infected with EACMV from  

the growth chamber. To detect the limit of PCR amplification signal, 

0.6 µg/µl was serially diluted to 0.6 X 10-6 µg/µl and each dilution  

used for PCR amplification of the 555 bp viral DNA fragment  

described above.             203 
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