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Abstract 

Cassava brown streak disease (CBSD), an emerging virus disease in Eastern Africa, is 

caused by viruses that pose serious threats to the crop because of the necrotized tissue 

destruction of the tuberous roots rendering it inedible. African cassava varieties are 

susceptible to either of the two viruses causing the disease, cassava brown streak virus 

(CBSV) and Ugandan cassava brown streak virus (UCBSV). While there are less 

sensitive varieties, all cassava eventually succumb to the disease.  

The lack of CBSD resistance in cassava grown in Africa led the search to find and 

characterize potential sources of virus resistance in cassava germplasm of South 

America, the center of origin of the crop. Hence, a stringent virus screening protocol was 

developed, comprising an effective plant infection with the most pathogenic virus isolate 

to eliminate the bulk of susceptible lines. Infections studies with further viruses were 

conducted and after several rounds of screening, cassava plants were identified with 

resistance against both CBSV and UCBSV. Following virus movement and replication in 

resistant cassava divided genotypes with broad spectrum immunity, cassava lines with 

differential resistance against CBSV only, and cassava accessions that were virus-free 

in shoots and leaves but had virus infections restricted to the roots. High resolution in 

situ hybridization studies showed that in resistant cassava plants, viruses can translocate 

through the phloem but cannot exit the vasculature for replication in parenchyma tissues. 

Following virus movement in cassava, roots were determined as a dominant sink. 

Furthermore, evidence was provided that virus replication in roots and root tubers is 

independent of virus replication in aboveground tissues. Thus, roots are playing a crucial 

role in the cassava brown streak disease.  

The stability of CBSD resistance was verified by subjecting selected lines to natural virus 

pressure and field conditions in Africa and, by investigating the resistance response 
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under mixed infection among the cassava brown streak viruses and with cassava mosaic 

begomoviruses. There was no sign that the cassava brown streak resistance was 

compromised by any interaction with other cassava infecting virus. The three lines 

selected in this research with broad spectrum resistance against all cassava brown 

streak viruses and in particular the cassava line DSC 118 showing also a 

recovery/reversion response against cassava mosaic viruses are so far the best 

resistance sources to combat the cassava brown streak disease. They can play an 

important role in breeding programs to control the major cassava virus diseases, CBSD 

and CMD in Africa. 
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Zusammenfassung 

Die Braunstreifenkrankheit des Manioks, Cassava brown streak disease (CBSD), ist eine 

sich von Ostafrika über den Kontinent verbreitende Viruskrankheit des Manioks 

(Cassava). Sie wird durch Viren verursacht, die aufgrund der Zerstörung der 

Wurzelknollen durch nekrotisiertes Gewebe, eine ernsthafte Bedrohung für den Anbau 

dieser wichtigen Kulturpflanze darstellen, weil sie diese ungenießbar machen. 

Afrikanische Manioksorten sind anfällig für beide Viren, die die Krankheit verursachen, 

das Cassava brown streak virus (CBSV) und das Ugandan cassava brown streak virus 

(UCBSV). Obwohl es weniger empfindliche Sorten gibt, werden alle Manioksorten 

infiziert und erliegen schließlich der Krankheit. 

Das Fehlen einer CBSD-Resistenz bei den in Afrika angebauten Manioksorten führte zur 

Suche und Charakterisierung potenzieller Quellen für Virusresistenz in den genetischen 

Ressourcen des Manioks aus Südamerika, dem Ursprungs- und Diversitätszentrum 

dieser bedeutenden Kulturpflanze. Ein stringentes Virus-Screening-Protokoll wurde 

entwickelt das aus einer effektiven Virusinfektion mit dem aggressivsten Virusisolat 

bestand mit dem der Großteil der anfälligen Linien eliminiert werden konnte. 

Infektionsstudien mit weiteren Viren wurden danach mit den so selektierten, resistenten 

Linien durchgeführt, um nach seriellen Screenings, Maniokpflanzen mit Resistenz gegen 

CBSV und UCBSV zu erhalten.  

Mittels Untersuchungen zur Virusausbreitung und Replikation in resistenten Cassava-

Zuchtlinien konnten schließlich Cassava-Genotypen gefunden werden, die eine 

Breitbandimmunität gegen alle Viren aufwiesen. Außerdem wurden Linien mit 

differenzieller Resistenz gegen CBSV und Anfälligkeit gegen UCBSV gefunden. Darüber 

hinaus konnten Cassava Akzessionen gefunden werden, in denen die Viren weder in 



Zusammenfassung                                                                                                                       XIII 

                                                                                                                             
Stängeln und Blättern nachgewiesen werden konnten und der Virusbefall auf die 

Wurzeln beschränkt blieb.  

Hochauflösende in-situ-Hybridisierungsstudien zeigten, dass Viren in resistenten 

Maniokpflanzen durch das Phloem translozieren, aber das Gefäßsystem nicht verlassen 

können, um Parenchymgewebe zu befallen und sich dort zu vermehren. In Studien zu 

Virusausbreitung und Gewebeinvasion wurden die Wurzeln des Manioks als dominantes 

Sink bestimmt und weiterhin nachgewiesen, dass die Virusreplikation in Wurzeln und 

Wurzelknollen unabhängig von Ausbreitung und Replikation der Viren in oberirdischen 

Geweben ist. Das bedeutet, dass Wurzeln eine entscheidende Rolle bei der Maniok-

Braunstreifen-Krankheit spielen. 

Die Stabilität der CBSD-Resistenz wurde überprüft indem ausgewählte Cassavalinien 

unter Feldbedingungen in Afrika angebaut wurden. Weiterführende Untersuchungen 

sollten das Resistenzverhaltens in Mischinfektionen mit Cassava brown streak Viren und 

Cassava mosaic Begomoviren prüfen. In allen Experimenten gab es keine Anzeichen 

dafür, dass der Resistenzstatus gegen CBSD durch Wechselwirkungen mit anderen 

Maniok infizierenden Viren gefährdet war. Die drei in dieser Studie ausgewählten Linien 

mit Breitbandresistenz gegen alle Maniok-Braunstreifen-Viren und insbesondere die 

Maniok-Linie DSC 118, die zusätzlich eine Resistenz gegen Cassava Mosaikviren zeigt, 

sind die bislang besten Resistenzquellen zur Bekämpfung der Maniok-Braunstreifen-

Krankheit. Sie werden eine wichtige Rolle in Züchtungsprogrammen zur Bekämpfung 

der bedeutendsten Viruskrankheiten des Manioks, CBSD und CMD in Afrika spielen. 
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Key messages 

Cassava brown streak disease caused by cassava brown streak virus and Ugandan 

cassava brown streak virus, is the most destructive virus disease of cassava for which 

resistance in cassava presents the only sustainable solution. 

All African cassava varieties are susceptible to the viruses, but resistance against both 

viruses was identified in cassava germplasm from South America. Two types of 

resistance were observed (1), high resistance or immunity associated with failure of virus 

establishment and (2), virus invasion and replication in root tissues but the restriction of 

virus to this organ. There was also a differential resistance identified targeting CBSV 

only, and plants with resistance against CBSV were susceptible to UCBSV.   

The resistance identified under laboratory conditions proved stable during on farm 

evaluation at several virus outbreak sites in East Africa. However, field evaluation also 

showed that all but one of the lines readily become infected with cassava mosaic viruses 

prevalent wherever cassava is grown in Africa.  

The South American cassava germplasm line DSC 118 highly resistant against U/ CBSV 

responded with a recovery resistance against CMB and thus was identified as the most 

promising cassava line having both resistances.  

Characterization of virus resistance in selected immune lines revealed that U/ CBSV 

viruses are not replicating in any organ; neither in leaf and stem nor in root tissues. The 

viruses were not maintained in infected plants when the infection sources were removed. 

Virus movement through the phloem was not restricted, but there was no exit from 

vascular tissues and the virus was found only in the companion cells of the phloem.  
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Virus invasion in cassava plants that limited virus invasion to root tissues showed that 

CBSV remained restricted to phloem tissues where it can replicate but still remains 

localized to companion phloem cells.  

In mixed CBSV/UCBSV infections, exclusion was observed at the tissue levels with 

spatial separation of the viruses invading separate cells. Resistance against CBSV in 

cassava with differential resistance were not affected by UCBSV infections and there 

was no interaction between the two viruses resulting in loss of resistance. Similarly, 

mixed infections between CBSV and EACMV had no effects on virus resistance and 

there was no apparent interaction.  
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1 INTRODUCTION 

1.1 Cassava the subsistence crop 

Cassava (Manihot esculenta Crantz) is a woody shrub in the family Euphorbiaceae and 

represents the only plant grown as a food crop in the genus Manihot (Alves, 2002). The 

plant grows in tropical and sub-tropical regions of the world and is a source of food and 

income for more than 800 million people worldwide (Thresh, 2006). The origin of cassava 

is in South America (Olsen and Schaal, 1999) and the crop was brought to Africa with 

Portuguese traders in the 16th century (Rey and Vanderschuren, 2017) where it soon 

advanced to an important food crop, now ranking second after maize (Tomlinson et al., 

2018; Vidigal P. et al., 2019). On a worldwide scale, more than 50% of the cassava 

production is in Africa and there, it is mostly used for human consumption     

(http://www.fao.org/faostat/en/data/QC). In Sub-Saharan Africa (SSA), the heart of 

cassava cultivation, the crop provides food security for rural families and is a main source 

of living for smallholder farmers. The cassava plant is very undemanding and grows 

nearly everywhere, has low requirements for soil and nutrients (Abarshi et al., 2010; 

Hillocks et al., 2001) and is tolerant to drought. Planting is easy by the use of stem 

cuttings and the tuberous roots mature for long so that harvesting can be done for 

extended periods to secure the daily food supply. In addition, cassava has enormous 

potential as an industrial crop, to provide starch as raw material for weaving and textile 

finishing, additive for food and beverages, animal feed or, for production of alcohol 

(Hillocks et al., 2002) as shown in many Asian and South American countries. In Africa, 

cassava is food security. In most regions, the tuberous roots are eaten cooked or in 

processed form but the consumption of leaves as vegetables is similarly important, 

particularly in Central and Eastern Africa Regions. In SSA, cassava is an essential 

dietary staple for fresh root consumption or contributes to the rural economy as 

fermented and non-fermented cassava products (flour, bakery products, beer). SSA is 
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the world’s largest cassava growing region and from the estimated 278 Mio tons 

produced worldwide in 2018 (FAO, 2018), about 170 million tons were produced in SSA 

with Nigeria, Ghana, the Democratic Republic (DR) of Congo and Mozambique being 

the largest producers and consumers of the crop. Considering the significance of 

cassava for the provision of daily food in SSA and the prevailing food insecurity on the 

entire continent, the hardest impacted regions in Africa coincide with those where 

cassava is grown. Thus, increasing cassava production, intensifying cultivation, 

enhancing the yield potential with new varieties, increasing the use of effective 

agronomic inputs, mechanization and the introduction of innovative methods to decrease 

post-harvest losses are technical interventions that would certainly considerably improve 

the availability of food and contribute to lessening hunger.  

The significance of cassava’s contribution to food security and resilience in SSA was 

recognized in 2006/2007 and addressed with major investments by the Bill & Melinda 

Gates Foundation (USA), UKaid (UK) and others, to fund the improvement of the crop 

by breeding vitamins and minerals into cassava (biofortification) and to provide cost-

effective, and sustainable support to the provision of improved planting materials 

(HarvestPlus https://www.harvestplus.org/). The Great Lakes Cassava Initiative (2008-

2012) coordinated by the Catholic Relieve Service (CRS) disseminated improved virus 

resistant cassava varieties to Tanzania, Uganda, Kenya and neighboring countries to 

strengthen the capacity of cassava farmers to produce healthy and high yielding cassava 

varieties. Other research and development (R&D) projects focusing on cassava 

improvement in SSA use cutting-edge tools for efficient delivery of improved varieties, 

increased fresh root yields and are more resilient to devastating virus diseases. While 

incredible progress has been made to breed cassava varieties with high Vitamin A 

content (https://www.harvestplus.org) and to create high yielding varieties, establishing 

seed systems and improving cassava agronomy, it became evident, that virus diseases 

present the main constraint of growing cassava anywhere in Africa. All improved cassava 
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varieties must have in addition a resistance against the “major” viruses occurring in the 

cassava growing regions of the continent.     

1.2 Viruses infecting cassava in Africa 

Cassava is a crop propagated by cuttings/slips and thus diseases are established and 

maintained in successive crop cycles with the cuttings taken for planting the next crop. 

Pathogens once transferred to cassava are maintained in a similar vein so that complex 

virus situations and disease syndromes can arise. The cassava diseases are easily 

disseminated because farmers share their “preferred” food crops with their neighbors 

and exchange propagation materials. Furthermore, African farmers carry their preferred 

cassava variety/landrace along and the plant follows the family/farmer when new fields 

are established. And finally, in African regions charged with heavy violent conflicts, 

people are permanently forced to leave their ancestral homes to seek security in new 

places often far from their homelands. The food security crop cassava thus is part of the 

escape and resettlement. Consequently, human assisted spread plays a major role in 

the distribution of cassava virus diseases in Africa and potentially, wherever the crop is 

grown.  

Viruses were reported from cassava in Africa, South and Central America and Asia (Legg 

et al., 2015). They belong to diverse genera and some are well characterized (e.g. 

cassava common mosaic virus, cassava vein mosaic virus) with confirmed occurrences, 

geographical distributions and disease phenotypes. Others were isolated from cassava 

and infected herbaceous hosts causing symptoms and have very well-characterized 

genomes but in cassava, they are not associated with disease and thus here is little 

known about their occurrences and distributions (cassava green mottle virus, cassava 

virus C and cassava Kumi virus A & B). Furthermore, there are diseases in cassava like 

the cassava frogskin disease for which viruses (and other agents) were found, however, 

causal relationships of any of the organisms with the disease were not established. With 
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intensified research on cassava and new methods available to analyze complete 

cassava genomes or transcriptomes, sequences from hitherto unknown viruses become 

available. Despite the taxonomic assignment of the virus sequences, pending biological 

evidence (transmission), it remains unclear whether these viruses are infectious entities 

and contribute to diseases. Nevertheless, this information is vital for an inventory of 

viruses present in cassava worldwide.  

There is no doubt that among all biotic hazards affecting cassava cultivation the cassava 

mosaic viruses and the cassava brown streak viruses present the most serious pathogen 

threats to cassava cultivation causing severe yield losses and impacting the livelihood of 

the people relying on cassava as their daily food (Patil et al., 2015; Tomlinson et al., 

2018). 

1.2.1 The cassava mosaic viruses 

The cassava mosaic disease (CMD) is one of the most damaging diseases of cassava 

on the African and Indian subcontinent (Fondong, 2017). The disease was first 

mentioned as “Kräuselkrankheit des Maniok” by O Warburg (Warburg, 1894) and later 

described in more detail as a disease propagated by cuttings (Zimmermann, 1906). 

Because CMD was transmitted by whiteflies and by mechanical transmission to 

herbaceous hosts, a virus origin was assumed but only the groundbreaking work of 

Harrison and coworkers identified the agent as a virus containing DNA (Harrison et al., 

1977). The first genome sequence of the cassava latent virus became available in 1983 

(Stanley and Gay, 1983) while the etiology of the disease was elucidated by Bock and 

Woods (Bock and Woods, 1983) who transmitted the disease to N. benthamiana, 

demonstrated symptom expression and found virus particles in plant preparations. 

Consequently, the virus was renamed to African cassava mosaic virus (ACMV).  
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1.2.1.1 Taxonomy, genome organization and genome diversity   

ACMV is a member of the genus Begomovirus in the family Geminiviridae 

(https://talk.ictvonline.org). The virus has a bipartite genome comprised of two small, 

single-stranded, covalently closed circular DNA molecules, DNA-A and DNA-B of about 

2.8 kb, each encapsidated in twinned icosahedral particles (Figure 1). The DNA-A 

genome component comprises 6 open reading frames (ORF) coding for 6 genes that are 

transcribed in the ambisense direction from either the virion sense or the complementary 

strand. A common region (CR) of approximately 200nt (Figure 1 A, shaded box) is 

identical to both DNA A and DNA B components and significant for recognition of the 

cognate DNA B for transreplication by DNA A. Within the CR, inverted complementary 

sequences form a stem-loop with a TAATATTAC sequence of the intergenic region (IR) 

which is conserved in all begomoviruses. This is the origin of replication. DNA replication 

is initiated by binding of Rep to motifs (iterons) in the CR and introducing a nick into the 

conserved TAATATT↓AC sequence (Laufs et al., 1995). In virion-sense orientation, the 

precoat protein AV2 has movement functions while the coat protein (CP) encapsidates 

the viral ssDNA genome, creates the typical particle structure and is required for vector 

transmission. The transcriptional activator protein (TrAP), the replication enhancer 

protein (REn) and AC4 transactivate gene expression, function as suppressors of gene 

silencing, regulate DNA replication (Rep) and interact with host defense and symptom 

expression (AC4). The DNA B genome component encodes two proteins, the nuclear-

shuttle protein (NSP) in virion-sense and the movement protein (MP) on the 

complementary strand.    
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Figure 1. Genome structure and particle morphology of ACMV. (A) The genome represents that 
of a begomovirus with bipartite DNA-A and DNA-B genome components. Both DNA 
components share nearly identical sequences in the common region (CR, shaded box). (B) 
Purified ACMV virus particles with the typical particle morphology of geminiviruses. The twin 
particles are formed by two incomplete icosahedra fused to form the capsid. Each of the 
particles contains only one DNA-A or one DNA-B component respectively. Bar represents 
100nm.  

 

After the first description of the ACMV genome in 1983, several begomoviruses 

associated with CMD were characterized from India and from Africa having sequences 

with considerable genomic diversity even exceeding the species demarcation 

(interspecific diversity) threshold. The entirety of the cassava infecting begomoviruses 

will collectively be termed cassava mosaic begomoviruses (CMB).   

The cassava mosaic viruses identified across the African continent and in the Indian 

subcontinent belong to 11 distinct species (Patil and Fauquet, 2009; Legg et al., 2015). 

In Africa, nine distinct cassava mosaic virus species have been identified while two 

further species occur on the Indian continent (Table 1).   
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Table 1. Begomovirus species causing cassava mosaic diseases in Africa and India 

 
virus name current distribution reference, year of discovery 

African cassava mosaic 
virus (ACMV) 

Africa (Bock and Woods, 1983)  

East African cassava 
mosaic virus (EACMV) 

East Africa (Hong et al., 1993) 

East African cassava 
mosaic Cameroon virus 
(EACMCV) 

East and West 
Africa 

(Fondong et al., 1998) 

East African cassava 
mosaic Malawi virus 
(EACMMV) 

East and South 
Africa 

(Zhou et al., 1998) 

South African cassava 
mosaic virus (SACMV) 

South Africa (Berrie et al., 1998)  

East African cassava 
mosaic Zanzibar Virus 
(EACMZV) 

East Africa (Maruthi et al., 2004) 

East African cassava 
mosaic Kenya virus 
(EACMKV) 

East Africa (Bull et al., 2006) 

Cassava mosaic 
Madagascar virus 
(CMMGV) 

Madagascar (Harimalala et al., 2012) 

African cassava mosaic 
Burkina Faso virus 
(ACMBFV) 

West Africa (Tiendrebeogo et al., 2012) 

Indian cassava mosaic 
virus (ICMV) India (Hong et al., 1993) 

Sri Lankan cassava 
mosaic virus (SLCMV) India (Saunders et al., 2002) 

 

ACMV is found across the entire African continent and wherever cassava is grown while 

East African cassava mosaic viruses are mostly found in East and Central Africa where 

the diversity of the viruses infecting cassava is considerably higher than in West Africa 

(Patil and Fauquet, 2009).  

Begomoviruses replicate via a recombination dependent mechanism and evolve via 

recombination (Jeske, 2009). A consequence is the frequent occurrence of recombinant 

genomes and these comprise mosaic structures within the DNA sequence with foreign 
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sequences of known or unknown origin inserted into the genomic DNA. Because various 

CMB species exist in the same geographical area, mixed infections occur frequently and 

these co-infections of genetically distinct viruses then can lead to recombination. 

Recombination events are evident in the genomes of CMB and 6 of the distinct species 

identified in Africa have a recombination origin. The recombinant sequences are mostly 

found in DNA-A, with a major component from East African cassava mosaic virus 

(EACMV) DNA-A and comprise genome regions within Rep (Figure 2B, shaded boxes). 

The minor, recombinant sequences either have unknown origin or, like East African 

cassava mosaic Kenya virus (EACMKV) or East African cassava mosaic Zanzibar Virus 

(EACMZV) are sequences from another cassava infecting begomovirus. In addition, 

sequences of begomoviruses from other crops can be found in cassava mosaic virus 

genomes like in the African cassava mosaic Burkina Faso virus (ACMBFV). This genome 

diversity generated through recombination may have effects on the biology of the 

recombinant virus.  

The outbreak of a highly virulent and rapidly spreading CMD in East Africa in the late 

1980s was due to the emergence of the East African cassava mosaic virus Uganda 

(EACMV-UG), formerly known as Uganda variant (Bull et al., 2006; Zhou X et al., 1997). 

This interspecific hybrid virus has a sequence from AMCV replacing the homologous 

sequence of the coat protein gene of EACMV.  
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Figure 2. Genome map of DNA-A of a cassava mosaic virus (A) and recombination events within 
DNA-A genomes of cassava mosaic virus species in Africa (B). Shaded bars represent 
positions of recombination events in DNA-A genomes. ACMV, African cassava mosaic virus; 
EACMV, East African cassava mosaic virus; EACMV-UG, East African cassava mosaic virus 
Uganda; SACMV, South African cassava mosaic virus; ACMBFV, African cassava mosaic 
Burkina Faso virus; CMMGV, Cassava mosaic Madagascar virus; EACMCV, East African 
cassava mosaic Cameroon virus; EACMMV, East African cassava mosaic Malawi virus; 
EACMKV, East African cassava mosaic Kenya virus; EACMZV, East African cassava mosaic 
Zanzibar virus. 

    

The genomes of begomovirus species are distinct but nevertheless closely related. For 

taxonomy, the entire DNA genome is analyzed and a nucleotide identity level of less than 

89% is the demarcation criterion for distinct virus species (Brown et al., 2015). The 

taxonomic status of viral recombinants then is determined from the relatedness to the 

parental viruses hence the description of the viruses as distinct virus species or, in case 

of EACMV-UG as a strain of EACMV. 

1.2.1.2 Detection and Identification 

Symptoms of CMD in cassava are distinct but not informative for the particular 

begomovirus present in the plant either in single or in mixed infection. Serological tests 

using monoclonal antibodies in ELISA (Enzyme-linked immunosorbent assay) were first 
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used to detect and discriminate the viruses infecting cassava (Bulubulu, 2015; Harrison 

et al., 1991; Ogbe et al., 2003; Were et al., 2004b). Specific and sensitive detection of 

the cassava mosaic viruses however, is by use of molecular methods mostly based on 

PCR (polymerase chain reaction) (Ariyo et al., 2006; Ariyo et al., 2005a; Bulubulu, 2015; 

Were et al., 2004b). Since the entire DNA-A is required for taxonomic classification and 

because of possible recombinant sequences, analysis methods based on rolling circle 

amplification (RCA) of circular DNA become widely used (De Bruyn et al., 2012; Jeske, 

2018) for analysis of geminiviruses and for begomoviruses infecting cassava. RCA 

provides information on the entire content of circular DNA; hence DNA-A and DNA-B 

from single and mixed infections can be assessed. The identification of the virus(es) 

requires sequence information of the DNA-A genome component amplified by PCR, RCA 

or following a high throughput sequencing approach for a global analysis of the plant 

DNA virome.   

1.2.1.3 Biology   

1.2.1.3.1 Symptoms 

Symptoms of cassava mosaic viruses in cassava are expressed in leaves and are 

characteristic of CMD (Figure 3).  

 

Figure 3. Cassava mosaic virus symptoms. (A) CMD infection in cassava plant. (B) Severe 
mosaic combined with leaf curl on the leaf. (C) Size reduction in tuberous roots.  
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They range from mild mosaic to severe leaf curl symptoms, leaf distortion (Hillocks and 

Thresh, 2000) plant stunting and the destruction of leaves and canopy (Fauquet, 1990). 

The severity of symptoms differs with cassava cultivar and infecting virus and is 

influenced by temperature, humidity and crop management. While CMD in general has 

characteristic and more or less pronounced symptoms mostly shown on younger freshly 

unfolded leaves, it is not possible to identify the infesting virus because all CMB viruses 

cause almost indistinguishable symptoms and all cassava varieties susceptible to 

cassava mosaic viruses respond with symptoms ranging from mild mosaic to severe 

plant degeneration. Increased symptom severity is often attributed to infections with 

EACMV-like viruses with more pronounced mosaic and leaf curl symptoms while ACMV 

isolates generally have less severe symptom phenotypes. Enhanced symptom severity 

because of mixed virus infections with multiple CMBs has been reported frequently and 

this was considered a major cause for the severe epidemics of CMD spreading across 

East and Central Africa in the late years of the last century (Colvin et al., 2004; Fondong 

et al., 2000b; Owor et al., 2004; Pita et al., 2001). The major effect of CMD lies in the 

reduction of photosynthetic active leaf surface area which can be very substantial when 

plants are infected in early developmental stages or when infected cuttings are used for 

propagation. CMD can have a severe impact on root yield and losses from reduced 

numbers and sizes of tuberous roots may reach 100% in highly sensitive varieties 

(Fondong et al., 2000b; Pita et al., 2001; Thresh et al., 1994). 

1.2.1.3.2 Transmission and spread 

Cassava is a vegetatively propagated crop and once infected by a systemic pathogen; 

the disease is spread with cuttings taken for plant propagation. Plant infections thus can 

reach 100% on a farm from indiscriminate use of infected cuttings. Human assisted 

spread also contributes to long distance dissemination of the virus diseases by the 

transport of propagation materials to distant sites. The major component of CMD virus 

spread however is by the whitefly, Bemisia tabaci (Gennadius) transmitting the viruses 
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in a circulative, non-propagative mode (Hillocks and Thresh, 2000). Adult whiteflies 

acquire the virus by feeding on phloem sap and once ingested, the virus circulates 

through the insect and is injected to infect new hosts when the insect secrets saliva. The 

whitefly insect remains viruliferous throughout its life and with a lifespan of more than 20 

days, it is highly effective to disseminate the viruses even over long distances (Legg et 

al., 2015). One or a few viruliferous whiteflies only can be responsible for serious 

epidemic outbreaks because virus spread is very efficient. Single whiteflies are sufficient 

to initiate infection cycles but the incidence of CMD was correlated with high numbers of 

whiteflies (Hillocks and Thresh, 2000; Maruthi et al., 2005).  

1.2.1.4 Distribution 

CMD was first reported in 1894 from Tanzania and was found later in many countries 

across SSA, where cassava is grown. On the Indian subcontinent, CMD caused by Sri 

Lankan cassava mosaic virus (SLCMV) is prevalent in Southern India, Sri Lanka, and 

Indonesia (Hillocks and Thresh, 2000) while the Indian cassava mosaic virus (ICMV) 

also is found albeit less frequently and with a more limited geographic distribution 

(Rothenstein et al., 2006). In Africa, CMD is found wherever cassava is grown on the 

continent and the islands of the South West Indian Ocean. For the viruses causing CMD, 

it can be approximately stated that ACMV spreads throughout Western Africa, where it 

is the major component of CMD. The more diverse EACMV-like viruses are prevalent in 

Central and Eastern Africa where the recombinant EACMV-UG is widely distributed. 

Here, the components of CMD vary and mixed infections with diverse viruses frequently 

occur.  

In the origin of cassava, South America, CMD is not known to occur. Despite the high 

numbers of begomoviruses reported from crops and wild plants in all regions, from Brazil 

to Argentina, and the high sensitivity of South American cassava varieties to CMB, there 

is no report of the disease. Exclusion through strict plant quarantine and endemic species 
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of whiteflies that are not adapted to cassava can present likely explanations. Thus, while 

the exact origin of CMBs in Africa remains elusive it is likely that the viruses endemic in 

Africa came from indigenous wild plants and shifted to cassava as a permissive and 

perpetual host. Whiteflies and to a large extend human-assisted spread then assured 

the wide distribution of CMD on the continent (De Bruyn et al., 2012) and neighboring 

where cassava became increasingly popular and significant as a source of daily food.  

CMD was also not known in countries of South East Asia, namely Thailand, Cambodia 

and Vietnam. In these countries, cassava production has been enormously increased 

and modern industrial production methods, high yielding homogenous starch rich 

varieties and high investments have rendered cassava into a very profitable cash crop 

for these countries. Thus in Cambodia and Vietnam, production areas increased 

tremendously and along with the demand for planting materials. In 2015 the introduction 

of SLCMV into a single cassava farm in the Ratanakiri province of Cambodia was 

reported (Wang et al., 2016) and since then CMD rapidly spread to cassava regions in 

the country, in Vietnam and Thailand causing an almost breakdown of the cassava 

production in the entire region. This unpreceded outbreak of CMD provides a clear 

example that the occurrence of CMBs is not limited to particular regions and that their 

establishment and spread depends on the suitability of the environment for cassava 

cultivation. It can be expected that similar epidemic situations may arise in cassava 

regions around the world. 

1.2.2 The cassava brown streak viruses 

Cassava brown streak disease (CBSD) while known since long in coastal regions of 

Tanzania, Kenya and Mozambique, emerged recently as a serious threat to cassava 

cultivation in all cassava growing regions of East Africa extending its range distribution 

to neighboring northern, central and southern African countries, from South Sudan to 

Mozambique and from Zambia to DR Congo. The early report on CBSD in Tanzania 
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(Storey, 1936) followed the initiation of a resistance breeding program at the Amani 

research station (Jennings, 1957) while still little was known about the causal agent of 

the disease (Hillocks and Thresh, 2000). It was considered a graft transmissible disease 

of viral origin which was confirmed by mechanical transmission to infect a range of 

experimental hosts (Lister, 1959). Short filamentous, virus-like particles were 

demonstrated and pinwheel structures indicating for the presence of a potyvirus were 

seen however, antisera against the carlavirus cowpea mild mottle virus also reacted in 

ELISA with CBSV infected cassava leaves. Thus the identity of the viruses remained 

ambiguous and it was hypothesized for long that both carla- as well as potyviruses were 

associated with CBSD (Hillocks, 1997). In 2001, molecular assays using virus-genus 

specific PCRs were conducted and failed to prove other viruses except for potyviruses 

in CBSD affected cassava. Sequence analysis of the amplified virus genome fragment 

identified a putatively new virus species, the cassava brown streak virus and further 

revealed that this virus was most likely affiliated to the genus Ipomovirus (Monger et al., 

2001).  

Cassava virus research in our Plant Virus laboratory at the Leibniz-Institute-Deutsche 

Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ) focused on CMB 

diversity and the screening and selection of cassava varieties with a natural resistance 

against begomoviruses infecting the crop. CBSV isolates were unintentionally collected 

during virus surveys on the distribution of CMB in Kenya conducted in 1999 (Were et al., 

2004b). The first CBSV was isolated from mixed CMB/CBSV infected cassava plants 

showing severe bright yellow leaves, blistering and leaf distortion on the entire plant 

(Figure 4).  
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Figure 4. Virus infected cassava landrace collected in Kilifi region of coastal Kenya in 1999. CBSV 
was transmitted from mixed infection CMD/CBSV on the sensitive variety (black arrow) to a 
CMB resistant variety (TME4) (open arrow).  

 

The disease was transmitted to experimental hosts and back transmitted to cassava and 

virus-like particles resembling carla- and potyviruses were demonstrated by electron 

microscopy (Were et al., 2004b). However, all molecular attempts to identify the viruses 

failed and CBSV research discontinued. When it later became evident that the cassava 

varieties selected for high CMB resistance were indeed highly susceptible and 

succumbed to CBSD the focus changed and research on CBSV intensified.       

1.2.2.1 Taxonomy, genome organization and genome diversity   

The first complete genome of CBSV became available in 2009 (Mbanzibwa et al., 2009a) 

confirming CBSV as a member of the ipomoviruses having a similar but unusual genome 

structure. The single-stranded RNA genome of the virus is polyadenylated and the large 

polyprotein contains motifs and proteolytic cleavage sites conserved for Potyviridae with 

the typical genes P1, P3, 6K1, CI (cylindrical inclusion), 6K2, VPg (viral genome-linked 

protein), NIaPro (nuclear inclusion protease), NIb (nuclear Inclusion polymerase) and CP 
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(coat protein) expected for potyviruses but with Hc-Pro (helper component proteinase) 

missing and P3 directly following the short P1 gene (Figure 5).  

 

Figure 5. Genome organization of a typical cassava brown streak virus (UCBSV-Ke125). PIPO 
(pretty interesting protein) is expressed as a +2 frameshift nested within P3. The Ham1 gene 
of unknown function inserted upstream the CP is unique in plant viruses.     

 

Even more intriguing is the existence of a HAM1-like sequence inserted downstream of 

NIb followed by the coat protein gene (CP). In the genomes of potyviruses this NIb/CP 

position is most stable and often used for insertion of foreign genes but it has never been 

found in nature and occurs only in CBSV and in euphorbia ringspot virus (EuRSV) an 

otherwise typical member of the genus Potyvirus (Knierim et al., 2017). While Maf/Ham1 

proteins are implicated in detoxification processes and mutation reduction, the function 

of Ham1 for CBSV and the cassava brown streak disease are still to be clarified.   

From partial and complete CP sequences amplified from CBSD affected cassava, it 

became apparent that two sequence clades comprise CBSV and it was postulated that 

the virus isolates belong to two phylogenetically different strains (Mbanzibwa et al., 

2009b) or populations with those collected from the Lake Victoria zone of Tanzania. 

Another very important result was that the populations of CBSV in the Lake Victoria basin 

were genetically distinct from populations found in the coastal lowlands of Tanzania and 

Mozambique.  

Biological and molecular characterization of CBSV isolates collected between 1997 and 

2008 from all major cassava regions in East Africa at DSMZ revealed that more than one 

virus is implicated in the disease. The sequence diversity among virus isolates with those 

from Mozambique and Kenya taken as reference warranted their taxonomic description 

as distinct virus species (Winter et al., 2010). Following the ratification by the 
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International Committee on Taxonomy of Viruses (ICTV), the ipomoviruses infecting 

cassava were named cassava brown streak virus (CBSV) and Ugandan cassava brown 

streak virus (UCBSV). Both virus species (U/ CBSV) have positive ssRNA genomes of 

around 9008 nt for CBSV and 9070 nt for UCBSV (Figure 5). With nucleotide (nt) 

sequence identities of 70% over the entire genome and polyprotein aa identities of 74%, 

the sequences are well below the taxonomic borders for potyvirus species demarcation 

(ICTV <76% nt identity and <82% aa identity). Ham1 and P1 were most diverse between 

the virus species. A remarkable feature in the coat CP of U/ CBSV was found in the N-

terminal portions of the gene with the insertion of 9 aa in CBSV isolates resulting in a 

slightly larger protein than that of UCBSV as shown in Western Immunoblot analysis 

using antisera against bacterially expressed CP (Winter et al., 2010). This signature 

within the CP is invariant and can be used to discriminate U/ CBSV species.  

Antiserum raised against bacterially expressed proteins of U/ CBSV decorated particles 

of both viruses while monoclonal antibodies (mAbs) decorated only the respective 

homolog (Figure 6). The U/ CBSV particles appear relatively short and are less flexuous 

than particles of other potyviruses, however, the cross reaction with cucumber vein 

yellowing virus (CVYV) in western blot analysis (Winter et al., 2010) confirmed a 

serological relationship with this ipomovirus.  

 

Figure 6. Immuno-electron microscopy (IEM) to demonstrate U/ CBSV particles present in mixed 
virus preparations. (A) U/ CBSV particles decorated with the antiserum DSMZ AS 1153 raised 
against a CBSV-Mo83 bacterial expressed CP. (B) IEM with the monoclonal antibody DSMZ 
AS 1153/1 decorates CBSV particles only and is not reacting with UCBSV particles. Bar 
represents 100 nm. 
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The genomes of ipomoviruses are quite diverse and upon phylogenetic analysis form a 

distinct clade well separated from other virus genera in the family Potyviridae 

(Dombrovsky et al., 2014). Within the genus, CVYV is the closest relative to U/ CBSV 

however, the species have very distinct P1 genes and the additional Ham1 is only 

present in genomes of U/ CBSV. The conservation in the CP genes is striking which may 

hint to CP functions in vector transmission by the whitefly B. tabaci.  

Analysis of complete U/ CBSV genomes provide indications for considerable diversity 

within the virus species (Scussel et al., 2019) that is more pronounced in genomes of 

CBSV having a faster rate of evolution than UCBSV (Alicai et al., 2016) and even 

provoking the notion for additional species being present (Ndunguru et al., 2015). An 

indication for further speciation is provided by the genome sequence of CBSV-Tan70, a 

virus with a strikingly diverse P1 gene sequence (Winter et al., 2010) equidistantly related 

to UCBSV and to CBSV (63% aa identity) and providing evidence for the presence of 

distinct P1 clades in CBSV genomes found in cassava from Tanzania and Malawi 

(Mbewe et al., 2017) as well as in Mozambique (Amisse et al., 2019a). Nevertheless, 

following the current ICTV guidelines, CBSV-Tan70 is a deviant isolate of CBSV and its 

denomination as distinct CBSV strain is pending biological evidence. 

1.2.2.2 Detection and Identification 

Serological tests based on ELISA have been developed in our DSMZ laboratory and are 

available for U/ CBSV detection (www.dsmz.de). However, the polyclonal and 

monoclonal antibodies raised against bacterial expressed CP of both viruses provided 

only a reliable virus detection when symptomatic leaves were used (Sheat et al., 2015). 

Reverse transcription polymerase chain reaction (RT-PCR) (Abarshi et al., 2010; Adams 

et al., 2013; Mbanzibwa et al., 2011a; Monger et al., 2001) and quantitative reverse 

transcription polymerase chain reaction (qRT-PCR) based methods are now widely used 

for routine detection of the viruses and in particular qRT-PCR methods provide the 
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sensitivity to detect even minute amounts of virus in infected materials (Moreno et al., 

2011; Otti et al., 2016; Shirima et al., 2017). Reverse transcription loop-mediated 

isothermal amplification (RT-LAMP) (Tomlinson et al., 2013) and multiplex RT-PCR 

assays were developed to detect mixed infections of RNA and DNA viruses (Mbanzibwa 

et al., 2011a; Otti et al., 2016) however; those laboratory tests often lack reliability and 

robustness to be used in diagnostic routines. While only sequencing of amplicons can 

provide ultimate identification of U/ CBSV, the primers generally used in PCR 

approaches are sensitive and discriminatory so that a positive PCR is already sufficient 

for the identification of a virus species. Nevertheless, resolving virus variants or strains 

(CBSV-Tan70) would require a global analysis of the cassava virome, a method currently 

used for virus discovery only.  

1.2.2.3 Biology   

1.2.2.3.1 Symptoms 

The term brown streak in the virus name refers to brown lesions visible on stems of 

CBSD affected plants (Nichols, 1950). CBSD symptoms typically manifest on the whole 

plant from leaves and stems to tuberous roots (Legg and Hillocks, 2003). They differ with 

cassava variety, temperature and stress from abiotic factors as well as from other 

pathogens that may be present. While the two U/ CBSV species may have different 

pathogenesis with more rapid plant invasion and pronounced leaf symptoms of CBSV 

infections, however, the extend of necrosis and destruction of tuberous roots is similar 

for both pathogens.  

The most devastating symptoms and impact results from the necrosis that occupies large 

areas of the tuberous roots emerging as radial constrictions which can be localized to 

specific areas or dispersed through the entire tissue from the cork to the pith in the starch 

structure (Hillocks and Thresh, 2000; Kawuki et al., 2019). The necrotic lesions can 
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coalesce to larger necrotic areas and appear internally as yellow to brown necrotic 

blotches (Calvert, 2002; Hillocks and Thresh, 2000)   

 

Figure 7. Cassava brown streak symptoms on leaves, stems and tuberous roots of a sensitive 
cassava variety. (A) Vein clearing, chlorosis and yellow blotches on leaves. (B) Brown streak 
lesions on the stem. (C) Necrosis on tuberous roots appearing localized or distributed through 
the entire tuber tissue.  

 

CBSD symptoms on leaves are yellow discolorations, vein clearing and chlorosis but this 

is never associated with distortion of leaves, curling and stunting which are typical for 

CMD. Furthermore, CBSD symptoms are found predominantly on mature leaves in lower 

portions of the canopy while CMD is typically found in apical parts of the plant with 

pronounced symptoms on young freshly unfolding leaves. 

CBSD symptoms on leaves range from vein chlorosis and leaf mottle to more 

pronounced necrosis symptoms along the veins or coalescing to chlorotic blotches and 

larger patches (Figure 8).  
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Figure 8. Symptoms on cassava leaves from single infections of UCBSV and CBSV. (A) UCBSV 
symptoms on leaves extend from main veins and coalesce to yellow blotches. (B) CBSV 
symptoms are predominantly feathery chlorosis from vein yellowing. 

 

Under field conditions, it is difficult to distinguish between CBSV and UCBSV particularly 

because of interfering environmental factors and, when both viruses occur in mixed 

infections. Nevertheless, distinct symptoms can be attributed to the viruses (Figure 8). 

It was noted that two main types of foliar symptoms exist: (i) feathery chlorosis along 

secondary vein margins, which eventually coalesce to form blotches, and (ii) chlorotic 

mottling with no veinal association (Hillocks and Thresh, 2000; Nichols, 1950). These 

distinctive symptoms lack the leaf distortion symptoms observed in CMD‐infected 

cassava plants. CBSD symptoms are variable in terms of severity, the onset of symptom 

expression and plant organs affected, depending on the viral strain, cassava cultivar, 

environmental conditions and age of the plant when infected (Nichols, 1950).  

The expression of symptoms in cassava varies and besides the very sensitive varieties, 

others are showing only limited symptoms of vein chlorosis on minor veins only. While 

barely noticeable on leaves, those varieties can nevertheless be severely affected by the 

disease with large areas of the tuberous root destroyed by necrosis. This weak 

correlation between above-ground symptoms (leaves and stem) and those of tuberous 

roots (Hillocks et al., 1996; Kaweesi et al., 2014; Kawuki et al., 2016; Okul Valentor et 

al., 2018) renders disease diagnosis difficult. Furthermore, CBSD symptoms are 
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expressed mostly on mature, older leaves and those are often dropped during maturation 

and as a response to environmental stress. Thus CBSD affected plants may appear 

healthy and cuttings taken for propagation will carry the disease over to the next season.     

Despite symptoms on leaves and stems, CBSD affected plants can grow vigorously with 

dense canopies and strong stems. Even plantings from secondary infections often 

develop very well because crop decline from the use of already diseased cuttings is less 

evident. Nevertheless, because of the destruction inflicted on the tuberous roots, the 

impact of the disease is high because it renders the roots inedible (Hillocks, 2000; 

Kawuki et al., 2019). 

1.2.2.3.2 Host range  

Cassava originates from South America, where CBSD is not present. Thus, similar to 

CMB, the viruses are of African origin and were transferred to this new host from 

presumably wild indigenous plants which otherwise may have not been affected by the 

viruses. Both, for CMB and for U/ CBSV, the origins are unknown and the search of 

alternative hosts for any of the viruses can provide only circumstantial evidence. In 

contrast to CMB, CBSV can infect a wide range of experimental hosts (Lister, 1959) of 

which some are used in the virus laboratory. Surveys for alternative hosts revealed 

velvet-fruited zanha (Z. africana), camel bush (T. zeylanicum) and the tree cassava, M. 

carthaginensis subsp. glaziovii as hosts for CBSV in Mozambique (Amisse et al., 2019b). 

In Rwanda, UCBSV was found in Asystacia gangetica (Acanthaceae), Physalis 

peruviana L. (Solanaceae), Carica papaya L. (Caricaceae), Sida cordifolia L. 

(Malvaceae) and Senna spectabilis (DC.) (Caesalpinioideae) (Umfuyisoni, 2018). To 

date, there is no evidence on the potential role of any of those hosts for U/ CBSV spread. 

While for maintenance of the disease, those alternative hosts are not important for 

cassava, their identification would clarify the link from the virus in the environment to the 
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disease of the cultivated crop and provide the critical information for crop management 

to prevent the spread of the disease.  

1.2.2.3.3 Transmission and spread 

Most ipomoviruses are transmitted by B. tabaci in a semi-persistent manner and this was 

also proven for the viruses causing CBSD (Maruthi et al., 2005; Maruthi et al., 2017). 

Semi-persistently transmitted viruses are acquired during short feeding times and 

because the viruses are retained at the mouth/head parts of the insect, the transmission 

is almost immediate. The virus does not circulate in the insect and the vector loses its 

virus load within short periods of probing and sucking. This has implications for virus 

spread because only limited areas can be reached at a given time period (Maruthi et al., 

2017). In contrast to CVYV which is effectively vectored by B. tabaci and only a few 

insects are used to start an epidemic, the number of whiteflies that are required for 

successful transmission of U/ CBSV is considerably higher. Indeed, a minimum of 20 to 

25 whiteflies was needed to initiate the infection cycle in a cassava plant under 

experimental conditions with 24 h virus acquisition and 48 h virus inoculation (Maruthi et 

al., 2017). A definite correlation between whitefly numbers and transmission rate was 

never found and thus it is commonly acknowledged that the efficiency of B. tabaci to 

transmit this disease is low. The upsurge of enormously high whitefly populations in 

cassava regions (Macfadyen et al., 2018; Maruthi et al., 2017) in particular after short 

rainy seasons however counterbalances this low efficiency of whitefly transmission. 

Other whitefly species were also reported to transmit cassava brown streak viruses, 

Aleurodicus disperses, the spiraling whitefly (Alicai et al., 2007) and Trialeuroides 

vaporariorum, the latter even with a similar transmission rate than B. tabaci (Njoroge et 

al., 2017). While different whitefly species have been reported to transmit single virus 

species of torradoviruses and criniviruses, evidence and contribution of these insects to 

CBSD spread in cassava is questionable. U/ CBSV are mechanically transmitted viruses 

however, virus transmission by wounding with crop management tools or by leaf picking 
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is not likely. The main pathway of virus spread is by the exchange of virus-infected stem 

cuttings used for plant propagation. This occurs from farm to farm and over long 

distances and maintains the virus from growing cycle to the next. It is highly efficient and, 

considering the limited efficiency of the vector, disrupting this pathway would present the 

key to controlling the disease.  

1.2.2.4 Distribution 

Since its first report in 1936 in Tanzania (Storey, 1936) the disease was reported from 

further cassava growing regions in Tanzania, Malawi, Mozambique and Kenya. CBSD 

was then considered as a disease restricted to lowland coastal regions (< 1000m) and 

with limited impact on yield presumably because the disease was not very widely 

dispersed  (Hillocks and Jennings, 2003). Nevertheless, later survey data from Tanzania 

1993/1994 and Malawi 2001/2002 (Legg and Hillocks, 2003) show that the disease was 

more widespread and reaching incidences of 25-40% in some growing regions of 

Tanzania and along the shores of Lake Malawi. CBSD was thought to be a disease 

prevalent only in regions of the Indian Ocean and Lake Malawi and never at higher 

altitudes although virus infected cassava developed the disease when inadvertently 

introduced to higher regions (Alicai et al., 2007). In 2007, Alicai et al., 2007 reported a 

CBSD outbreak in Uganda, followed by reports from Rwanda in 2009 (Munganyinka et 

al., 2018a), Burundi (Bigirimana et al., 2011) and eastern DR Congo (2012) from Mayotte 

islands in 2014 (Roux-Cuvelier M et al., 2014) and 2017 from Zambia (Mulenga et al., 

2018b). From the surveillance reports, it can be assumed that in 2020, CBSD is present 

in all cassava regions in East Africa with a westwards range extension into DR Congo in 

the cassava regions along the borders of Rwanda and Uganda.  

Mapping the geographic origin, establishment spread and current distribution of isolates 

of CBSV and UCBSV in the region lack a precise identification of the virus species since 

most virus surveys prior to the discovery of the viruses were done by symptom 
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assessment only. From the early virus identifications, it can be assumed that UCBSV 

was present in Kenya, Uganda and around the Lake Victoria (Mbanzibwa et al., 2009b; 

Mbanzibwa et al., 2011b; Winter et al., 2010) while CBSV isolates were more distributed 

along the coastal areas of Tanzania and Malawi. The more recent virus surveys are 

supported by molecular data and indicate the presence of both viruses in the same 

region either present in single or mixed U/ CBSV infections (Kaweesi et al., 2014). 

Presence of UCBSV only was reported from Zambia (Mulenga et al., 2018a) or eastern 

Congo (Mulimbi et al., 2012) and this most probably marks the introductory phase of the 

disease which is then superseded by survey findings of both viruses established on 

cassava in the region (Alicai et al., 2019; Casinga et al., 2019; Munganyinka et al., 

2018a). Monitoring for viruses associated with CBSD is biased towards sampling of 

cassava showing conspicuous symptoms which then is tested for virus identification. 

Hence, from the information available it is difficult to draw quantitative conclusions on 

the incidence and prevalence of either of the two viruses composing CBSD in a region. 

These data however are of high significance for crop management and the deployment 

of virus resistant cassava.  

1.2.3 Epidemiology of cassava mosaic viruses and cassava brown streak 

viruses  

CMD is the cassava virus disease most distributed in Africa and found wherever cassava 

is grown. Consequently, both CMB and U/ CBSV have a sympatric occurrence only 

limited by the current distribution of CBSD. When both viruses are present in mixed 

infections, symptoms of cassava are found on the entire leaf canopy.  However, the 

mosaic and leaf curl symptoms of CMB mask those of U/ CBSV and symptoms on 

sensitive varieties may only appear as a more severe CMD (Figure 9). This 

symptomatology has probably contributed to the fact that CBSD was often overseen in 

the past. The nowadays widespread use of improved cassava varieties with resistance 

against CMD has accentuated symptoms of CBSD. 
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Figure 9. CMB and CBSV mixed infection of a cassava line, sensitive to both viruses. Symptoms 
of CBSV on lower leaves are masked by those of CMB found on all leaves of the plant. 

 

A common feature of CMB and U/ CBSV is their transmission by B. tabaci. However, this 

is the only match as the transmission modes are entirely different and leading to different 

outcomes. B. tabaci is a highly efficient vector for CMB with only a few insects required 

for virus spread. Because the insect remains viruliferous throughout its life, epidemics 

are initiated even in distant regions. In contrast, the insect acquires U/ CBSV and the 

viruses persist only for a short time in the head parts of the insect. This reduces the 

transmission range and spread rate and indeed may explain why the disease has for 

long been reported only from a limited area. The efficiency of single whiteflies to transmit 

U/ CBSV is almost nil and high numbers of B. tabaci are required for virus transmission 
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(Maruthi et al., 2017). The high population densities of whiteflies now found on cassava 

(Jeremiah et al., 2015; Legg et al., 2014; Tajebe et al., 2015) may drive at least the local 

spread of CBSD however, the quantitative contribution of vector transmission to CBSD 

epidemics in Africa is uncertain. 

It is evident that dispersal of CMB and U/ CBSV over short and long distances is by the 

movement of infected planting materials (cuttings) and this human-assisted spread is the 

major factor determining disease incidence and range expansion of the viruses. This can 

be considered for both CMD and CBSD however, the efficient vector transmission of 

CMB has different consequences for disease management and control.        

1.2.4 Control of cassava virus diseases 

Two characteristic features, the use of vegetative propagules for planting and 

dissemination of cassava and the whitefly vector transmission, are the major 

determinants of management options for disease control and mitigation. The production 

of planting material from healthy plants free of viruses and the use of such clean planting 

materials to start new fields and production cycles are significant measures to reduce 

the impact of secondary infections from virus-infected cuttings. In many cassava regions 

of Africa, CMD symptoms appear instantly after planting with the development of shoots 

and leaves showing pronounced symptoms. Disease incidence can amount to 100% 

when sensitive varieties are grown but more importantly, the recurrent and indiscriminate 

use of infected cuttings for the next crop cycle leads to severe decline syndromes of 

CMD affected cassava. This is less visible with CBSD affected plants however because 

pronounced symptoms of the disease are often not found, the choice of healthy planting 

materials then is difficult.  

A healthy crop developing from virus-free propagation materials can become readily 

infected with CMB transmitted by whiteflies which are endemic and abundant in all 

regions. The efficiency of spread depends on the population density of the whitefly vector 
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and is very high for CMB, so that virus transmission to almost all plants in a field occurs 

within a few months after planting. In contrast, vector transmission of U/ CBSV is much 

less effective and spread capacity and range of dispersal is limited. Whitefly spread of 

the disease occurs with the upsurge of vector populations in short and long raining 

seasons and while not easily traceable because of mild or missing symptoms, new 

infection foci have been created for the next crop cycle when cuttings are used from 

those infected cassava plants.  

Disease management can also comprise the removal of infected plants (roguing), 

intercropping with other species (maize) to reduce whitefly infestations and virus spread 

as well as crop rotation with cassava-free areas. All interventions require highly 

structured agricultural systems, from seed systems to produce virus-free planting 

materials to certification, counseling, farmer’s advisory boards and plant protection 

services. While most of the phytosanitary measures have only limited effects of reducing 

virus incidence, they require the coordinated action of the communities over large areas 

to show promising results. As shown in the production of potato in the industrialized 

North, seed systems and crop certification programs are highly effective in reducing the 

impact of virus diseases. Farmers obtain certified healthy planting materials and can 

subsequently produce propagation materials from their crops and return to certified 

materials after a few cropping cycles. Agricultural production is embedded in a formal 

system established and backed by governments. This lack of formal systems and the 

“high” costs of those cassava planting materials (clean seed systems) present major 

impediments towards the improvement of cassava production in Africa which still is 

considered as subsistence farming.  

Consequently, it is reasonable to consider host plant resistance as being the most 

effective means of virus control. The virus resistant cassava would only require the 

acceptance of farmers to simply replace existing varieties without any further change in 

agronomic practices. Indeed breeding for virus resistance is the most massive task of 
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crop improvement programs worldwide, covering all crops, banana, cotton, soya, potato, 

tomato, cucurbits, chili, beans and also cassava.  

1.2.4.1 Virus resistance 

Viruses infecting cassava in Africa are known since the publications of the Amani 

Research Institute, created in 1902 by German colonists and later taken over by Great 

Britain within the League of Nations mandate. With not much known about the diseases, 

the search for cassava plants already started in 1937 (Jennings, 1957) and many of the 

cassava varieties now still found on farms date back to resistance breeding and selection 

at Amani. Both mosaic virus and brown streak virus resistance breeding was pursued 

and crosses were made between varieties that showed less symptoms and vigorous 

growth. The tree cassava Manihot glaziovii Muell.-Arg was mostly used as the source of 

CMD resistance. M. glaziovii hybrids can become virus infected but after an initial 

symptom phase recover with only mild or no symptoms expressed. Backcrosses were 

showing good resistance against CMD with acceptable yield and some were even 

resistant against brown streak disease (Hillocks and Jennings, 2003; Jennings, 1957). 

This recovery resistance termed CMD1 became key to all breeding programs across 

Africa and many popular varieties like TMS 30572 (Nase 3) and TMS 30772 (Migyera) 

carry CMD 1 resistance. For long, CMD was not a major breeding target because of the 

satisfactory performance of cassava with improved resistance levels. In early 1990, a 

severe epidemic of CMD cassava over a large area across Uganda starting from Luwero 

district and essentially wiping out local cassava landraces including the most popular 

Ugandan variety Ebwanateraka. Following, Cassava virus research and cassava 

resistance breeding experienced a strong boost and besides CMB viruses identified as 

the root cause of the resistance breakdown (Zhou X et al., 1997), a new resistance 

source was identified in West African cassava landraces (Akano et al., 2002) and later 

designated CMD2. Research at the DSMZ Plant Virus Department in early 2000 showed 

that cassava carrying this CMD2 is highly resistant against all CMB known (Ariyo et al., 
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2006; Atiri et al., 2004) and subsequently CMD2 became the main source of resistance 

against CMB. The most popular varieties in Africa, among others, Albert, Nsansi (TMS 

96/0160), Sawasawa (MM 96/3920) Obama (TME 204, TME 419), Nase 14 (MM 

96/4271) contributed to very effective control of CMD to an extend that symptomatic 

plants of those varieties were either not found or CMD symptoms were transient. CMD1 

and CMD2 were combined to generate CMD3 (Lokko et al., 2009) represented in TMS 

97/2205, TMS 98/0505 and TMS 96/1089A that confers high resistance to CMB and 

probably also against U/ CBSV.  

CBSD resistance breeding also dates back long, however cassava varieties with a 

resistance similar to that provided by CMD2 against CMB were not found. The most 

promising cassava varieties originating from those programs, like Nanchinyaya, can 

become infected but show only limited root necrosis. The early maturing variety Kiroba, 

when harvested 6-9 months after planting, does not show root necrosis symptoms and 

when early harvesting is used by farmers losses from unmarketable roots can be 

avoided. The most outstanding CBSD resistant variety Namikonga (Kaleso) also 

originated from Amani and became one of the key parents in resistance breeding 

programs of Uganda and Tanzania (Kaweesi et al., 2014; Kawuki et al., 2016)    

Nevertheless, CBSD resistance breeding was not as successful as breeding for 

resistance against CMD. All cassava varieties grown in Africa can be infected with U/ 

CBSV and show more or less necrosis symptoms on roots. The extent of these root 

symptoms is taken as an approximate for virus resistance and varieties with root necrosis 

but vigorous bulking of tuberous roots (NAROCASS1, Tz130) are considered virus 

resistant (tolerant).  
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1.3 Cassava brown streak virus resistance research gaps: Virus 

diversity, infection processes and; New sources of virus 
resistance 

Breeding for resistance against CBSD is very complicated because there are no highly 

resistant varieties and the response of the cassava subjected to resistance selection 

under field conditions is variable. Besides, infection parameters (time, inoculum source, 

efficiency of transmission) are not known and thus it takes several growing cycles before 

the CBSD resistance status of a cross becomes clear (Kawuki et al., 2016). Thus, the 

key obstacles to progress in the development of CBSD resistant cassava are the lack of 

highly resistant sources of CBSD resistance and in a similar vein, the lack of fundamental 

and applied virus research that would considerably improve screening and assessment 

of virus resistance in cassava.   

Considerable research has focused on the viruses causing CBSD and their incidence in 

cassava growing regions. Breeding research has concentrated on improvement and 

subsequent harmonizing of approaches to score symptoms and assess 

resistance/tolerance to CBDS in breeding materials, to compare cassava genotypes, 

analyze complete cassava genomes and transcriptomes and to improve genomic 

selection.  

Cassava is a very complex plant and nothing is really well understood; from the 

architecture of the canopy, branching and flowering, to the belowground root system with 

fibrous roots of which some eventually develop into tuberous roots, the storage organs 

of the plant. Similarly, infection processes of the viruses are barely known for CMB but 

almost no information exists about the invasion biology of U/ CBSV. More critically, there 

is no plant and no plant virus close enough to cassava and to U/ CBSV, to guide research 

by analogy. This is because in contrast to almost all viruses infecting crops, the main 

impact of CBSD is on the (tuberous) roots. It therefore remains utterly unclear whether 

a connection between the virus infection of leaves and the disease in roots exists and 
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how it can be described. Furthermore, plant virus invasion from the initial infection foci, 

the pattern of the infection processes and differences between the virus species in 

pathogenicity are not known but necessary to explain virus responses of cassava and to 

describe U/ CBSV resistance if such resistance exists.      

  Objectives 

 Develop, optimize, and improve detection methods for U/ CBSV; 

 Establish an efficient virus infection and screening protocol suitable for cassava; 

 Study virus infection processes, the pathogenicity of isolates, the movement of 

viruses in planta and virus invasion of organs and tissues; 

 Investigate the effects of mixed U/ CBSV infections and mixed infections between 

U/ CBSV and CMB; 

 Screen South American cassava germplasm accessions for resistance against 

U/ CBSV; 

o Identify virus-resistant accessions; 

 Describe the resistance;  

o Characterize the virus resistance mechanisms.   
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2 MATERIALS AND METHODS 

This chapter describes the major methods followed in the research work. Critical aspects 

of particular methods are then reflected in more detail in the respective subsections of 

results.   

2.1 Cassava plants and viruses 

South American cassava germplasm accessions (238) were obtained as tissue-cultured 

materials from the germplasm repository of CIAT (Centro Internacional de Agricultura 

Tropical), Cali, Columbia (https://cgspace.cgiar.org/handle/10568/43737). Cassava 

varieties, landraces, and breeding lines from Africa were either part of cassava collection 

of the DSMZ Plant Virus Department or provided by Prof. Maruthi (National Resources 

Institute, United Kingdom). The tissue-cultured plants were propagated in vitro, 

hardened, subsequently established in the glasshouse and grown under ambient 

conditions at 26 to 30°C with additional light provided. 

For all virus experiments, the CBSV reference isolates CBSV-Mo83 (DSMZ PV-0949, 

FN434436), CBSV-Ug65 (DSMZ PV-0996), CBSV-Tan70 (DSMZ PV-0957, FN 434437) 

and the UCBSV reference isolate UCBSV-Ke125 (DSMZ PV-0912, FN433930) were 

used. The viruses were maintained in the cassava varieties TME 7 or TMS 96/0304. 

TMS 96/0304 was selected as the susceptible check for all grafting experiments because 

of its susceptibility to CMB and U/ CBSV isolates and its resilience to sustain virus 

infections. 

The CMB infection assays and localization studies were conducted with the EACMV 

reference isolates (DSMZ PV-872 and DSMZ PV-877) maintained in the cassava variety 

TME 117. All infected plants were propagated through stem cuttings to produce sufficient 

amounts of axillary buds for transmission experiments by bud grafting.
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2.2 Infection methods 

2.2.1 Plant inoculation   

Leaves of Nicotiana benthamiana with pronounced U/ CBSV symptoms were used to 

prepare the inoculum. Symptomatic leaves were ground 1:20 (w/v) in 0.05 M 

sodium/potassium phosphate buffer (Na2HPO4/KH2PO4) pH7.0, 5 mM Na-DIECA 

(Diethyldithiocarbamic Acid) and 5 mM thioglycolic acid using a pestle and mortar and 

using celite (Celite 545, Serva, Germany) or charcol activated powder (Merck, Germany) 

as abrasive. To achieve mechanical transmission, sap homogenates were rubbed onto 

two leaves of 4-week old healthy N. benthamiana plants. The inoculated plants were 

sprayed with water to prevent excessive evaporation and subsequently maintained 

under greenhouse conditions for symptom development. 

2.2.2 Grafting of buds 

Bud grafting (Figure 10A), similar to the method described by Wagaba et al. (2013) was 

used for virus infection of plants in the first selection phase of resistance screening. 

Axillary buds were taken from virus infected cassava, inserted into the cassava line to 

be tested, and protected from desiccation by a layer of parafilm for 10 days. To increase 

the inoculation pressure and, thus, the chances for virus transmission, two axillary buds 

from virus infected cassava were inserted into each of the rootstocks. The plants were 

subsequently kept for approximately 14 days in a foil tunnel at high humidity to protect 

from wilting. Thereafter, plants were grown under glasshouse conditions. 

2.2.3 Cleft grafting of scions 

Grafting of scions (Figure 10B), essentially following the method described by Winter et 

al. (2010), was used to establish plants with chimeric branches. Scions from healthy or 

infected plants having similar diameters than the limbs/branches of the rootstocks were 
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taken and grafted into a cleft cut in the cassava rootstock. The top of the rootstock was 

subsequently decapitated to accelerate the development of the grafted scions. The cut 

and joint interfaces were protected from desiccation by a layer of parafilm and kept for 3 

days in a closed foil tunnel at high humidity to protect from withering after which the foil 

was gradually opened to harden the plants. After 14 days in the foil tunnel, the plants 

were transferred to the glasshouse. 

2.2.4 Inosculation 

The branches of two independently growing cassava plants were joint to establish U/ 

CBSV mixed infections (Figure 10 C). For both plants, the stem cortex was removed and 

a tongue cut was inserted to join the branches alongside the vascular system. Graft 

interfaces were protected from desiccation and vascular systems of both plants grew 

together while separate root systems were maintained.  

 

Figure 10. Inoculation methods to infect cassava by grafting. (A) Bud grafting. (B) Cleft grafting 
of scions. (C) Inosculation, joining branches of separately growing plants 
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2.3 Virus resistance screening 

2.3.1 Virus infections 

Cassava plantlets were established from tissue cultures and 2 to 3 plants/accession 

having approximately 6-10 leaves and 10 cm height were subjected to bud grafting 

(Figure 11) using buds excised from virus infected plants. Infection studies were first 

done with CBSV-Mo83 and those plants remaining symptomless and free of virus were 

subsequently tested for their response against other viruses including EACMV. 

 

Figure 11. Infecting cassava with U/ CBSV viruses by bud grafting. Cassava plant (1) grafted by 
inserting 2 buds (orange) from virus infected plants into the rootstock (2) to increase success 
of virus infection. U/ CBSV symptoms developing on leaves and tuberous roots (3).  

 

Grafted plants were visually inspected for symptom development starting from 10 days 

after grafting (dag) and subsequently on a daily basis until virus symptoms became 

apparent. Cassava plants that remained symptomless for 1 month were decapitated by 

removing the apical parts of the shoots to force flushing of axillary buds followed by new 

growth and development of leaves. Virus monitoring then went on for further 4 to 8 

weeks. 
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2.3.2 Symptom assessment and virus confirmation 

To evaluate the pathogenicity of U/ CBSV isolates, disease assessment focused on 

incidence and severity of leaf symptoms using a severity scale ranging from 1, for leaves 

without symptoms to 5, for severe symptoms on leaves (Rwegasira and M. E. Rey, 

2012). The mean symptom severity was then calculated in a score ranging from 2 to 5.  

For resistance screening, symptom assessment comprised symptoms on leaves and 

stems using a simplified scoring frame for the purpose defined as S for virus symptoms 

with S0, no symptoms on leaves and stems; S?, inconspicuous symptoms on leaves and 

stems; S+, moderate symptoms on leaves only; S++, severe symptoms on leaves and 

stems and S+++, wilting of the stem followed by plant death.  

To assess EACMV symptoms, a similar scale was used however, because of the 

absence of symptoms on stems, only leaf symptom records were taken: S0, no 

symptoms on leaves; S?, inconspicuous symptoms on leaves; S+, moderate mosaic 

symptoms on leaves; S++, severe mosaic symptoms on leaves, S+++, severe mosaic 

symptom with leaf distortion. 

2.3.3 Identification of resistant plants 

All cassava plants subjected to bud grafting, including those highly susceptible plants 

that wilted and died within the first 2 to 3 weeks after grafting, were tested for virus by 

TaqMan qRT-PCR. Virus symptoms and detection of CBSV by qRT-PCR were taken as 

proof for susceptibility of a cassava accession. Even if only one plant of the accession 

became infected, the line was discarded and exempt from further testing.  

Monitoring and virus testing continued with symptomless and qRT-PCR negative plants 

for further 4-5 months after which cassava lines that remained free of symptoms and 

virus to a second round of virus screening using 5 plants per cassava line (Figure 12). 
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Cassava plants that had survived the first round of screening were subjected to the 2nd 

round of virus testing by repeating the approach from the 1st testing cycle. This increased 

the stringency of resistance evaluation by reducing the number of candidates that had 

slipped the testing process because of technical or biological factors preventing initiation 

of the virus infections.  

 

Figure 12. Screening strategy to test for virus resistance in cassava germplasm. Cassava lines 
that did not become virus-infected during the first virus screening were subjected to a second 
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round of virus testing to confirm their resistance status. Each screening phase was for 8 
months, included symptom assessment, and virus testing by PCR (qRT-PCR)1. 

 

2.4 Tracing virus movement and replication 

To study virus movement in cassava and to verify virus resistance, scions (5cm, 2knots) 

from selected resistant lines were cleft grafted (Chapter 2.2.3) onto healthy cassava TMS 

96/0304 rootstocks to establish plants with chimeric branches (Figure 13A-1 and A-2). 

Vice versa, to study the involvement of the roots system and effects of virus invasion on 

tuberous roots, the resistant cassava line was used as a rootstock to receive scions of 

the susceptible plant (Figure13B-1 and B-2). After the establishment of the chimeric 

plants, sprouting of the grafted scions was encouraged by removing the leaves of the 

rootstock just below the graft insertion and by clipping the apical portions of the rootstock. 

Once branches had formed, axillary buds from CBSV-Mo83 infected cassava were graft 

inserted into the rootstocks (Figure 13A-3 and B-3). The development of virus symptoms 

on the susceptible was taken as proof for virus infections (13A-3 and B-3). To proof virus 

movement, a healthy TMS 96/0304 scion was side grafted onto a branch of the resistant 

cassava line (Figure 13A-4). 

To study virus movement in cassava lines in which virus invasion remained restricted to 

root tissues only, buds from infected plants were grafted into the cassava line to be tested 

(Figure 14-1 and 14-2). After establishment, a TMS 96/0304 was side grafted onto the 

stem as an indicator of virus movement from root to the developing scion (Figure 14-3).  

 

 

                                                

1 Figure taken from Sheat, S., et al. (2019). "Resistance against Cassava Brown Streak Viruses From Africa in 
Cassava Germplasm From South America." Front Plant Sci 10. 
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Figure 13. Tracing virus movement in resistant cassava. (A) A scion from a resistant cassava 
was side grafted onto a rootstock of TMS 96/0304 (1) to establish a chimeric plant (2). Virus 
infections were introduced by grafting (3). A TMS 96/0304 scion was grafted onto the resistant 
branch (4) to monitor virus movement (5). (B) A scion from TMS 96/0304 was side grafted 
onto the rootstock of a resistant cassava plant (1) to establish a chimeric plant (2). Virus 
infections were introduced by grafting (3). Light green, susceptible cassava; dark green, 
resistant cassava; orange, buds from virus infected plants. 

 

 

Figure 14. Tracing virus movement from roots to apical tissues. Virus infections were introduced 
into cassava rootstocks (1) by grafting (2). After bud establishment, a TMS 96/0304 scion was 
grafted onto the rootstock (3) to indicate virus movement (4). Light green, susceptible cassava; 
dark green, resistant cassava; orange, buds from virus infected plants. 
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2.5 Molecular methods  

2.5.1 Extraction of plant DNA 

Total DNA from cassava leaves was extracted using the DNAeasy Plant Mini kit (Qiagen 

Inc., Germany) essentially following the manufacturer’s protocol. The integrity of the DNA 

was analyzed in 1% agarose gels (Promega, Germany) and DNA was quantified using 

the NanoDrop device (NanoDrop Spectrophotometer ND-1000, PEQLAB, Germany). 

2.5.2 Extraction of plant RNA 

Different RNA extraction protocols were available in the Plant Virus laboratory to obtain 

good quality RNA from cassava. A CTAB protocol (Abarshi et al., 2010; Behnam et al., 

2019) provided a relatively cheap alternative but it was time consuming and required 

toxic chemicals presenting health hazards to use and disposal. In addition, the quality of 

the RNA extracted varied and residual genomic DNA or low molecular weight RNA in the 

preparations interfered with PCR. The use of spin column based RNA extraction kits 

eliminated toxic substances and resulted in highly efficient, scalable RNA extractions. 

Finally, RNA extractions from cassava were done with a commercial Kit (Epoch, USA) 

because large numbers of plant samples could be processed with high efficiency and 

reproducibility especially when RNA was extracted from diverse cassava cultivars.  

Leaves were collected in 2 ml Eppendorf tubes with stainless steel beads and placed in 

liquid nitrogen (N2) or stored at -80°C for later extraction. For tissue disruption, samples 

were ground in a tissue lyser (Qiagen TissueLyser LT, Germany).  RNA from cassava 

leaves, stems, tubers, and roots, was extracted using a kit (Epoch, USA). 450 µl of PRX 

buffer adjusted to 0.2% β-mercaptoethanol (Merck, Germany) was added to the 

powdered tissues and vortexed. For RNA extraction from N. benthamiana RX buffer 

containing ß-mercaptoethanol was used. Later steps were followed according to the 

manufacture’s protocol. 
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The integrity of the RNA was analyzed by gel electrophoresis in 2% agarose gels and 

RNA was quantified in a Qubit® Fluorometer (Thermo-Fisher Scientific, USA) using the 

Qubit RNA BR assay kit (Thermo-Fisher Scientific, USA) or a NanoDrop device 

(NanoDrop Spectrophotometer ND-1000, PEQLAB, Germany). 

2.5.3 Detection and quantification of U/ CBSV  

2.5.3.1 One-step (qRT-PCR) TaqMan assay  

Virus detection and quantification were conducted using a TaqMan assay (TaqMan Kit 

Maxima Probe/ROX qPCR Master Mix, Thermo-Fisher Scientific, USA) combining 

reverse transcription reaction and PCR in one step. COX (cytochrome oxidase) specific 

amplification was included as a plant control to test the performance of the reaction and 

the quality of the RNA (Kaweesi et al., 2014). Primers used for PCR reactions and 

references are listed in Annex, Table 1. Reaction mixes for qRT-PCR contained: 12.5 µl 

of Maxima Probe qPCR Master Mix (2x), 0.4 µM for COX primers and probe, 0.3 µM 

CBSV primers and probes or, 0.4 µM UCBSV primers and probes, 5 µl of RNA 

preparation, 0.15 µl of Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV 

RT), and nuclease-free sterile water to a total reaction volume of 25 µl. Each RNA sample 

was analyzed in duplicate qRT-PCRs, and controls were included in every series. The 

One-step qRT-PCRs were incubated for 30 min at 43°C for complementary DNA (cDNA) 

synthesis followed by an initial denaturation step for 2 min at 95°C and 40 cycles of 

denaturation (15 s at 95°C), annealing (30 s at 60°C), and synthesis (30 s at 72°C). qRT-

PCR reactions were carried out either in an ep realplex4 (Eppendorf, Germany) 

Mastercycler equipped with the realplex4 software or a qTOWER3 (Analytik Jena, 

Germany) equipped with qPCRsoft software to track the amplifications and check 

performance parameters. For quantification, cycle threshold (CT) values were used to 

calculate virus expression using the 2^-ΔΔCt method (Livak and Schmittgen, 2001) and 

COX as a reference gene. 
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2.5.3.2 Two step (qRT-PCR) SYBR Green assay 

One microliter of total RNA (20 ng/μl) was converted into cDNA in a reaction mixture 

containing 5 μl of M-MLV RT buffer (2x), 0.25 μl of dNTPs, 0.3 μM oligo(dT), 0.3 μM 

random hexamer primers, 0.2 μl of M-MLV RT, and nuclease-free sterile water to reach 

a reaction volume of 25 μl. cDNA synthesis was done for 30 min at 43°C and diluted 

fivefold prior to SYBR Green Kapa (PEQLAB, Germany) qPCR. Reaction mixtures 

contained 10 μl of SYBR Master Mix, 0.15 μM CBSV primers or 0.1 μM for UCBSV  and 

for acetyl coenzyme A (acetyl-CoA) primers or 0.15 μM for serine/threonine protein 

phosphatase 2A (PP2A) for N. benthamiana (Annex, Table 1), 5 μl of diluted cDNA 

template, and nuclease-free sterile water to a total reaction volume of 20 μl. Control 

reactions, non-template water, RNA from healthy cassava, and RNA from U/ CBSV 

infected cassava were included in every reaction series to conduct qRT-PCR with two 

technical replicates. After an initial denaturation step for 3 min at 95°C, each two-step 

cycle consisted of denaturation for 10 s at 95°C and synthesis for 30 s at 60°C. PCR was 

done for 36 cycles, followed by a melting curve analysis to assess the specificity of the 

amplification. For quantification, CT values were used to calculate the U/ CBSV 

expression using the 2^-ΔΔCt method (Livak and Schmittgen, 2001) and normalized 

against acetyl-CoA as an internal control for cassava and PP2A for N. benthamiana. 

Virus expression changes in a time course were calculated in relation to the virus 

expression reference. This was set individually for each experiment. 

2.5.4 Detection and quantification of cassava mosaic viruses 

For detection of cassava mosaic virus by PCR cassava leaf DNA was extracted using a  

DNA extraction kit for plants (Qiagen, Germany) followed by PCR amplification using 

primers (Annex, Table 1) for detection of all EACMV species, including EACMV-UG 

(Ariyo et al., 2005b; Were et al., 2004a).  Reaction mixes for PCR contained: 2.5 µl (10x) 

of 1.25 µl Mgcl2, and 0.5 µl from each forward and reserve primer, 0,5 µl dNTPs, 0,25 µl 
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Taq polymerase, 0,3 µl DNA template, and nuclease-free sterile water to a total reaction 

volume of 25 µl. PCRs were performed with an initial denaturation step for 3 min at 94°C 

followed by 35 cycles of denaturation (1 s at 95°C), annealing (1 s at 56.7°C), and 

synthesis (30 s at 72°C) finalized by incubation for 10 min at 72°C. PCR amplicons were 

separated in 1% agarose gels, visualized by UV light and photographed. Clear dsDNA 

bands at approximately 700bp provided evidence for the presence of viral DNA. 

2.6 Tissue print immunoassay (TPIA) 

The DSMZ laboratory protocol for TPIA was used with some modifications. Cross-

sections of N. benthamiana stalks were cut using a razor blade and tipped onto a 

nitrocellulose membrane (Protran, 0,45 µm, Schleicher und Schüll, Germany). The 

printed membrane was either subjected directly to the immunoassay or stored at 4°C for 

later processing.  

Blocking was done by immersion of the membrane for 45 min at room temperature in 

polyvinyl alcohol 72 000 (Biochemica, Germany) diluted to 1 mg/ml in phosphate-

buffered saline (PBS). Thereafter the membrane was incubated with virus-specific IgG, 

(DSMZ AS-1153/1) diluted 1:250 (v/v) in PBS for 1 hour at RT followed by three washing 

steps in PBS-tween (PBS-T) for 5 min. Later, the membrane was incubated with rabbit 

anti-mouse IgG conjugated with alkaline phosphatase (RAM-AP, Jackson Immuno 

Research Laboratories, USA) diluted 1:2000 (w/v) followed by three washing steps in 

PBS-T. Next, the membrane was equilibrated for 10 min in 10 ml substrate buffer, 0.1 M 

Tris (Tris (hydroxymethyl) aminomethane), 0.05 M MgCl2, 0.1M NaCl, pH 9.5, which was 

then exchanged with the developer solution, 45 µl BCIP (5-bromo-4-chloro-3-indolyl 

phosphate) / 35 µl NBT (P-nitroblue tetrazolium chloride) (Promega, Germany) in 10 ml 

substrate buffer. After few minutes, when clear blue signals became visible, the reaction 

was stopped by removing the substrate solution and immersing the membrane in water 

or T/E (10 mM Tris, 1mM EDTA, pH 7.5). Finally, the membrane was left to dry between 



Materials &  methods                                                                                                                   45 

 
papers overnight. The membrane was examined in bright-field microscopy, an Olympus 

SZX16 stereomicroscope (Olympus, Germany). 

2.7 Plant tissue preparation and in situ techniques  

2.7.1 Fixation, embedding, and sectioning of cassava tissues 

Leaves, stems and tubers samples from infected and healthy cassava were collected. 

Small pieces (5mm length) of plant tissues were excised and fixed under vacuum in 10% 

neutral buffered formalin (Sigma-Aldrich, USA) for 45 min. After the exchange of fixing 

solution and a further incubation step for 45 min at RT, the samples were transferred to 

fresh formalin and kept under vacuum for 16 hours. Next, the samples were washed two 

times in Diethyl Pyrocarbonate (DEPC) treated PBS buffer (PBS, pH 7.4) for 15 min, 

followed with dehydration washing in a series of increasing ethanol concentrations (30%, 

50%, 70%) for 30 min at each concentration and storage at 4ºC.  

For formalin-fixed paraffin embedding (FFPE), 2 steps of ethanol infiltration at 95% and 

100% ethanol for 30 min each preceded the substitution of ethanol with xylene. This was 

achieved by stepwise incubation of the plant tissues at room temperature for 45 min in 

ethanol/xylene mixtures with decreasing (2:1, 1:1, 1:2 (v/v) and pure xylene) portions of 

ethanol. Xylene was then replaced with paraffin by incubating mixtures xylene/paraffin 

(2:1, 1:1, 1:2 (v/v) and pure paraffin) at 60°C for 1 h each step. Samples in pure paraffin 

were transferred into Peel-A-Way molds and kept at room temperature. Before 

sectioning, paraffin blocks were cooled at 4ºC and sections of approx. 12 µm were cut 

using a Microm HM 355 rotary microtome (Thermo-Fisher Scientific, USA). Sections 

were obtained as paraffin ribbons from which two sections were separated, relaxed in a 

water bath at 37ºC and then placed on Superfrost Plus slides. Sections were dried 

overnight at RT and fixed by baking for 1 h at 60ºC. Directly after baking, sections were 

deparaffinized by incubating two times in xylene for 5 min followed by ethanol washing 

and storage in the dark. 
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For cryosectioning, ethanol fixed plant samples were infiltrated sequentially in 

decreasing ethanol concentrations (50% and 30%) for 30 min each followed by 

incubating twice in PBS for 15 min at RT. Cryoprotection steps followed to prevent 

structural damages from crystal formation during freezing. To this effect, PBS was 

complemented with 10%, 20% and 30% sucrose applying vacuum at 4ºC for 3:30 min at 

each step. Embedding was done in optimal cutting temperature (OCT) compound 

(Richard-Allan Scientific™ Neg-50™; Thermo-Fisher Scientific, USA). Samples were 

first transferred to filter paper to absorb excess sucrose from the tissue surfaces, 

immediately placed into OCT compound and mixed gently. Next, the samples were 

placed in Peel-A-Way molds complemented with fresh OCT compound and then plunged 

in liquid nitrogen for several minutes prior to storage at -20ºC. For cryosectioning, blocks 

were placed in a cryostat (CryoStar NX50, Thermo-Fisher Scientific, USA) with a 

specimen temperature set to -20ºC and chamber temperature of -21ºC ± 2ºC. Sections 

between 15-20 µm were produced (M135 Ultramicrotome blade, Thermo-Fischer 

Scientific, USA), immediately placed on Superfrost Plus slides and Superfrost Plus Gold 

slides and subsequently baked for 1 h at 60ºC.         

2.7.2 Histological staining  

Cassava sections (leaves, petioles, stems and tuberous roots) were used for studying 

the structure of cassava tissues. Sections (12–70 µm) were stained using, FCA (Fuchsin, 

Crysodin, and Astrablue, Sigma-Aldrich, USA) for 2 min and washed with 100% ethanol. 

Further staining was in 1% Safranin O (Sigma-Aldrich, USA) and 0.1% Astrablue for 1 

min, a third stain was in 0.1% (w/v) toluidine blue O (Merck, Germany) for 1 min and a 

fourth stain for starch was in Lugol solution (Sigma-Aldrich, USA) for 5 min. All staining 

steps were followed by rinsing in water to remove excess stain. After drying at RT, the 

sections were examined in the microscope. 
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2.7.3 In Situ localization of viral RNA using RNAscope®  

2.7.3.1 Single target detection 

RNAscope® in situ hybridization (ISH) was performed as described by Munganyinka et 

al. (2018b) using the Advanced Cell Diagnostics (ACD; Hayward, USA) RNAscope® 2.5 

HD Detection Reagent-RED kit (cat. no. 322360). Prior to hybridization, slides were 

baked for 30 min at 60ºC, cooled down for 20 min followed by drawing a hydrophobic 

barrier around the sections with an ImmEdge hydrophobic barrier pen (Biozol diagnostic, 

Germany). Next, the sections were treated with hydrogen peroxide for 10 min at RT to 

inhibit endogenous peroxidases, followed by one time washing with distilled water. 

Directly after, sections were incubated in target retrieval solution (98ºC to 102ºC); 15 min 

for leaf and stem section, (80ºC to 85ºC), 20 min for grafted stem-junctions and 5 min for 

sections of tuberous roots. This step disrupted crosslinking from tissue fixation. The 

tissue sections were dried overnight at RT. 

On the second day, samples were treated with ‘Protease Plus’ solution at 40ºC; 15 min 

for leaf and stem sections and 10 min for tuber sections to make RNA accessible. This 

was followed by 2 washing steps in water. Hybridization was done by incubating the 

specific probes (Annex, Table 2) at 40ºC for 2 h in the hybridization solution provided, 

followed by washing the sections for 15 min with 2 buffer exchanges. Serial amplification 

steps, as described by Munganyinka et al. (2018b), were conducted to amplify the signal. 

Finally, the signal was developed using an alkaline phosphatase-labeled probe and Fast-

Red as substrate resulting as red signal. Slides were then washed in water, 

counterstained with 50% hematoxylin (Gill’s Hematoxylin, Sigma-Aldrich, USA) for 2 min 

and rinsed several times in distilled water. Sections were baked at 60ºC for 45 min, briefly 

submerged in xylene and slides were covered with EcoMount mounting media (Biocare 

Medical, USA), micro cover glasses 24x50mm, and air-dried for at least 10 min at RT 

prior to sections examination. 
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2.7.3.2 Detection of multiple targets2 

The RNAscope® ISH was conducted as described by Munganinka et al. (2018b) but 

using the ACD RNAscope® 2.5 HD Duplex Detection kit (Cat. No. 322430).  

The first day of the assay was done essentially as described in the previous section. 

After overnight incubation, the samples were treated with a broad-spectrum ‘Protease 

Plus’ solution at 40ºC for 15 min for leaf and stem samples and for 10 min for tuber 

samples followed by 2 water washing steps. Probe mixtures 1:50 (v/v) were prepared by 

mixing a C2 probe (50x concentrated) with a C1 probe (ready to use probe) (Annex, 

Table 2). The probe mixture was applied onto the tissue section and hybridized at 40ºC 

for 2 h followed by washing the sections 2 times in washing buffer for 15 min. Serial 

amplification steps, as described by Munganyinka et al. (2018b), were done to amplify 

the signal followed by washing steps using freshly prepared washing buffer. The signal 

was developed using an alkaline phosphatase-labeled probe with Fast-Red as a 

substrate resulting in red hybridization precipitates. After that, the slides were washed in 

water and the second cycle of amplification followed as recommended by the 

manufacturer ACD. The second target signal was developed using Fast-Green as a 

substrate and the signal appeared as greenish blue precipitates. Similar to the single 

target detection, tissue sections were briefly washed in water to stop the reaction, 

counterstained with 50% hematoxylin (Gill’s Hematoxylin, Sigma-Aldrich, USA) and 

quickly rinsed in distilled water. Sections were baked at 60ºC for 45 min and 

subsequently, slides were covered with VectaMount mounting media (Biocare Medical, 

USA), micro cover glasses 24x50mm, and air-dried for at least 10 min at RT prior to 

examination.  

                                                

2 The method is published in; Sheat, S., et al., (2020). Duplex In Situ Hybridization of Virus Nucleic 
Acids in Plant Tissues Using RNAscope®. Methods in Molecular Biology, 2148, 203-2015.  
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2.7.4 Examination of plant tissue sections subjected to RNAscope® ISH 

Leaf, stem, and tuberous root samples from healthy and infected cassava were 

examined by bright-field microscopy using an Olympus SZX16 stereomicroscope 

(Olympus, Germany), a Zeiss Axioscope (A1 Zeiss Jena, Germany) and a Zeiss 

Axioscope (2 plus Zeiss Jena, Germany). The “D” setting of the modulator disk was 

occasionally used to improve the acquisition of the signal. 

Cross-sections of leaf midvein tissues subjected to RNAscope® ISH (Figure 15) 

exemplary demonstrate the results obtainable and the power of the method. Compared 

to other hybridization methods, the treatment results in an assay that essentially has no 

background noise of color precipitates from incomplete blocking and reaction with cell 

components (Figure 15A). Distinct spots of red precipitates also occurring in clusters 

mark hybridization with target molecules (Figure 15B, arrows) which, in duplex 

RNAscope® ISH, are distinct colored spots with high contrast (Figure 15C, arrows) to 

allow precise virus localization. 

 

Figure 15. RNAscope® ISH for cross-sections from cassava leaf midrib tissues. Absence of 
background signals in the control section (A). Red spots and clusters indicate the hybridization 
of viral RNA (B). Red and blue spots indicate the presence of two viral RNA targets (C).



50                                                                                                 materials & Methods                                                     

 

3 RESULTS 

Because there was no information about the ipomoviruses infecting cassava and 

because of the considerable experimental difficulties in studying these viruses in their 

cassava host, virus research included N. benthamiana as a model plant, for virus studies 

as well as for the establishment of new methods. This herbaceous host can be readily 

infected and responds to virus infections with obvious symptoms. Thus virus studies can 

be conducted in a relatively short time compared with cassava. Only care has to be taken 

when experimental results are interpreted since observations in this sensitive host are 

indications and must not correspond with virus reactions in another, less sensitive host. 

Prior to virus resistance studies with cassava, the aggressiveness of the U/ CBSV 

isolates needed to be compared to choose the most appropriate virus for cassava 

infection and resistance screening. Furthermore, the development and optimization of 

molecular methods for virus detection and localization finally to be used in cassava 

including the choice of the best plant tissues were conducted with N. benthamiana and 

with cassava.  

3.1 Characterization of cassava brown streak and Ugandan 

cassava brown streak virus infections in cassava and in N. 

benthamiana 

3.1.1 Pathogenicity of U/ CBSV isolates 

The two virus species causing cassava brown streak disease in cassava, UCBSV and 

CBSV and two divergent CBSV isolates, CBSV-Ug65 and CBSV-Tan70 resulted in 

similar outcomes of virus infection in cassava but caused distinctive symptom responses 

in N. benthamiana  (Winter et al., 2010). To compare plant response to virus infections, 
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N. benthamiana plants were inoculated with any of the four viruses to monitor the 

infection processes and determine virus concentrations. 

Symptoms on N. benthamiana became noticeable after 4 to 7 days with necrotic spots 

developing on inoculated leaves of CBSV-Mo83, CBSV-Ug65 and CBSV-Tan70 infected 

plants (Figure 16A-C).  

 

Figure 16. Symptoms of U/ CBSV infections in N. benthamiana. (A) CBSV-Mo83, (B) CBSV-
Ug65, (C) CBSV-Tan70 cause local lesions in inoculated leaves. (D) UCBSV-Ke125 causes 
chlorotic spots in inoculated leaves and there is no necrosis.  

 

Infections with CBSV-Mo83 started early with necrotic local lesions on inoculated leaves 

coalescing to necrotic patches, often expanding along midveins with systemic leaves 

showing leaf curling and blistering to rapidly develop necrosis on the entire leaf and 

petioles resulting in wilting and plant death within 9 days after inoculation (dai) (Figure 

17A). In contrast, inoculation of N. benthamiana with a UCBSV isolate resulted in 

chlorotic spots on inoculated leaves (Figure 16D) followed by leaf blistering and vein 

clearing in systemic leaves but the infection was never associated with necrosis 

symptoms (Figure 17B).  Plants infected with UCBSV continued to live despite severe 

leaf curling symptoms on newly developing leaves. 
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Figure 17. Symptoms of CBSV-Mo83 and UCBSV-Ke125 in N. benthamiana. (A) CBSV-Mo83 
necrotic spots on inoculated leaves, leaf deformation, severe blistering with systemic necrosis 
followed by wilting and plant death within 9 dai. (B) UCBSV-Ke125 chlorotic spots on 
inoculated leaves, systemic vein chlorosis, leaf blistering and deformation.  

 

Infections with another CBSV isolate, CBSV-Ug65, were somewhat delayed in N. 

benthamiana and started with necrotic spots on inoculated leaves, merging into larger 

areas followed by severe systemic symptoms comprising leaf curling, blistering and 

necrosis of veins. The severe plant decline eventually resulted in plant death but at a 

slower rate compared to CBSV-Mo83. In contrast, CBSV-Tan70, despite being closely 

related to other CBSV isolates caused virus infections that were very similar to UCBSV-

Ke125 (Figure 16B). Virus inoculated plants developed chlorotic spots on inoculated 

leaves (Figure 16C) followed by leaf curling of systemically infected leaves, vein clearing 

and blistering however, necrosis associated with virus infections was never observed. 

Virus analysis started 3 dai, by sampling the second fully expanded leaf of the virus-

infected N. benthamiana. Leaf sampling continued at 3 day intervals for 12 days, when 

CBSV-Mo83 infected plants were already deceased.  

Virus concentrations were determined by conducting a SYBR green assay for each leaf 

sample separately and then calculating the mean of the recordings for each time point.  
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Coinciding with the severity of symptoms, CBSV-Mo83 had a most rapid increase of virus 

titer up until 9 dai when plant death occurred. The infection process of CBSV-Ug65 was 

delayed to increase to 12 dai.  After a virus peak at 9 dai CBSV-Tan 70 reached similar 

virus concentrations than UCBSV-Ke125 at 12 dai and infected plants had continuing 

low virus concentrations in leaves developing thereafter (Figure 18). 

 

Figure 18. Accumulation of U/ CBSV isolates in systemically infected N. benthamiana leaves. 
Virus expression values (y-axis) were calculated relative to CBSV-Mo83 in leaves 6 dai and 
normalized against PP2A. Error bars represent standard error of the mean (n=6). 

 

For virus localization in N. benthamiana, stalk sections of the plants were tipped onto 

nitrocellulose membranes to create imprints of the wounded cells. Following TPIA, tissue 

prints were evaluated under the microscope to spot signals indicating for virus antigen 

visible as purple spots and distinct from the background from the imprinted plant tissue. 

The mAb mix used for TPIA detected all viruses 6 dai with no signal observable before 

(Figure 19 arrows). Viral antigen was found as discrete spots and signal clusters later 

coalescing to larger patches indicating for virus invasion capturing all cell and tissue 

types. The blurry signals at 9 dai for CBSV-Mo83 and CBSV-Ug65 indicated for tissue 

distortion and plant decay.  
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Figure 19. TPIA with N. benthamiana stalks infected with U/ CBSV. A stalk print from uninfected 
N. benthamiana was taken as control. Virus infected cells/ tissues (arrows) in vascular tissue 
at 6 dai and throughout the print at 9 and 12 dai. X, xylem; Pi, pith and Ep, epidermis.  

 

From the course of the infection, the necrosis followed by plant death and the sharp 

increase in virus titers, CBSV-Mo83 proved to be the most aggressive virus isolate. While 

CBSV-Tan70 is an isolate of CBSV, from the response of N. benthamiana and the virus 

concentration reached in this host, this virus rather resembled an UCBSV isolate.   

Infections of the U/ CBSV reference viruses in cassava were introduced by bud grafting 

into 10-12 weeks old plants of the susceptible sensitive African cassava variety Albert 

which responded with severe symptoms to the viruses. In contrast, bud grafting of U/ 

CBSV into the resistant cassava variety Namikonga resulted in virus infections with only 

a limited expression of symptoms.  

The infection process of the viruses in the cassava varieties was followed for 60 dag by 

evaluating the onset and severity of symptoms using the severity scale (1-5) and 
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quantifying virus titers by SYBR green qRT-PCR.  For virus analysis, leaves from the 

top, middle and lower parts of the plants were taken and individually tested. Sample 

collection started 10 dai continued at 10 day intervals for 60 days. The virus 

concentration was determined for each leaf sample separately. 

In the variety Albert, pronounced symptoms of CBSV-Mo83 and CBSV-Ug65 infections 

became visible 10 dag and were pronounced but much delayed in CBSV-Tan70 

infections (Figure 21A). Symptoms of the UCBSV-Ke125 appeared much delayed and 

were generally mild and sometimes only barely visible during the first 30 dag (Figure 

21A). However, 40 dag leaf symptoms were visible all U/ CBSV virus isolates in cassava 

(Figure 20A). All viruses caused streak symptoms on stems, which became evident on 

both varieties 60 dag, however, they were most severe in CBSV-Mo83 infections. 

 

Figure 20. Symptoms of U/ CBSV reference viruses on cassava leaves 40 dag. (A) Albert, (B)   
Namikonga. 

 

Virus concentrations in leaves fluctuated over time (Figure 21B) with higher amplitudes 

observed in CBSV-Mo83 infections. In the resistant variety Namikonga very mild 

symptoms of CBSV-Mo83 infections became noticeable 20 dag as small needlepoint 

lesions and developed further into more clear symptoms (Figure 20B) while symptoms 

caused by all other virus isolates became only visible 50 dag (Figure 21C). In this 
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resistant variety, only CBSV-Mo83 was readily detected while all other viruses were only 

barely detected qRT-PCR (Figure 21D) 

 

Figure 21. Severity of symptoms and virus accumulation in leaves of 5 plants (n=5) of the cassava 
variety Albert (A, B) and Namikonga (C, D) after infection with U/ CBSV isolates. (A, C) 
Symptom severity scores in Albert (A) and Namikonga (C) for virus infections followed 60 dag. 
(B, D) Virus accumulation in Albert (B) and Namikonga (D) fluctuating over time with high 
amplitudes. Symptoms and virus accumulation in Namikonga was delayed and for some virus 
isolates, symptoms were only barely noticeable. Data obtained from qRT-PCR were 
normalized against acetyl-CoA to estimate virus expression (y-axis) relative to CBSV-Mo83 
values reached 10 dag in Albert and 20 dag in Namikonga in the uppermost youngest leaf. 
Error bars represent standard error of the mean (n = 5).3 

 

From the early development of symptoms in cassava and the rapid accumulation of virus 

RNA, CBSV-Mo83 was determined as the most pathogenic virus isolate among all the 

U/ CBSV isolates in the reference virus collection at DSMZ.  

Following the course of CBSV-Mo83 infections in Albert and Namikonga, similar reaction 

patterns were found, although symptoms in Namikonga appeared delayed and were 

                                                

3 Figure taken from Sheat, S., et al. (2019). "Resistance Against Cassava Brown Streak Viruses 
From Africa in Cassava Germplasm From South America." Front Plant Sci 10. 
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generally very mild with distinct symptoms only occasionally found on single leaves 

(Figure 22A). In later infection stages, virus concentrations dropped to almost 

undetectable levels (Figure 22B), but virus infections were maintained. 

 

Figure 22. Severity of symptoms and virus accumulation in leaves of cassava varieties Albert and 
Namikonga. (A) Appearance and severity of symptoms on leaves of the cassava varieties 
Albert and Namikonga after infection with CBSV-Mo83. (B) Accumulation of virus RNA during 
the infection process. Data obtained from qRT-PCR were normalized against acetyl-CoA to 
estimate virus expression (y-axis) relative to CBSV-Mo83 values reached 10 dag in the 
uppermost youngest leaf. At this time point, there was no detectable virus in Namikonga. Error 
bars represent standard error of the mean (n = 5).4 

 

                                                

4 Figure taken from Sheat, et al. (2019). "Resistance Against Cassava Brown Streak Viruses From 
Africa in Cassava Germplasm From South America." Front Plant Sci 10 
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3.1.2 Virus distribution in cassava 

Considerable differences of virus concentrations between leaves were recorded which 

indicated for an irregular distribution of virus in cassava (Figure 23 B). Therefore, CBSV 

concentrations in individual, successive leaves of the cassava varieties Albert and 

Namikonga were compared (Figure 23).  

 

Figure 23. Distribution and quantification of CBSV-Mo83 in leaves. (A) CBSV-Mo83 distribution 
in leaves of the cassava varieties Albert and Namikonga. Distinct red dots and clusters from 
ISH indicate virus presence and localize virus in cross-sections of leaf blades and laminae. 
(B) Quantification of CBSV-Mo83 in tissue sections of the cassava varieties Albert and 
Namikonga. Virus expression values (y-axis) from qRT-PCR were calculated relative to CBSV-
Mo83 in the leaf of an established infection. Virus quantification was done with the same, 
single tissue section that was used for ISH.  X, xylem; PP, palisade parenchyma; SP, spongy 
parenchyma; AdEp, adaxial epidermis; AbEp, abaxial epidermis; AbPh, abaxial phloem; AdPh, 
adaxial phloem; Co, collenchyma cells. 
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CBSV was quantified in RNA from leaf sections using a TaqMan assay and sections of 

the same leaf were embedded (FFPE) and subjected to RNAscope® ISH using a CBSV-

Mo83 specific probe. Virus was detected in leaves of both varieties and the high relative 

expression values in qRT-PCR corresponded well with the bright red signal clusters 

obtained from ISH (Figure 23A and B).  

Cross-sections of leaf and midvein tissue showed that ISH signals were evenly 

distributed in virus infected tissues indicating that virus invasion encompassed all cell 

types, except the xylem. The lowest virus concentrations were determined in the 

youngest leaves and here, signals were only found in veins (Figure 23A, leaf Nr. 2) but 

not in cross-sections of leaf laminae. In both varieties, viral RNA was detected in phloem, 

palisade and spongy parenchyma and in collenchyma cells of the cortex (Figure 23A). 

ISH further indicated that the higher CBSV concentrations recorded for the susceptible 

variety Albert was from a broad invasion of all tissues compared to the patchy pattern of 

tissue invasion shown in Namikonga. In this variety, red signals indicating for virus, were 

not consistently found and remained scattered. Overall, variations in virus titer correlated 

with leaf age and leaves with leaves from the upper-middle part of the cassava having 

the highest virus titers (Figure 23B). Moreover, variations in virus titer were noted in 

different leaves of the two cassava varieties. 

Cassava brown streak diseases caused by the two virus species are very similar and 

there are no striking differences in incidence and severity of leaf symptoms in 

established, persistent infections. To compare replication and plant invasion of the two 

viruses, virus load was quantified in leaf tissues, stem sections, tuberous and fibrous 

roots of the permissive cassava variety TMS 96/0304. The variety was infected with 

either of the two viruses and six months after infection, samples were taken and 

subjected to the TaqMan assay. At this time point, both virus infections were well 

established and symptoms were found in most leaves of infected plants with comparable 

severities (Figure 24).  
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Figure 24. Symptoms of cassava brown streak disease on leaves of TMS 96/0304. Severe 
symptoms on leaves infected with UCBSV-Ke125 (upper row) and corresponding symptoms 
of CBSV-Mo83 (lower row).  

 

Pronounced brown streak lesions in stems and severe tuber necrosis in tuberous roots 

marked advanced stages of both virus diseases (Figure 25). 

 

Figure 25. Symptoms of UCBSV-Ke125 (left) and CBSV-Mo83 (right) on cassava stems and 
tuberous roots of TMS 96/0304.  

 

The quantification of viruses in cassava tissues showed that both viruses reached similar 

concentrations in symptomatic leaves. Remarkable differences were found in stem and 

root tissues and CBSV-Mo83 concentrations calculated exceeded the recordings for 

UCBSV-Ke125 by a multiple value (Figure 26).  
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Figure 26. Quantification of CBSV-Mo83 and UCBSV-Ke125 in leaf, stem, tuberous and fibrous 
roots of TMS 96/ 0304. Virus expression values (y-axis) were calculated relative to the 
UCBSV-Ke125 recording from leaves. Error bars represent standard error of the mean (n=3).  

 

Virus concentrations of CBSV-Mo83 stem and tuber tissues were much higher than virus 

titers in leaves. The quantities of CBSV RNA in preparations from individual tubers were 

highly variable (Figure 26) likely indicating for differences in virus distribution between 

necrotic and non-necrotized tissues. Nevertheless, tuberous roots were identified as a 

CBSV-Mo83 hotspots. In contrast to CBSV, the highest virus load of UCBSV-Ke125 was 

found in leaves with sharp drops of virus concentrations in other tissues. This may be 

explained by the slow course of UCBSV infections in cassava with tissue invasion and 

virus replication still in initial phases (6 months) compared to the rapid invasion of CBSV. 

For a detailed analysis of virus load in tuberous roots, sections of root samples were 

taken from virus infected plants and subjected to TaqMan qRT-PCR. CBSV was detected 

in necrotic and in non-necrotic tissues of tuberous roots (Annex, Table 3) and as shown 

in Figure 27, virus concentrations in cassava tubers fluctuated considerably and 

correlated with the extent of the necrosis. A considerable amount of virus was also found 

in inconspicuous, apparently healthy tissues (Figure 27B).  



62                                                                                                                       Results                                                     

 

 

Figure 27. Quantification of CBSV in necrotic and non-necrotic cassava tubers. (A) Symptoms in 
tuberous roots of the cassava breeding line MM 2006/128 and (B) quantification of virus in the 
same tissue section. Virus expression values (y-axis) were calculated relative to CBSV-Mo83 
concentrations determined in an infected tuber. 

 

Because of the considerable virus concentration differences between necrotic and non-

necrotized tissues of tuberous roots (Figure 27A and B), FFPE sections from necrotic 

and non-necrotic tuberous root tissue of TME7 were compared in RNAscope® ISH using 

a CBSV-Mo83 probe.  

In non-necrotic tissue sections, viral RNA was associated with the vascular phloem and 

single red dots were observed in phloematic and non-phloematic cells (Figure 28B and 

C). In later infection stages, CBSV-Mo83 RNA concentrations were higher in necrotic 

tissues and this resulted in red dots coalescing into small signal clusters in the 

parenchyma cells of the vascular ray (Figure 28E). Large red clusters and red stained 

cell walls extending over the entire section mark virus in necrotic tissues and provided 

proof for an extensive invasion (Figure 28F).  
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Figure 28. Distribution of CBSV-Mo83 RNA in cross-sections from cassava tuberous roots. Light 
microscopy images of unstained cross-sections from non-necrotized (A) and necrotic (B) 
tuberous roots. Tissue sections were hybridized with a CBSV-Mo83 probe (B, C, E and F). 
Red coloured dots indicate viral RNA in phloematic cells and non-phloematic cells (B and C) 
of non-necrotic tissues. In necrotized tissue, (E and F) signals were found in parenchyma cells 
of the vascular ray. X, xylem; VR, vascular ray parenchyma cells; Ph, phloem; PhP, phloem 
parenchyma; Ep, epidermis; Exo, exodermis. 

 

3.1.3 Virus movement   

N. benthamiana infections with CBSV-Mo83 were associated with more severe 

symptoms and higher virus concentrations than UCBSV. In cassava however, 

expression and severity of symptoms of established infections were not radically different 

for both viruses however, the onset of symptoms and consequently virus detection was 

much earlier for CBSV than for UCBSV (Chapter 3.1.1). Both viruses accumulated to 

high concentrations in cassava roots (tuberous and fibrous roots) and even in the 

resistant cassava MM 2006/128, considerable amounts of virus were found in tuberous 

roots. In established infections, virus titers in roots were much higher than in leaf and 

stem tissues.  

Virus long distance movement in planta occurs in the phloem and follows the dynamic 

sink/source relationships allocating assimilates between plant parts and organs.  Long 
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distance movement of viruses towards sink tissues (shoots tip and roots) follows the 

sink/source directions of the photoassimilate pathway (Andrianifahanana et al., 1997; 

Cheng et al., 2000; Gosalvez-Bernal et al., 2008; Hipper et al., 2013a). Sink/source 

relationships and the transition of sink/source in leaves and roots were considered 

significant for the invasion of U/ CBSV in cassava. Thus, the route of U/ CBSV 

translocation and the course of virus infection was studied at different developmental 

stages and in which sink and source tissues could be well distinguished. This was 

studied first in N. benthamiana to gain an understanding of U/ CBSV movement and 

tissue invasion.  

3.1.3.1 U/ CBSV movement in N. benthamiana 

N. benthamiana plants having 4-5 leaves were infected with CBSV-Mo83 or UCBSV-

Ke125 by mechanical inoculation of the second true leaf. For virus analysis, leaves, 

stems, and roots were collected individually from each of the three infected plants 3 dai, 

4 dai and 7 dai and virus was analyzed by TaqMan qRT-PCR (Annex, Table 4) 

 

Figure 29. U/ CBSV movement in infected N. benthamiana. Plants were inoculated on the second 
true leaf and virus was monitored in 3 plants for each time point. Orange indicates the 
inoculated leaf; yellow indicates the symptomatic leaves; black arrows indicate virus presence; 
asterisks indicate the absence of virus. id, inoculation day; dai, days after inoculation. 
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Both viruses were detectable 3 dai in inoculated leaves but only in 1/3 plants and the 

viruses were found in stem sections and crown roots (sink tissues) just below the 

inoculated leaf. At 4 dai, both viruses were detectable in the apical leaf (sink tissue), 

stems, crown and hairy roots (sink tissues) while at 7 dai, the entire plant was invaded. 

There was no virus in N. benthamiana leaves directly below or above the inoculated one 

(Figure 29, asterisk).  

For a more detailed study of systemic virus movement at the earliest stages of virus 

entry, crown root sections and stalk sections from above and beneath the inoculated leaf 

were taken 3, 4, 7 and 10 dai and subjected to TPIA.  

There was no virus detection prior to 7 dai. Examination of sections taken from CBSV-

Mo83 infected plants 7 dai, showed that virus coat protein (dark purple spots) was mostly 

located in the internal phloem and the pith of soft, spongy parenchyma cells, in the stalk 

sections connected to the inoculated leaf (Figure 30A). In stalk sections taken above the 

inoculated leaf, virus was found in the internal phloem while in stalk sections below the 

inoculated leaf, virus signals were found in the external phloem (Figure 30A, arrows). At 

this time point, virus was just barely detectable in roots (Figure 30A) but 10 dai the 

systemic infection of N. benthamiana was complete (Figure 30A).  

Comparing the course of CBSV and UCBSV infections it became evident that the 

infection of UCBSV-Ke125 in N. benthamiana was much more advanced 7 dai and the 

distribution of intense signals in tissue prints indicated for a faster UCBSV invasion 

compared with CBSV (Figure 30B).  
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Figure 30. Virus localization in N. benthamiana stalk sections at early stages of plant invasion 
using TPIA, 7 dai and 10 dai. (A), CBSV-Mo83; (B), UCBSV-Ke125. ePh, external phloem; 
iPh, inner phloem; Pi, pith; Ep, epidermis. 

 

This time-point infection experiment proved that in early stages of plant invasion, the 

virus moves asymmetrically. As shown in figure 31, the internal phloem is utilized for 

apical movement while the external phloem translocates virus to the roots system. 

 

Figure 31. TPIA of N. benthamiana stalk sections infected with CBSV. The relative location of the 
signal represents virus movement from the inoculated leaf in upward and downward direction. I, 
stem near the inoculated leaf; (+), section above; (-), section below. 
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3.1.3.2 U/ CBSV movement and invasion of cassava 

Asymmetric virus movement, in the early stages after virus entry, was also observed 

when highly susceptible cassava varieties were infected by grafting of buds from CBSV 

infected plants. Brown streak symptoms on stems extending from the bud insertion 

towards lower parts of the plant marked the basipetal movement of virus to the roots 

(Figure 32 left).  

 

Figure 32. Brown streak symptoms on stems and petioles mark virus movement from the side of 
virus inoculation. Virus movement is associated with stem streaks and vein necrosis along the 
pathway followed by wilting and plant death.  

 

In later infection stages, streak symptoms were also found spreading from the buds 

towards apical parts of the plants and extending into petioles and main vein developing 

severe necrosis followed by wilting. Stem streaks and necrosis were observed only at 

the side of bud insertions and never opposite further indicating for asymmetric virus 

movement. 

3.1.3.3 U/ CBSV translocation and accumulation in cassava roots  

In cassava, virus concentrations in roots can by far exceed virus load of leaf or stem 

tissues (Chapter 3.1.2). To study virus translocation patterns and to confirm roots as sink 

tissues, virus infections were introduced in 5-month-old TMS 96/0304 cassava plants. At 
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this stage, the formation of tuberous roots (tuberization), a process initiated 

approximately 2 months after planting, was well underway and both roots and shoots 

represent sink tissues. After approximately 6 months, shoot growth is diminishing and 

root tubers become dominant sink.  

TMS 96/0304 was graft infected with buds from CBSV-Mo83 and UCBSV-Ke125 infected 

plants, respectively. Five days after grafting, groups of 3 plants were taken to quantify 

virus in leaf, stem, tuberous and fibrous root tissues by TaqMan qRT-PCR (Annex, Table 

5). Virus tests were repeated 15 dag and 30 dag.  

CBSV-Mo83 was detectable 5 dag in stem slices taken near the infection sites (Figure 

33) but only in 1/3 plants, virus was found in the apical leaves.  

 

Figure 33. Quantification of CBSV-Mo83 in leaves, stems, tuberous and fibrous roots of 5-month-
old TMS 96/0304 at 5, 15 and 30 dag.  Virus expression values (y-axis) were calculated relative 
to CBSV positive control from the leaves. Error bars represent standard error of the mean 
(n=3).  
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At 15 dag, the virus was detectable in apical leaves and in all stem sections but the 

highest concentrations were reached in tuberous- and fibrous roots. At 30 dag, when the 

entire plant was systemically infected, virus was only detected in apical most upper 

leaves while there was only very little virus in older leaves of the plants. 

When UCBSV-Ke125 infections in TMS 96/0304 were analyzed, similar results were 

obtained only that virus detection was much delayed and virus concentrations remained 

considerably lower than those of CBSV. Only at 30 dag, the virus had invaded the entire 

plant and the root became the dominant sink. However, as shown in figure 34, there was 

also a considerable amount of virus in leaves but virus quantification in leaves was erratic 

(error bars). High concentrations recorded in old leaves near the buds affected the virus 

quantification in otherwise virus-free leaves. Overall, virus quantification was affected 

with a high standard deviation nevertheless, the roots had a high virus load although only 

a fraction of what was recorded for CBSV (Figure 34).   

 

Figure 34. Quantification of UCBSV-Ke125 in leaves, stems, tuberous- and fibrous roots in 5-
month-old TMS 96/0304 at 5, 15 and 30 dag.  Virus expression values (y-axis) were calculated 
relative to UCBSV positive control from the leaves. Error bars represent standard error of 
mean (n=3). 
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After six months of growth, the tuberous roots became the dominating sink. When 7-

month-old TMS 96/0304 plants were subjected to a similar experiment, both viruses were 

detectable already 5 dag in stem sections taken near the bud insertions (Figure 35). At 

15 dag both viruses were detectable in stem sections below the buds and in roots 

(tuberous and fibrous) representing the sink. At 30 dag, the entire plant was invaded, 

and virus was found in apical leaves and roots, except that there was no virus in old 

leaves above the inoculated buds (Figure 35) (Annex, Table 6) 

 

Figure 35. CBSV movement in 7-month-old cassava TMS 96/0304. Plants were graft infected 
with CBSV or UCBSV and virus was monitored individually in each of 3 plants. Orange 
indicates buds from virus infected plants; yellow indicates the symptomatic leaves; black 
arrows indicate virus presence and asterisks indicate no presence of virus at 30 dag. gd, 
grafting day; dag, days after grafting. 

 

All virus infection experiments confirmed that roots were the first organs to be invaded 

by the viruses. This happened within a short time after inoculation and the very high virus 

accumulation of virus in roots indicated for roots turning into a dominant sink after 7 

months of growth and a focal point of virus replication.  
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Summary of key findings 

Among all viruses causing cassava brown streak disease in cassava, CBSV-Mo83, a 

virus isolate from Mozambique, was the most severe virus. It had the earliest onset of 

symptoms associated with high virus titers and was rapidly spreading in cassava. 

Cassava invasion by UCBSV was comparatively slow and associated with delayed 

symptoms and low virus concentrations.  

Virus concentrations were highly fluctuating over time. Particularly in cassava leaves, 

virus could be either non-detectable or accumulating to very high titers. Despite the 

differences between the two virus species, in late infections after several months of virus 

establishment, isolates of both viruses induced very similar symptoms and virus 

concentrations in cassava tissues were at comparable levels.  

The accumulation of the viruses in roots, in particular, root tubers was several fold higher 

than in leaf or stem tissues. This indicated for roots being a dominant sink but also having 

a significant role for virus replication. As shown in N. benthamiana and in cassava, virus 

translocated directly after inoculation to the roots via the external phloem and 

subsequently moved acropetally, via the inner phloem, to the secondary sink 

represented by the apical tip of the plant. This showed that in early stages of infection, 

virus movement follows an asymmetric pattern.  

In cassava, after 7 months of growth, the root tubers are a dominant sink and focal point 

of virus replication. Virus replication in roots is independent of the virus replication in 

leaves and upper plant parts. 
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3.2 Identification of resistance against cassava brown streak 

viruses in cassava 

Infection studies with the African cassava varieties Albert (susceptible, sensitive) and 

Namikonga (resistant, tolerant) showed that all cassava plants can be infected with 

cassava brown streak viruses and even cassava considered as virus resistant, like 

Namikonga, could be infected  (Chapter 3.1.1). The need to find new sources of 

resistance was addressed in this study, attempting to find cassava brown streak virus 

resistance in cassava germplasm from South America, the center of diversity of the crop. 

This genetic diversity is preserved in approximately 6400 cassava germplasm 

accessions, 5477 of which are kept in the field and in vitro collections at the International 

Center for Tropical Agriculture (CIAT), Cali, Colombia. Around 630 accessions of this 

collection represent its core diversity (Hershey et al., 1994). 238 cassava lines from 

South America were subjected to a virus infection study following a screening strategy 

described in chapter 2.3.3.  

The following assumptions were the guiding principle of the resistance selection. 

o Virus resistance is the inability of the cassava plant to support a virus infection. 

This can be either immunity that is, the plant does not become infected or, high 

resistance which means that the plant can be infected but virus replication and 

movement are restricted and there is no impact on roots.  

o Virus resistance covers a broad range of cassava brown streak viruses. 

Therefore, it was decided to start the resistance screening with the most aggressive 

cassava brown streak virus isolate which was determined in chapter 3.1.1 as CBSV-

Mo83. Cassava germplasm lines that would survive a virus infection with this virus were 

subsequently subjected to further virus screening involving other viruses.  
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3.2.1 The response of South American cassava germplasm to CBSV 

infections5 

CBSV-Mo83 infections were introduced by providing a high inoculum dosage through 

grafting of 2 buds from infected plants (Chapter 2.3.1). All of the 42 African cassava lines 

that were included in the virus study became infected with CBSV-Mo83 and responded 

either with immediate wilting of branches followed by plant death or, developed severe 

virus symptoms on leaves and stems (Chapter 2.3.2) (Annex, Table 7). The resistant 

varieties Namikonga and Kiroba (Maruthi et al., 2014; Nzuki et al., 2017) developed 

distinct CBSD symptoms however, both varieties recovered from the disease at later 

infection stages and showed mild symptoms on newly developed leaves or no symptoms 

at all. Nevertheless, symptoms occasionally found on leaves confirmed that the virus 

was still present.  

The African varieties TZ-130 (NARO-CASS 1), KBH 2002/066 (Kipusa), KBH 2002/482 

(Kizimbani) and KBH 2006/26 that were found CBSD resistant in earlier studies 

(Anjanappa et al., 2016; Kaweesi et al., 2016) became readily infected with CBSV-Mo83 

and responded with severe virus symptoms, wilting and plant death.  

When South American cassava lines were virus infected, most of them were susceptible 

to CBSV infection and developed systemic symptoms ranging from vein clearing to 

wilting and plant death. In some lines, wilting and plant death was already seen 10-14 

dag. Another group of plants developed systemic virus infections with severe symptoms 

on leaves and stems and a decline of the entire plant. In the third group of cassava 

plants, only mild leaf symptoms became visible approximately 14-21 dag but the 

progression of the disease was much delayed (Figure 36). Cassava germplasm lines in 

                                                

5 This part is published in Sheat, S., et al. (2019). "Resistance Against Cassava Brown Streak 
Viruses From Africa in Cassava Germplasm From South America." Front Plant Sci 10 
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these three groups were considered moderate to highly susceptible to CBSV-Mo83 and 

thus were excluded from further virus testing (Annex, Table 8).  

 

Figure 36. Symptoms from CBSV-Mo83 infections in cassava germplasm lines from South 
America. The 238 cassava South American cassava lines included in the CBSV-Mo83 
bioassay responded to virus infections with symptoms ranging from wilting followed by plant 
death to the absence of CBSV-Mo83 symptoms. 

 

After 5-8 months of symptom observation, a small group of cassava accessions had 

survived the stringent virus testing conditions and were free of symptoms and virus was 

absent from leaves or stem tissues. 

3.2.2 Identification of CBSV resistant cassava germplasm 6 

The second screening involved only the 15 Cassava germplasm lines that remained 

virus-free during the first phase (Chapter 2.3.3). When the resistant assessment was 

extended to a virus analysis of tuberous roots (5 months after grafting), virus-sensitive 

                                                

6 This part is published in Sheat, S., et al. (2019). "Resistance Against Cassava Brown Streak 
Viruses From Africa in Cassava Germplasm From South America." Front Plant Sci 10 
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cassava lines with symptoms on leaves also showed distinct necrosis symptoms in 

tuberous roots (Figure 37C).   

 

Figure 37. Differential response of cassava germplasm lines from South America to infections 
with CBSV-Mo83. Sensitive varieties (C) responded with symptoms on leaves and stems as 
well as marked root necrosis. Highly resistant varieties (A) did not become infected; resistant 
varieties (B) remained symptomless in aboveground plant parts and restricted the virus to the 
roots where necrosis symptoms could be observed. 

 

When tuberous roots of cassava germplasm lines considered resistant were examined, 

there was a group of plants that showed root symptoms and virus was detected despite 

the absence of virus in upper plant parts (Figure 37B). CBSV remained restricted to the 

root system.  

Seven of the 15 cassava lines graft-inoculated with CBSV-Mo83 did not establish virus 

infections and all inoculated plants were free of symptoms and virus was not detected in 

organs and tissues tested by TaqMan qRT-PCR (Figure 37A). The cassava accessions 

that were finally selected for virus resistance are listed in table 2.   
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Table 2.  Virus resistance in South American cassava germplasm accessions against CBSV 

resistance 
 

DSMZ acronym 
 

CIAT accession 
 

symptoms/ qRT-PCR 

leaf stem tuberous roots 

N
o

 v
ir

u
s 

d
et

e
ct

ed
 

DSC118 COL 40 – – – 

DSC167 COL 2182 – – – 

DSC196 ECU 41 – – – 

DSC250 PER 221 – – – 

DSC269 PER 556 – – – 

DSC120 COL 144 – – – 

DSC258 PER 333 – – – 

vi
ru

s 
re

st
ri

ct
e

d
 t

o
 r

o
o

ts
 DSC122 COL 262 – – + 

DSC248 PER 206 – – + 

DSC251 PER 226 – – + 

DSC199 ECU 159 – – + 

DSC257 PER 315 – – + 

DSC260 PER 353 – – + 

DSC261 PER 368 – – + 

DSC272 PER 597 – – + 

 

To exclude that tissue incompatibility, necrosis or other barriers would prevent 

translocation and movement of virus from infected buds into rootstocks, a virus infection 

experiment was conducted with DSC167 and the cassava variety Albert as susceptible 

control. The design and strategy of the experiment are described in Chapter 2.4 (Figure 

13 A1-3). 

A chimeric TMS 96/0304 rootstock with a branched canopy, one branch from TMS 

96/0304 and the other from DSC167 was infected by grafting CBSV-Mo83 buds to the 

susceptible rootstock. Virus symptoms became visible 10-14 dag on leaves of TMS 

96/0304 (11 of 12 grafted plants) and systemic virus infections with pronounced 

symptoms and high virus load developed in the following weeks. In the TMS 96/0304 / 

Albert chimeric plants (6 of 6 grafted plants), virus symptoms became visible on leaves 

of both branches and a severe systemic disease developed. In contrast, the DSC167 
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branches of all chimeric plants remained symptomless throughout and virus was 

undetected or below the TaqMan qRT-PCR detection threshold in stem and leaf tissues 

taken from those branches (Figure 38).  

Virus resistance was confirmed in bioassays and cuttings taken from those bud infected 

DSC167 branches grew into healthy, symptom-free plants. When scions of the sensitive 

TMS 96/0304 were grafted onto those plants, all but one remained virus-free thus 

confirming that CBSV-Mo83 was not maintained in the resistant DSC167. The only 

DSC167 offspring still carrying infectious virus was a rooted cutting taken close to the 

graft junction. Hence, spill-over virus may have been sufficient to infect the sensitive 

indicator line. 

 

Figure 38. Quantification of CBSV-Mo83 in chimeric TMS 96/0304/ DSC 167 plants  (A) cassava 
TMS 96/0304 rootstock and branch of DSC 167 (11 plants) in which no virus was detected. 
(B) cassava TMS 96/0304 rootstock and branch of the cassava variety Albert (six plants) with 
severe virus symptoms and high virus concentrations. Virus expression values (y-axis) were 
calculated relative to CBSV-Mo83 concentrations recorded in the sixth uppermost leaf of the 
variety TMS 96/0304.  
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3.2.3 Specificity of virus resistance  

The 15 CBSV resistant cassava lines (Table 2) were infected with UCBSV-Ke125 to 

reveal whether the resistance against CBSV would also involve resistance against the 

second virus species, UCBSV, causing CBSD. The results summarized in table 3 show 

that most of the 15 South American cassava lines were susceptible to UCBSV infection 

responding with inconspicuous to moderate leaf symptoms. Some lines were very 

sensitive to UCBSV infections and developed severe symptoms of wilting and plant 

death after 30 dag.  

Table 3. Severity of symptoms in cassava infected with UCBSV-Ke125 

 

The cassava lines DSC 118, DSC 167, DSC 269 and DSC 260 remained free of 

symptoms upon UCBSV infection and when leaves, stems and tuberous roots were 

DSMZ acronym CIAT accession symptom severity 

DSC 118 COL 40 no symptoms on leaves/ stems 

DSC 269 PER 556 no symptoms on leaves/ stems 

DSC 260 PER 353 no symptoms on leaves/ stems 

DSC 167 COL 2182 no symptoms on leaves/ stems 

DSC 251 PER 226 inconspicuous symptoms on leaves/ stems 

DSC 250 PER 221 inconspicuous symptoms on leaves/ stems 

DSC 258 PER 333 inconspicuous symptoms on leaves/ stems 

DSC 272 PER 597 inconspicuous symptoms on leaves/ stems 

DSC 248 PER 206 inconspicuous symptoms on leaves/ stems 

DSC 196 ECU 41 moderate symptoms on leaves 

DSC 257 PER 315 moderate symptoms on leaves 

DSC 122 COL 262 moderate symptoms on leaves 

DSC 120 COL 144 severe symptoms on leaves/ stems 

DSC 199 ECU 159 severe symptoms on leaves/ stems 

DSC 261 PER 368 not tested 
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subjected to the TaqMan assay, three lines were free of UCBSV (Table 4). Similar to 

CBSV, there were lines (DSC 258, DSC 260) with virus found in root tissues but not in 

leaves and stems. 

Table 4. Resistance against UCBSV-Ke125 in South American cassava germplasm accessions 

resistance DSMZ acronym CIAT accession 
symptoms/ qRT-PCR 

leaf stem tuberous roots 

N
o

 v
ir

u
s DSC118 COL 40 – – – 

DSC167 COL 2182 – – – 
DSC269 PER 556 – – – 

vi
ru

s 
in

 
ro

o
ts

 

DSC258 PER 333 – – + 
DSC260 PER 353 – – + 

 

For verification of broad-spectrum resistance, a further triple grafting experiment as 

described in chapter 2.4, figure 13 A1-3, was conducted. TMS 96/0304 plantlets were 

grafted with scions of DSC 118 to establish plants with chimeric branches and 

subsequently, those plants were infected with CBSV-Mo83 or UCBSV-Ke125 by bud 

grafting (Chapter 2.4, Figure 13 A1-3).  

Typical foliar symptoms were observed on TMS 96/0304 branches 12-14 dag after 

CBSV-Mo83 inoculation while DSC 118 branches remained entirely free of symptoms 

during the 180 days of observation. Similarly, CBSV was detected by TaqMan qRT-PCR 

in TMS 96/0304 only while in DSC 118 branches, the virus was either barely detected or 

remained undetected (Figure 39). 
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Figure 39. Quantification of CBSV-Mo83 in TMS 96/0304/ DSC118 chimeric plants, 60 and 180 
dag. Virus was detected at very low levels in DSC 118  5/10 branches 60 dag and 6/10 
branches 180 dag. Virus expression values (y-axis) were calculated relative to CBSV-Mo83 
concentrations recorded in the fifth uppermost leaf of the variety TMS-96/0304. 

 

In infection experiments with UCBSV-Ke125, all TMS 96/0304 branches on the chimeric 

TMS 96/0304/ DSC118 plants showed symptoms and high virus titers were confirmed. 

In contrast, all DSC 118 branches remained symptomless and at 60 dag only 4/10 had 

virus detected by qRT-PCR. At 180 dag the virus was detectable in 7/10 TMS 96/0304 

branches while virus was detectable in only one branch (1/10) of DSC 118 at very low 

concentrations (Figure 40).  
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Figure 40. Quantification of UCBSV-Ke125 in TMS 96/0304/ DSC118 chimeric plants, 60 and 
180 dag. Virus was detected in very few branches of DSC 118, 4/10 branches 50 dag and 
1/10 180 dag, only indicating virus movement into the resistant line. Virus expression values 
(y-axis) were calculated relative to UCBSV-Ke125 concentrations recorded in the fifth 
uppermost leaf of the variety TMS 96/0304.  

 

3.2.4 Evaluation of virus resistance under field conditions 

Field trials with selected cassava germplasm lines were conducted at early stages of the 

resistance screening to investigate whether the experimental results achieved would 

translate into the field and varieties with resistance hold up against the harsh conditions 

of natural virus epidemics. Trials with a selection of cassava germplasm were set up in 

on the plains de la Ruzizi in Luvungi, DR Congo, where a severe U/ CBSV outbreak 

situation persists. Further plantings were done on experimental farms of the Tanzania 

Agricultural Research Institute, TARI in Naliendele in the coastal region of Tanzania and 

in the Mwanza district around the Lake Victoria and finally; in Namulonge, on an 

experimental farm of the National Root and Tuber Crops Institute of Uganda, NaCCRI.  

All virus tests conducted with field materials collected in 2018/2019/2020 and from all 

sites were negative and those lines evaluated as resistant (Table 2) were free of CBSV 
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and UCBSV. However, the field trials also drastically showed that South American lines 

are very sensitive to cassava mosaic diseases and while some lines had vigorous 

growth, apparently unaffected from CMD (Figure 41A), others showed severe leaf curl 

symptoms and plant stunting (Figure 41B).  

 

Figure 41. South American cassava lines response in field trials in Tanzania. (A) in Naliendele 
region, South American cassava plants highly resistant to U/ CBSV.(B) South American 
cassava resistant and the African cassava susceptible to U/ CBSV in Naliendele. (C, D and E) 
South American cassava plants highly affected with CMD in Mwanza district 

 

3.2.5 The response of South American cassava to East African cassava 

mosaic virus infections  

All 15 South America cassava lines (Table 2) were infected with EACMV-UG by bud 

grafting and symptoms of virus infection developed after 20 to 30 dag. Symptoms on 

young freshly opening leaves ranged from mild mosaic and mottling to leaf curling and 

deformation. EACMV was confirmed by PCR in all lines. After initial symptoms on apical 

freshly expanding leaves, CMD established to full systemic infections. The results 

summarized in table 5 show the response of the 15 South American cassava lines to U/ 

CBSV and EACMV infection. 
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Table 5.The responses of South American cassava lines to CBDS and CMD. 

DSMZ 
acronym. 

CIAT 
accession 

CBSV UCBSV EACMV 

DSC 118 COL 40 resistant resistant recovery 

DSC 167 COL 2182 resistant resistant susceptible 

DSC 196 ECU 41 resistant susceptible susceptible 

DSC 250 PER 221 resistant susceptible susceptible 

DSC 269 PER 556 resistant resistant susceptible 

DSC 120 COL 144 resistant susceptible susceptible 

DSC 258 PER 333 resistant root restricted susceptible 

DSC 199 ECU 159 root restricted susceptible susceptible 

DSC 257 PER 315 root restricted susceptible susceptible 

DSC 260 PER 353 root restricted root restricted susceptible 

DSC 261 PER 368 root restricted not tested susceptible 

DSC 272 PER 597 root restricted susceptible susceptible 

DSC 122 COL 262 root restricted susceptible susceptible 

DSC 248 PER 206 root restricted susceptible susceptible 

DSC 251 PER 226 root restricted susceptible susceptible 

 

In contrast to all other cassava germplasm accessions, the infection of EACMV in DSC 

118 followed a different course. After an early symptomatic phase with symptoms on 

every leaf, symptoms developing on new leaves became milder and finally disappeared. 

This recovery phenotype was similar to that described for TMS 30572 as recovery/ 

reversion and assigned CMD 1 resistance.  

In all virus infection tests, DSC 118 showed an extraordinary performance with 

resistance against all isolates of U/ CBSV combined with recovery/reversion resistance 

against EACMV.  
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Summary of key findings 

All cassava varieties from Africa were susceptible to cassava brown streak virus and 

Ugandan cassava brown streak virus. While differences in symptom development and in 

virus accumulation were evident, all lines became infected and infections were 

maintained. 

Resistance against CBSV was found in cassava germplasm from South America. The 

resistance comprised immunity in some lines and restriction of the virus to the root 

system of fibrous and tuberous roots on others. This virus resistance is a differential 

resistance in some lines that are resistant against CBSV and susceptible to UCBSV. In 

other cassava germplasm lines, a broad spectrum immunity against CBSV and UCBSV 

was identified and those lines did not become infected at all.  

The virus resistance identified under laboratory situations was sustained when plants 

were grown in the field and subjected to natural infection conditions. However, it was 

noted that all South American cassava lines are susceptible to cassava mosaic viruses 

endemic in Africa.  

 

3.3 Characterization of resistance against cassava brown 

streak viruses 

The virus bioassays with cassava germplasm lines DSC 167 and DSC 118 conducted in 

chapter 3.2.2 to confirm virus resistance revealed that virus movement was not 

obstructed in virus resistant germplasm. To further study the course of infections in 

resistant cassava, CBSV translocation was followed in TMS 96/0304/ DSC167 chimeric 

plants by dissecting the branch (1 cm slices) that had developed from the DSC 167 scion 

starting from the graft junction to the tip of the DSC 167 branch. The sections were 
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subjected to TaqMan qRT-PCR. At the intersection area, severe necrosis was noticed 

comprising TMS 96/0304 tissues (Figure 42A) and a high virus load was found. From 

the intersection, the virus titer instantly decreased to almost unmeasurable values 

around the threshold of the qRT-PCR and was nil in many sections.  The erratic detection 

of virus in stem slices suggested that the virus was passaging but not accumulating in 

cells and tissues (Figure 42B).  

 

Figure 42. CBSV symptoms and virus quantification in stem sections of a DSC 167 branch from 
the chimeric TMS 96/0304/ DSC167. (A) Necrosis in DSC 167 was only found around graft 
intersections where virus was readily detected. (B) Virus detection by TaqMan qRT-PCR in 
single slices from one branch. Open circles mark areas where the assay was negative. DSC 
167 branches of 4 plants were individually tested with negative assay results dispersed over 
the length of the branch. Inter., the intersection between TMS 96/0304 and DSC 167.   

A next bioassay step provided further proof that long distance virus movement in the 

resistant DSC 167 was not impaired (Figure 43). A TMS 96/0304 scion was grafted onto 

the symptomless DSC167 branch (Figure 43C) and approximately 20 dag leaves 

developing on the growing scion started to show distinct virus symptoms (Figure 43D). 
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Figure 43. Virus movement through a resistant cassava DSC 167. A TMS 96/0304/ DSC167 
chimeric plant was infected with CBSV-Mo83 by inserting 2 buds into the TMS 96/0304 
rootstock (A) and symptoms developed on the sensitive TMS 96/0304 12 dag (B). Leaves 
developing on the branch of the resistant DSC 167 remain symptomless (C) while leaves of 
the TMS 96/0304 scion inserted into the DSC 167 branch showed distinct CBSV symptoms 
verifying that virus translocated through DSC 167.  

 

Molecular tests and bioassays with virus infected plants provided evidence that CBSV-

Mo83 can translocate through the vascular tissue (long distance movement). CBSV did 

not cause symptoms in leaves and there was no virus replication. These findings 

motivated virus studies at a higher resolution to describe cassava brown streak virus 

infections in susceptible and resistant cassava at the cellular- and tissue-level using 

RNAscope® ISH.  
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3.3.1 The anatomy of cassava 

Prior to virus localization studies, cassava tissue was examined to understand the 

morphological and anatomical features of this plant and the structural and functional 

properties of cassava tissues. Cross-sections from leaf, stem, and tuberous roots were 

investigated to identify and discriminate cell types (Figure 44).  

 

Figure 44. Cross-section of a cassava stem. (A) Light microscopy images of a cross-section. (B) 
TBO staining; lignin, dark blue. (C) FCA staining; lignified cells red, not lignified cells light blue. 
X, xylem; mX, Meta xylem ; pX, protoxylem; s.X, secondary xylem; P, parenchyma; C, cortex; 
ePh, external phloem; p.ePh, primary external phloem; s.ePh, secondary external phloem; 
iPh, inner phloem; Ep, epidermis; Endo, endodermis; eC, external cambium; iC, internal 
cambium. 
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Specific to Manihot spp. is that the vascular system is composed of bicollateral bundles 

in which the phloem is located on the outer and on the inner side of the xylem, called the 

internal and external phloem. The external phloem has a continuous ring shape while 

the internal phloem has the shape of isolated cords (Graciano-Ribeiro, 2009; Nassar et 

al., 2010).  

In this type of bicollateral bundles the vascular tissue, from the outer areas to the center, 

is arranged in the order; external phloem (ePh), external cambium (eC), xylem (X), 

internal cambium (iC) and inner phloem (iPh). The secondary growth is only taking place 

in the external cambium (Figure 44C) and there the external phloem is differentiated into 

primary phloem (p.ePh) outwards and secondary phloem (s.ePh) inside. The xylem is 

composed of the primary xylem, extending into parenchyma tissues towards the central 

areas of the stem, which includes the protoxylem followed outwards by the metaxylem. 

Xylem in areas of secondary growth (secondary xylem) appears scattered and in circular 

shape interspersed between gelatinous fibers and rays (Figure 44A). The cortex has 

three layers; the epidermis followed by a layer of cortical cells (phelloderm, phellogen 

and phellem). The innermost layer of the cortex is the endodermis or the starch sheath 

having starch storage function (Graciano-Ribeiro et al., 2009).  

In cassava, there are no clear definitions of phloem types in leaves (An et al., 2016; 

Jorgensen et al., 2005; Silva et al., 2017) while in Nicotiana tabacum, adaxial phloem 

and abaxial phloem is structurally defined (Taneda and Terashima, 2012). 

Consequently, adaxial and abaxial phloem surrounding the xylem was identified in 

cassava midveins (Figure 45A). Adaxial and abaxial phloem is surrounding the xylem to 

form one cylindrical vascular tissue (Figure 45A and B). In the main vein and also in the 

petiole, the vascular tissue is composed of several collateral shaped vascular bundles 

(Graciano-Ribeiro et al., 2016) (Figure 48C).  
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Figure 45. Cross-section through cassava leaf main vein, midvein, lateral vein and leaf blade 
tissues. Light microscopy images of the unstained cross-section from cassava (A) midvein 
tissue and (B) lateral vein. (C) Main vein tissue section stained with Safranin O and Astrablue. 
Lignin is red, non-lignified tissue blue. X, xylem; PP, palisade parenchyma; SP, spongy 
parenchyma; AdEp, adaxial epidermis; AbEp, abaxial epidermis; AbPh, abaxial phloem; AdPh, 
adaxial phloem; Co, collenchyma cells; VB, vascular bundles, open circle. 

The phloem tissue in tuberous roots is not differentiated. It is only found outwards the 

xylem which is located in the center of the section (Figure 46B and C). During early 

growth, the xylem (primary xylem) is central in the root and comprises a variable number 

of poles (Figure 46A), varying depending on the cassava variety. Along with secondary 

growth, secondary xylem is produced but here as scattered vessel elements between 

parenchymatic vascular rays that connect phloem and xylem (Figure 49B) (Bomfim et 
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al., 2011; Chaweewan and Taylor, 2015; Figueiredo, 2015; Medina et al., 2007; Mehdi 

et al., 2019) 

 

Figure 46. Cross-section of a cassava root tuber. (A, B) Light microscopy images of the unstained 
cross-section from cassava tuberous roots. (C) Panorama image from tuberous root section 
stained with Safranin O and Astrablue. Lignin is red, non-lignified tissue, blue. X, xylem; Xp, 
xylem poles primary xylem, white open circle; VR, vascular ray parenchyma cells, red open 
circle; Ph, phloem; Ep, epidermis; Exo, exodermis. 

 

The root tuber of cassava is the storage organ for starch. However, starch is also found 

in stem tissues and there, it is predominantly located in parenchyma cells around the 

internal and external phloem cells (Mehdi et al., 2019). Stem sections stained with Lugol 

solution showed starch grains with the highest amounts of starch in the lower portions of 
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the stem (Figure 47D, arrows). In contrast, only low amounts of starch were found in the 

upper, young segments of the stem (Figure 47A and B).  

 

Figure 47. Cross-section of cassava stems stained with Lugol solution. Arrows point at containing 
tissues in the phyllogen, endodermis (starch sheath) and parenchyma cells. (A) Upper stem, 
(B and C) middle parts of stem and (D) the base of stem. Sections diameter ~ 4 mm. 

 

 

3.3.2 Localization of CBSV in cassava brown streak virus resistant and 

susceptible cassava  

3.3.2.1 Cross-sections of stems 

Cross-sections taken from branches of CBSV infected TMS 96/0304 and DSC167 were 

fixed in formalin, embedded in paraffin (FFPE) and subjected to RNAscope® ISH using 

a CBSV-Mo83 probe designed to the P1 gene sequence of the virus (Munganyinka et 

al., 2018b) (Annex, Table 2).  

In TMS 96/0304 a strong signal broadly distributed throughout the tissue as red dots or 

clusters of dots was observed in external and internal phloem cells (Figure 48B, white 

arrows) and in parenchyma cells (Figure 48B, red arrow). The missing background 

signals in stem sections of non-infected TMS 96/0304 (Figure 48A) provided evidence 

for the high specificity and sensitivity of the detection. When sections of DSC 167 were 

examined, a red signal indicating virus RNA was observed but this was limited to the 

external phloem only (Figure 48 C-F). There was no trace of signal in the internal phloem 

and there was no virus detected in parenchyma cells. 
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Figure 48. Distribution of CBSV-Mo83 RNA in cross-sections of DSC 167 and TMS 96/0304 
cassava stems. Cross-sections from cassava subjected to RNAscope® ISH using a CBSV-
Mo83 probe. Red signal indicates the presence of the viral RNA in phloematic cells (external 
and internal, B, white arrows) and non-phloematic cells of TMS 96/0304 (B, red arrow) and  in 
external phloematic cells of DSC 167 (C, D, E and F, white arrows). (A) Absence of virus in 
uninfected DSC 167 stem tissue. X, xylem; P, parenchyma; C, cortex; ePh, external phloem; 
iPh, inner phloem; Ep, epidermis; Endo, endodermis. 

 

An examination of cross-sections made from graft intersections between TMS 96/0304 

and DSC167 highlighted that CBSV-Mo83 had fully invaded TMS 96/0304 tissues 

(Figure 49A and C) and the virus was universally present. In contrast, the DSC167 

portion of the section (Figure 49B and C) remained virus-free and the virus was found 
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localized in the external phloem only. Indeed, there were considerable necrotized tissues 

in TMS 96/0304 as shown by light microscopy of the graft intersections (Figure 49D, 

arrows).  

 

Figure 49. Distribution of CBSV-Mo83 RNA in cross-sections of cassava intersections of a 
chimeric TMS 96/0304/ DSC167 plant. Cross-sections from cassava subjected to RNAscope® 
ISH using a CBSV-Mo83 probe. Red signals indicate the presence of the viral RNA in (A)  
phloematic cells and non-phloematic cells of TMS 96/0304 in the intersection area and (B) in 
external phloematic cells of DSC 167 in the intersection. (C) Red signals widely present in 
TMS 96/0304 tissue in the intersection area in comparison to DSC 167 tissues. (D) Overview 
on cassava intersection anatomy in chimeric plant TMS 96/0304. C, cortex; ePh, external 
phloem; iPh, inner phloem; Ep, epidermis; Endo, endodermis. 

 

3.3.2.2 Cross-sections of leaves 

When DSC167 leaves were studied for virus localization, it was necessary to collect and 

inspect leaves from several positions along the branch because of erratic qRT-PCR 

results indicating for a very low virus content of DSC 167 (Chapter 3.3). Cross-sections 

of leaves were FFPE processed and subjected to RNAscope® ISH (Figure 50).  
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ISH with the CBSV probe showed bright red signals dispersed broadly over the entire 

midvein section cut from a virus infected leaf of the cassava variety Albert (Figure 50C). 

Red signals were only rarely found in cross-sections of DSC 167 leaves and many leaves 

had to be inspected to trace the virus. Figure 50B shows the presence of viral RNA in a 

midvein of DSC 167 visible as red dots associated with phloematic cells of the abaxial 

phloem showing limited virus distribution.  

 

Figure 50. Distribution of CBSV-Mo83 RNA in cross-sections of a cassava leaf. (A) Overview on 
cassava midrib anatomy in DSC 167 before applying the viral probe. Cross-sections from 
cassava treated with RNAscope® ISH using a CBSV-Mo83 probe with red signals indicating 
the presence of viral RNA in (B) the abaxial phloematic cells of DSC167 midvein and in (C) 
phloematic and non-phloematic cells of Albert midvein tissues. X, xylem; PP, palisade 
parenchyma; SP, spongy parenchyma; AdEp, adaxial epidermis; AbEp, abaxial epidermis; 
AbPh, abaxial phloem; AdPh, adaxial phloem; Co, collenchyma cells. 
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Occasionally a CBSV-Mo83 signal was also observed in cortical cells of the midrib 

(Figure 51A and B).  

 

Figure 51. Distribution of CBSV-Mo83 RNA in cross-sections of a DSC167 cassava leaf. Cross-
sections from cassava treated with RNAscope® ISH using a CBSV-Mo83 probe. Red signals 
indicate the presence of viral RNA in (A) cortical collenchyma cells.(B) close up image of A. X, 
xylem; SP, spongy parenchyma; AdEp, adaxial epidermis; AbEp, abaxial epidermis; AbPh, 
abaxial phloem; AdPh, adaxial phloem; Co, collenchyma cells. 

 

RNAscope® ISH of cross-sections prepared from leaf blades of the cassava varieties 

Albert and Namikonga showed red signals evenly dispersed over the sections. In 

panorama pictures stitched from individual sections (Figure 52A) red clusters in 

phloematic and non-phloematic cells, in palisade, mesophyll and midrib tissues showed 

that the virus had established without tissue restrictions in the susceptible cassava 

variety Albert. Also in Namikonga, there was no association of hybridization signals with 

particular cells (Figure 52B). However, the CBSV invasion appeared patchy and there 

were strong signals found in some sections of the leaf blade while others were entirely 

free. This indicated a virus invasion pattern that is specific for a varietal response. The 

low virus titer in Namikonga (Chapter 3.1.1) would then be the result of a patchy plant 

invasion (movement) rather than the consequence of the limited capacity of the resistant 

variety to support virus replication.  
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In cross-sections of DSC 167 leaves (Figure 52C) there was no specific signal observed 

and examination at higher resolution revealed only few scattered dots in midrib sections. 

 

Figure 52. Distribution of CBSV-Mo83 RNA in a cassava leaf. Panorama picture composed of 
cross-sections from cassava leaf tissues subject to RNAscope® ISH using a CBSV-Mo83 
probe. Red dot signals indicate the presence of viral RNA in (A) phloematic cells and non-
phloematic cells in Albert leaf and (B) Namikonga leaf and (C) only in few cortical collenchyma 
cells in DSC 167 leaf. PP, palisade parenchyma; SP, spongy parenchyma; AdEp, adaxial 
epidermis; AbEp, abaxial epidermis; AbPh, abaxial phloem; AdPh, adaxial phloem. 
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3.3.2.3 Cross-sections of root tubers  

The examination of cross-sections of root tubers taken from CBSV-Mo83 infected 

cassava DSC 167 by RNAscope® ISH confirmed that similar to leaf and stem tissues, 

the tubers were essentially free of symptoms and there was no necrotized tissue (Figure 

53A). Virus hybridization signals albeit at very low frequency were nevertheless found 

and distinct red dots traced the virus to the phloem cells only (Figure 53B-D). In TMS 

96/0304 tuber sections, CBSV hybridization signals were broadly distributed and found 

in phloematic and non-phloematic cells (Figure 53E and F, arrows). 
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Figure 53. Distribution of CBSV-Mo83 RNA in cross-sections of cassava DSC 167 and TMS 
96/0304 cassava tuberous roots. (A) Longitudinal cutting in DSC 167 cassava tuberous roots 
showing no necrosis. (B and C) Cross-sections from cassava DSC 167 subjected to 
RNAscope® ISH using a CBSV-Mo83 probe showing few red dots in the phloem cells (arrow). 
(D) Close–up images of C. (E) Absence of the virus in section of an uninfected tuberous root. 
(F) Virus present in phloematic and non-phloematic cells (arrows) of TMS 96/0304. X, xylem; 
VR, vascular ray parenchyma cells; Ph, phloem; Ep, epidermis; Exo, exodermis; PhP, phloem 
parenchyma. 
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3.3.3 Localization of CBSV in the cassava germplasm line DSC 260 

restricting virus invasion to root tissues 

To follow virus movement in DSC 260, three cassava plants were infected with CBSV-

Mo83 by bud grafting. The infected plants remained symptomless and there were no 

symptoms on leaves, stems and tubers. Sections from all three organs were processed 

by FFPE and subjected to RNAscope® ISH using a CBSV-Mo83 probe. 

In sections taken from DSC 260 leaves, red virus signals were very rare and observed 

only in few cases, in abaxial and adaxial phloem cells (Figure 54A, white arrows) and in 

cells of the spongy parenchyma (Figure 54A, red arrow).  

 

Figure 54. Distribution of CBSV-Mo83 RNA in cross-sections of cassava DSC 260 and TMS 
96/0304. Cross-sections from cassava subjected to RNAscope® ISH using CBSV-Mo83 
probe. Red dots and clusters indicate the presence of viral RNA in (A) leaf sections and (B 
and C) stem sections of DSC 260 cassava  in phloematic cells (white arrows), non-phloematic 
cells (red arrow) and phellogen (yellow arrow). (E) virus invasion in stem section of TMS 
96/0304. SP, spongy parenchyma; AbEp, abaxial epidermis; AbPh, abaxial phloem; AdPh, 
adaxial phloem; P, parenchyma; ePh, external phloem; iPh, inner phloem; Ep, epidermis; 
Endo, Endodermis.  
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In stem sections, viral RNA was present as single red dots or small clusters located in 

the external and internal phloem (Figure 54B and C, white arrows) and in the phellogen 

(Figure 54B, yellow arrows). In the susceptible TMS 96/0304, the virus was found in all 

cell types at a high intensity (Figure 54E). 

There was no necrosis in any of the tuberous roots of the three DSC 260 plants. 

However, viral RNA was found in abundance in tuberous tissue but the red dots were 

localized in phloem cells only (Figure 55A-B) and there was no invasion of parenchyma 

cells. 

 

Figure 55. Distribution of CBSV-Mo83 RNA in cross-sections of cassava DSC 260 tuberous roots.  
Cross-sections from cassava subjected to RNAscope® ISH using a CBSV-Mo83 probe.Red 
signals indicate the presence of the viral RNA in phloematic cells (A and B, white arrows). X, 
xylem; Ph, phloem; Ep, epidermis; Exo, exodermis.  

 

To verify virus movement in DSC 260, a TMS 96/0304 scion was side grafted onto a 

DSC 260 stem (Chapter 2.4, Figure 14). Subjecting cross sections from developing buds 

of this branch to RNAscope® ISH revealed very high CBSV-Mo83 signals in all cell types 

(Figure 56B and C). This was in sharp contrast to the sections taken from the DSC 260 

branch (Figure 56A) where virus was localized to phloematic tissue only.  
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Figure 56. Distribution of CBSV-Mo83 RNA in cross-sections from DSC 260 and TMS 96/0304 
buds hybridized with the CBSV-Mo83 probe showing red signal indicating (B and C) the 
presence of highly abundant viral RNA in all cell types of a TMS 96/0304 bud and (A) in 
phloematic cells of DSC 260 only. 

 

The experimental evidence provided showed that virus movement was not compromised 

in DSC 260. Despite the high virus pressure from virus replication in a branch of the 

permissive TMS 96/0304, virus replication and accumulation in DSC 260 leaf tissue was 

not evident.  

3.3.4 Localization of UCBSV in the cassava germplasm line DSC 167  

DSC 167 was identified as a highly resistant cassava line with immunity to CBSV and 

UCBSV (Chapter 3.1.2). This cassava line developed a necrotic halo around the inserted 

buds when infected with UCBSV-Ke125 but not when infected with CBSV-83. Under 

particular experimental conditions, young <2-month-old cassava plantlets could be 

infected with UCBSV-Ke125 albeit at very low efficiency. In the case of an infection, a 

specific response was seen on leaves of UCBSV infected plantlets starting with small 

chlorotic spots (Figure 57A) that became enlarged over time to turn into necrotic spots 

with necrotic circles forming halos (Figure 57B-E) and eventually developing into 

chlorotic/necrotic patches. The symptoms associated with this artificial infection were 

very different to the typical leaf symptoms of UCBSV (Figure 57F).   
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Figure 57. Differential response of cassava DSC167 and TMS 96/0304 to infections with UCBSV-
Ke125. The infection in DSC 167 starts with (A) yellow dots in the leaf that develop to (B and 
C) more significant yellow spots surrounded by necrotic spots. (D and E) Close-up of necrotic 
spots caused by UCBSV-Ke125. (F) Typical UCBVS-Ke125 symptoms on a susceptible 
cassava TMS 96/0304. 

 

Leaf, stem and root tissues were subjected to RNAscope® ISH using a UCBSV-Ke125 

P1 probe (Annex, Table 2). Prior to RNAscope® ISH, sections from the same tissue were 

processed either by paraffin embedding (FFPE) or directly by cryosectioning to compare 

both methods.   

In DSC 167 leaves, UCBSV was mostly located in necrotic areas indicated by broadly 

distributed red signal clusters across all cell and tissue types in FFPE sections (Figure 

58Ap and Bp) and cryosections (Figure 58Ac and Bc). In necrotic spot tissues, red signals 

were observed as small restricted clusters in both FFPE sections (Figure 58 Cp) and 

cryosections (Figure 58 Cc). Additionally, signals were observed in non-symptomatic leaf 

areas as small red dots representing single viral RNA molecules. This however was only 

seen in FFPE leaf sections (Figure 58 Dp) but not in RNAscope® ISH of respective 

cryosections (Figure 58 Dc).  
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Figure 58. Distribution of UCBSV-Ke125 RNA in cross-sections of DSC 167 cassava leaf tissues. 
Cross-sections from cassava subjected to RNAscope® ISH using an UCBSV-Ken125 probe. 
Red signal indicate the presence of the viral RNA in phloematic cells and non-phloematic cells 
(arrows). (Ap-Dp) Sections embedded in FFPE. (Ac-Dc) Tissues subjected to cryosectioning. 
X, xylem; PP, palisade parenchyma; SP, spongy parenchyma; AdEp, adaxial epidermis; AbEp, 
abaxial epidermis; AbPh, abaxial phloem; AdPh, adaxial phloem; Co, collenchyma cells. 

 

In stem sections from this UCBSV infected DSC 167, red signals were observed in the 

cortex, in the internal and external phloem as well as the parenchyma cells both in FFPE 

sections (Figure 59 Ap-Cp) and in cryosections (Figure 59Ac-Cc)  

 

Figure 59. Distribution of UCBSV-Ke125 RNA in cross-sections of DSC 167 cassava stem 
tissues.  Cross-sections from cassava subjected to RNAscope® ISH using an UCBSV-Ken125 
probe showing red signal indicating the presence of the viral RNA in phloematic cells and non-
phloematic cells. (Ap-Cp) Sections embedded in FFPE. (Ac-Cc) Tissues subjected to 
cryosectioning. X, xylem; P, parenchyma; C, cortex; ePh, external phloem; iPh, inner phloem; 
Ep, epidermis; Endo, endodermis. 
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Satisfactory preparations of sections from tuberous roots, in particular from those with 

abundant necrosis, were only achieved when root tissue for RNAscope® ISH was 

embedded in paraffin (FFPE). Cryosections from those tissues readily tore apart 

because of the large areas composed of soft parenchyma cells and disintegrated 

necrotized tissue structures.  

Roots of the experimentally infected cassava line DSC 167 were severely affected and 

large necrotized areas across the tuber were observed (Figure 60A). The virus 

hybridization signal was widely distributed as red clusters in phloematic and non-

phloematic cells and with very high signal intensities in necrotic areas (Figure 60B-D) 

 

Figure 60. Distribution of UCBSV-Ken125 RNA in cross-sections of DSC 167 cassava root 
tubers. (A) Cutting across a DSC 167 cassava tuberous with severe necrosis symptoms. (B 
and C) RNAscope® ISH signals in red clusters covering all cell types except the xylem. (D) 
close–up images of C. X, xylem; VR, vascular ray parenchyma cells; Ph, phloem; Ep, 
epidermis; Exo, exodermis. 
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Subjecting the otherwise resistant cassava DSC 167 to artificial infection conditions to 

achieve establishment of UCBSV in the plant has shown that tissue invasion was evident 

but very different from that of a susceptible cassava line. The initial chlorotic spot 

symptoms developing into necrotic spots and the localization of virus in areas 

surrounding the necrotic spots indicated that the plant responds to virus infection with 

resistance that is; containment of the virus. This specific case presented here is very 

different from the common observation that UCBSV and CBSV in the resistant DSC 167 

are restricted to the phloem cells virus replication is not taking place.  

Summary of key findings 

Resistance against CBSV and UCBSV identified in the immune South American cassava 

germplasm lines DSC 167 and DSC 118 is characterized by a general impediment of the 

viruses to replicate in those genotypes.  

The viruses were not maintained in infected plants when the infection sources 

(buds/scions) were removed. Virus movement through the phloem, however, was not 

restricted but there was no exit from the phloem into neighboring tissues, and virus was 

found only in the companion cells of the phloem. There were rare findings of virus RNA 

in cortical cells of leaves; however, there was no evidence of virus accumulation 

indicating for virus replication. 

Examinations of cross-sections from cassava stems located virus in cells of the external 

phloem while the internal phloem was virus-free.  

Under specific experimental conditions, artificial infections lead to an infection with 

UCBSV in the otherwise immune line DSC 167. Symptoms of UCBSV infections in those 

leaves were entirely different from symptoms of a permissive host and virus was 

restricted to necrotic circles developing from chlorotic spots. This indicated for strong 
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host resistance responses in leaves although virus replication in root tissues was not 

impaired resulting in severe necrosis.   

In the cassava genotype DSC 260, which did not show leaf symptoms, considerable 

amounts of CBSV were found in root tissues as well as in the phloem of leaves, stems, 

and tubers. Despite accumulation of virus indicating for virus replication, the virus 

remained localized in the companion cells of the phloem.  

 

3.4 The effects of mixed virus infections in resistant and 

susceptible cassava 

3.4.1 Ugandan cassava brown streak virus and cassava brown streak virus 

The distribution for CBSV and UCBSV in mixed virus infections was studied in 

susceptible and resistant cassava plants to reveal putative interactions among the 

viruses and to highlight potential variations in plant responses.  

First, the sensitivity and specificity of RNAscope® ISH was tested to check whether 

interfering signals from cross-reacting RNA probes would occur. As shown in figure 63A 

and B, there was a complete absence of signal when an RNA probe from CBSV was 

hybridized with UCBSV tissue sections and vice versa confirming the high specificity of 

the probes for multiple target detection in Duplex RNAscope® ISH7 reactions. 

                                                

7 The method is published in; Sheat, S., et al., (2020). Duplex in situ Hybridization of Virus Nucleic 
Acids in Plant Tissues Using RNAscope®. Methods in Molecular Biology, 2148, 203-2015. 
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Figure 61. Evaluation of the specificity of RNAscope® ISH in cross-sections of cassava leaves  
infected with CBSV-Mo83 (A) or UCBSV-Ke125 (B). (A) Leaf section from a CBSV-Mo83 
infected plant hybridized with a UCBSV-Ke125 probe. (B) Leaf section from infected UCBSV-
Ke125 plant hybridized with CBSV-Mo83 probe. There was no signal indicating for cross 
reaction with the heterologous probe.   

 

RNAscope® ISH was used for duplex target detection using chromogenic chemistries to 

produce blue and red signals, respectively. A blue signal would result from substrate 

conversion of Fast-Green in the presence of horseradish peroxidase (HRP) conjugated 

to an UCBSV-Ke125 probe, while a red signal would be the result of an conversion of 

the chromogenic substrate Fast-Red by alkaline phosphatase (AP) conjugated to a 

CBSV-Mo83 probe.  

Mixed infections between CBSV and UCBSV were established in cassava plants by 

inosculation. The variety Albert infected with CBSV-Mo83 was joint with Namikonga 

infected with UCBSV-Ke125, and both inosculated plants remained for several months 

to establish mixed infections. After approximately 5 months, plant tissues were taken 

from leaves and stems and subjected to cryosectioning while tuberous roots were 

embedded in FFPE and sectioned. Tissue sections were subjected to duplex 

RNAscope® ISH to target both viruses in a simultaneous hybridization reaction.  

The examination of leaf sections from mixed infected plants (Figure 62) showed the 

presence of the viral RNA from both species at high signal strength and with a discrete 

spatial separation of the two signals at the tissue level.  



108                                                                                                                       Results                                                     

 

 

Figure 62. Distribution of CBSV-Mo83 and UCBSV-Ke125 RNA in cross-sections of cassava 
leaves from (A) Albert and (B) Namikonga. Cross-sections from cassava subjected to 
RNAscope® ISH using simultaneously CBSV-Mo83 and UCBSV-Ke125 probes. Red and blue 
signals indicate presence of CBSV-Mo83 and UCBSV-Ke125, respectively, in phloematic cells 
(red arrows) and non-phloematic cells (black arrows). AKe , AMo,BKe and BMo are hybridization 
with a single probe verifying spatial separation of the viruses in tissues. X, xylem; PP, palisade 
parenchyma; SP, spongy parenchyma; AdEp, adaxial epidermis; AbEp, abaxial epidermis; 
AbPh, abaxial phloem; AdPh, adaxial phloem. 

 

When leaf sections were processed with only one probe, a blue signal corresponding to 

the specific virus target developed (Figure 64 AKe , AMo, BKe and BMo) and homologous 

viral RNA was detected without any nonspecific background. There was a discrete 

separation of signals (Figure 64 AKe, AMo, BKe and BMo). In both plant varieties, the viruses 

were not localized to specific cell types and were present in phloematic (Figure 64, red 

arrows) and non phloematic tissues including the spongy parenchyma and palisade cells 

(Figure 64, black arrows).   

Examination of Duplex RNAscope® ISH treated tissues sections from stems and tubers 

of the cassava variety Albert strong blue and red chromogenic precipitates (Figure 63A-

E, arrows). As shown for leaves, Duplex RNAscope® ISH revealed a precise spatial 

separation of the two viruses that discretely localized to different cells. 
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Figure 63. Distribution of CBSV-Mo83 and UCBSV-Ke125 RNA in stem and tuberous root tissues 
of the cassava variety Albert. Cross-sections from cassava subjected to RNAscope® ISH 
using simultaneously CBSV-Mo83 and UCBSV-Ke125 probes. Red and blue signals indicate 
the presence of CBSV-Mo83 and UCBSV-Ke125, respectively. The images show areas for 
single infected cells red or blue in stem (A, B and C, arrows) and in tuberous roots (D and E, 
arrows). PhP, phloem parenchyma; ePh, external phloem; Ep, epidermis; Endo, endodermis; 
Exo, exodermis. 

 

Only in very few cases, viral RNA of CBSV-Mo83 and UCBSV-Ke125 was observed 

within the same cells in leaf (Figure 64A and B, arrows), stem (Figure 64C, arrow) and 

tuberous root (Figure 64D, arrow) sections. 
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Figure 64. Distribution of CBSV-Mo83 and UCBSV-Ke125 RNA in the cassava variety Albert. 
Cross-sections from cassava subjected to RNAscope® ISH using simultaneously CBSV-Mo83 
and UCBSV-Ke125 probes. Red and blue signals indicate presence of CBSV-Mo83 and 
UCBSV-Ke125, respectively. The images show areas for doubly infected cells (arrows, dark 
reddish-purple). X, xylem; AdEp, adaxial epidermis; AbEp, abaxial epidermis; AbPh, abaxial 
phloem; AdPh, adaxial phloem; C, cortex; ePh, external phloem; Ep, epidermis; Endo, 
endodermis; Exo, exodermis.   

 

In the resistant cassava germplasm line DSC 167, a mixed infection between CBSV and 

UCBSV was experimentally created by inserting scions of CBSV-Mo83 and UCBSV-

Ke125 onto DSC 167 rootstocks. DSC 167 showed symptoms of virus infections with 

small necrotic spots found on a few leaves only and in tissue samples subjected to 

Duplex RNAscope® ISH both, CBSV and UCBSV were traced as red and blue dots in 

all organs. Signals were only found in cells of the external phloem especially in primary 

and secondary phloem cells of the stem (Figure 65C and D, arrows). 
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Figure 65. Distribution of CBSV-Mo83 and UCBSV-Ke125 RNA in cross-sections of DSC 167 
leaf (A and B) and stem tissues (B and C).Cross-sections from cassava subjected to 
RNAscope® ISH using simultaneously CBSV-Mo83 and UCBSV-Ke125 probes. Red and blue 
signals indicate the presence of CBSV-Mo83 and UCBSV-Ke125, respectively. The images 
show areas for single infected cells blue in non-phloematic tissue in DSC 167 leaf (A and B, 
arrows) and red and blue in phloematic tissues in stem (C and D, arrows). C, cortex; ePh, 
external phloem; p.ePh, primary external phloem; s.ePh, secondary external phloem; Ep, 
epidermis; Endo, endodermis 

 

There was no evidence for CBSV-Mo83 viral RNA in leaf sections and only UCBSV-

Ke125 viral RNA was observed in phloematic and non-phloematic cells (Figure 65A and 

B, arrows) confirming the results obtained with single infections of both viruses in this 

cassava line (Chapter  3.3.2.1). In tuberous root sections, viral RNA was observed as 

single red or blue dots and associated within phloem cells only (Figure 66A and B). 
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Figure 66. Distribution of CBSV-Mo83 and UCBSV-Ke125 RNA in cross-sections of DSC 167 
root tubers. Cross-sections from cassava subjected to RNAscope® ISH using simultaneously 
CBSV-Mo83 and UCBSV-Ke125 probes. Red and blue signals indicate the presence of CBSV-
Mo83 and UCBSV-Ke125, respectively. The images show areas for single infected cells red 
or blue in phloematic cells (A and B arrows). Ph, phloem; Ep, epidermis; Exo, exodermis.  

 

3.4.2 Cassava brown streak virus and East African cassava mosaic virus 

Under natural conditions, CMD is prevalent wherever cassava is grown in Africa and 

mixed infections between viruses causing CMD and cassava brown streak viruses occur 

frequently. The effect of mixed infections between viruses belonging to non-related 

genera was studied to assess whether virus interactions exist that would result in 

synergism or, whether mixed infections would influence the course of infections and 

compromise plant resistance.  

For this study, the African cassava land race TME 117 and the South American cassava 

germplasm line DSC 167 were used. Both cassava lines are susceptible to CMB and 

while DSC 167 is resistant against CBSV and UCBSV, TME 117 is susceptible to all 

viruses. To induce mixed infections, an EACMV-UG infected TME117 was infected with 

CBSV-Mo83 by bud grafting while scions of infected EACMV-UG and CBSV-Mo83 plants 

were simultaneously grafted onto DSC 167 rootstocks.  

Prior to the assay, leaf samples of EACMV-UG infected TME 117 with typical CMD 

symptoms as well as stem samples were taken and subjected to RNAscope® ISH using 
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a specific probe designed to the AV2 gene of the DNA-A genome component (Annex, 

Table 2). Discrete signals were observed in leaf and stem sections (Figure 67) but 

hybridization signals were most abundant in leaves and red clusters indicated the high 

density of virus infected cells. Virus signals were mostly found localized to the phloem 

(Figure 67, white arrows) but also observed in non-vascular tissues and in spongy 

parenchyma distant from the phloem cells (Figure 67A and B, red arrows).  

 

Figure 67. Distribution of EACMV-UG DNA in cross-sections of TME117 leaves (A and B) and 
stems (C and D). Cross-sections from cassava subjected to RNAscope® ISH using an 
EACMV-UG probe. Red signals indicate the presence of the viral DNA in phloematic cells (A, 
B, C and D, white arrows) and non-phloematic cells (A and B, red arrows). X, xylem; P, 
parenchyma, C, cortex; ePh, external phloem; Ep, epidermis; Endo, Endodermis; SP, spongy 
parenchyma; AbEp, abaxial epidermis; AdEp, adaxial epidermis; AbPh, abaxial phloem;  
AdPh, adaxial phloem. 

 

When mixed infections between CBSV-Mo83 and EACMV-UG were studied in TME 117 

and in the cassava line DSC 167 both viruses were regularly detected in leaf and stem 
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sections indicated by intense chromogenic red and blue signals representing CBSV-

Mo83 and EACMV-UG respectively.  

 

Figure 68. Distribution of CBSV-Mo83 and EACMV-UG in cross-sections of TME117 cassava. 
Cross-sections from cassava subjected to RNAscope® ISH using simultaneously CBSV-Mo83 
and EACMV-UG probes. Blue and red signals indicate the presence of EACMV-UG (red 
arrows) and CBSV-Mo83 (black arrows), respectively. The images show areas for single 
infected cells red or blue in phloematic tissue and non phloematic tissues. X, xylem; C, cortex; 
ePh, external phloem; Ep, epidermis; Endo, endodermis; SP, spongy parenchyma; AbEp, 
abaxial epidermis; AdEp, adaxial epidermis; Co, collenchyma cells; AbPh, abaxial phloem;  
AdPh, adaxial phloem. 

 

The CBSV-Mo83 signal was dispersed in phloematic and non-phloematic tissues 

(phloem, collenchyma, spongy parenchyma, and cortical cells) (Figure 68A-D, black 

arrows) with a pattern similar to virus distribution in singly infected plants. The blue signal 

indicating for EACMV-UG virus was primarily found localized in phloem cells (Figure 68C 

and D, red arrows), however, similar to single infections, non-phloematic cells also had 

significant amounts of EACMV (Figure 69A and B).  
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Figure 69. Distribution of EACMV-UG DNA in cross-sections of TME117. The images show only 
blue stain indicating the presence of EACMV-UG in phloematic and non-phloematic cells. PP; 
palisade parenchyma; SP, spongy parenchyma; AbEp, abaxial epidermis; AdEp, adaxial 
epidermis; AbPh, abaxial phloem;  AdPh, adaxial phloem 

 

In most cases, there was a spatial separation and cells were either infected with CBSV-

Mo83 or with EACMV-UG. However, cells mutually invaded by both viruses, indicated 

as dark reddish-purple spots (Figure 70 A-B, arrows), were also observed. 

 

Figure 70. Distribution of CBSV-Mo83 and EACMV-UG in cross-sections of TME117 cassava. 
Cross-sections from cassava subjected to RNAscope® ISH using simultaneously CBSV-Mo83 
and EACMV-UG probes. Blue and red signals indicate the presence of EACMV-UG and 
CBSV-Mo83, respectively. The images show areas for doubly infected cells (Black arrows, 
dark reddish-purple). X, xylem; PP; palisade parenchyma; SP, spongy parenchyma; AbEp, 
abaxial epidermis; AdEp, adaxial epidermis; AbPh, abaxial phloem;  AdPh, adaxial phloem. 
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In the resistant cassava DSC 167, CBSV viral RNA was never observed in any of the 

leaves, while EACMV-UG was present in phloematic (Figure 71A-B, red arrows) and 

non-phloematic (Figure 71A-B, black arrows) tissues. In stem sections, CBSV and 

EACMV signals were traced to the primary and secondary phloem but were never found 

outside the vascular tissues (Figure 71C and D, red arrows). Remarkably, in tuberous 

and in fibrous roots, a single blue signal was observed in phloematic cells and there was 

no evidence for CBSV-Mo83 RNA (Figure 71E and F, red arrows). 
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Figure 71. Distribution of CBSV-Mo83 and EACMV-UG in cross-sections of DSC 167 cassava. 
Cross-sections from cassava subjected to RNAscope® ISH using simultaneously CBSV-Mo83 
and EACMV-UG probes. Blue and red signals indicate the presence of EACMV-UG and 
CBSV-Mo83, respectively. Leaf sections show areas for single infected cells with only blue 
signals in phloematic tissue (A and B, red arrows) and in non-phloematic tissues (A and B, 
Black arrows). Stem sections, show areas for single infected cells in red or blue, in primary 
and secondary external phloem tissue (C and D, red arrows).Tuberous roots section show 
areas for single infected cells with only blue signals in phloematic tissue (E and F, red arrows).  
X, xylem; C, cortex; Ph, phloem; ePh, external phloem; p.ePh, primary external phloem; s.ePh, 
secondary external phloem; Ep, epidermis; Endo, endodermis; SP, spongy parenchyma; 
AbEp, abaxial epidermis; AdEp, adaxial epidermis. 
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Summary of Key findings  

CBSV and UCBSV mixed virus infections were studied in susceptible cassava plants; 

virus exclusion was observed in which infection foci, and areas invaded by the two 

viruses remained spatially separated.  

Investigations of mixed infections introduced in the South American line DSC 167 

showed that immunity against CBSV-Mo83 was not impacted by an artificial infection 

with UCBSV. Similarly, in CBSV and EACMV mixed infections there was no measurable 

effect on either of the two viruses. While spatial separation was also obvious for mixed 

infections with non-related viruses, there were cells and tissues in which both viruses 

were found in the same cells.  

Mixed infection studies revealed that the cassava brown streak resistance status of the 

South American cassava germplasm lines was not impaired from interactions with other 

cassava viruses.   
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4 DISCUSSION 

It was the intention and objective of this virus research, to advance our understanding of 

the viruses causing the cassava brown streak disease and to seek solutions for this 

severe disease that presents a serious threat to the cultivation of cassava in Africa. 

Known since long from coastal regions of Kenya, Tanzania and Mozambique the disease 

has expanded its geographical range to become endemic in most cassava growing 

regions of East, South and Central Africa.  

Until the immense impact of the cassava brown streak disease was recognized, the 

cassava mosaic disease was considered the most critical threat to cassava cultivation in 

Africa. The viruses causing CMD occur continent wide and wherever cassava is 

cultivated, the disease is evident. For CMD, breeding for resistance was very successful 

and the resistance sources found in African landraces were introgressed successfully 

into a wide range of cassava varieties (Dixon et al., 2010; Dixon and Ssemakula, 2008; 

Egesi et al., 2007; Lokko et al., 2009; Rabbi et al., 2014). Unfortunately, the improved 

cassava lines are all moderately to highly susceptible to CBSD and despite high efforts 

to identify resistance in cassava against U/ CBSV (Kawuki et al., 2016; Mukiibi et al., 

2019), there were no such sources available. The best cassava cultivars show mild 

symptoms when infected with U/ CBSV and low virus titers (Kaweesi et al., 2014; Kawuki 

et al., 2016; Kayondo et al., 2018; Tumwegamire et al., 2018) but all become virus 

infected which inevitably results in root necrosis. Using these materials as parents for 

resistance breeding thus is unsatisfactory because it is uncertain whether the limited 

symptoms and virus contents indicate for a quantitative disease resistance (QDR) 

characterized by disease reduction but a continuation of disease across a segregating 

population or, mark influences of environment and infection variables that lead to 

inconsistent outcomes of resistance breeding efforts.  
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Past breeding efforts to improve cassava in Africa based on the introduction of 

germplasm from domesticated cassava and wild ancestors from South America, the 

center of origin of the plant. In similar vein, it was speculated that new sources of cassava 

brown streak virus resistance may be found in germplasm from South America, and 

consequently, the quest for high virus resistance was expanded to an exploration of the 

cassava diversity maintained in the cassava germplasm collection at CIAT. To conduct 

this exploratory research at the DSMZ Plant Virus Department, bypassed two key 

impediments in cassava virus resistance breeding. First, the introduction of cassava 

plants for planting is regulated under the “International Plant Protection Convention 

(IPPC)”, an international cooperation in plant protection, to prevent the spread of pests 

and diseases around the world. This makes an international/ intercontinental exchange 

of cassava materials (excluding seeds) between cassava growing countries almost 

impossible. A more important argument for directing the virus resistance research to the 

Plant Virus Department however was precision, reproducibility, and pace. Breeding for 

resistance under field conditions is limited by the infection sources (virus isolates) that 

may be different in various regions, the vector insects for transmission and spread 

(population density), and the exact time point of infection. These inaccuracies severely 

affect the entire cassava breeding process, reduce reproducibility and prolong the 

selection and evaluation of candidate clones up to 3-4 years (Kawuki et al., 2016). Virus 

infections of plants introduced and monitored under controlled conditions thus can 

provide straightforward answers. However, infection and selection methods have to be 

chosen that are highly efficient to screen large numbers of plants under laboratory 

conditions in a relatively short time frame.   

Viruses, cassava infections and resistance screening. To address the challenges 

presented by large numbers of plants to be infected and precisely tested for virus 

resistance, we decided for a two phase screening process in which the bulk of 

susceptible cassava was eliminated during the first round of selection. The reduced 
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number of genotypes that had survived stage one infection were then subjected to further 

virus infections and testing to confirm and further identify virus resistant plants. A virus 

infection method with an almost 100% efficiency would reduce the number of replicas 

required for each accession to ensure that the virus infection was successful. Cassava 

brown streak viruses are mechanically transmissible hence using sap of infected plants 

to inoculate leaves and induce virus infections, as successfully used for resistance 

screening of many crops (Longue et al., 2018; Rowley et al., 2014) can be an option. 

However, the efficiency of infecting cassava by mechanical transmission was too low 

and only a few plants of a group became infected. Grafting of axillary buds taken from 

virus infected plants proved most reliable to infect cassava and when two buds instead 

of one were taken, the efficiency of infection was almost 100%. In addition, the high 

inoculum administered triggered early plant responses and virus symptoms permitted 

quick elimination of sensitive genotypes from the screening process. Nevertheless, this 

virus infection method required the propagation of high numbers of virus source plants 

providing the infected buds to be taken for grafting.  

CBSD is caused by two distinct virus species, U/ CBSV (Winter et al., 2010) of which 

diverse virus isolates and possible strains exist. Prior to resistance screening, it had to 

be defined which of the viruses to be used for the initial selection to then infect the 

cassava genotypes that showed resistance with further virus isolates. While the genomic 

differences between the viruses were obvious, there was only a limited knowledge about 

their biological features and furthermore, nothing was known about differential responses 

of cassava when infected with any other virus isolate. Therefore, a study on the 

pathogenicity of the virus isolates, their movement and invasion in an infected plant was 

undertaken to gain a better understanding of the viruses and the virus infection 

processes. We used qRT-PCR to measure the virus titer in tissues and organs of 

cassava and resolved virus distribution, movement and localization in plant tissues using 

RNAscope® in situ hybridization (ISH). This highly sensitive detection method was 
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recently developed in our laboratory (Munganyinka et al., 2018b) and we advanced the 

protocol for more accurate imaging using paraffin-embedded as well as native, cryo-

sectioned tissues to study virus invasion in leaf, stem and root tissues. 

Considerable differences in the accumulation of CBSV and UCBSV in cassava were 

reported (Kaweesi et al., 2014; Ogwok et al., 2016), and virus concentrations were 

measured for CBSV that were 10 to 1000 fold higher than UCBSV. This can be taken as 

proof for the aggressiveness of CBSV viruses and their ability to rapidly replicate and 

invade their hosts. Indeed, infections with U/ CBSV isolates in N. benthamiana and the 

susceptible cassava variety ‘Albert’ and the resistant variety ‘Namikonga’ differed 

particularly in the early stages of the disease. CBSV isolates reached higher rates of 

replication and caused more severe symptoms in N. benthamiana and in cassava 

(Chapter 3.1.1). The comparatively low concentrations of UCBSV in infected cassava, 

the variable virus concentrations and inconsistent virus detection in leaves during early 

infection stages indicated for delayed infection processes compared with CBSV. Indeed, 

UCBSV infections in particular cassava varieties could take more than six months for 

symptoms to appear and no virus detectable before. Thus, observation periods of 16 

weeks to determine virus resistance in cassava, as reported by Anjappa et al., 2016, are 

not sufficient to assess the resistance status of cassava. We confirmed this by including 

the cassava line KBH 2006/26 considered resistant (Anjanappa et al., 2016) in our virus 

infection studies which then failed in our tests. The comparative research with diverse 

virus isolates infecting N. benthamiana and cassava confirmed that CBSV isolates were 

more aggressive that UCBSV. However, the CBSV isolate CBSV-Tan70 was very similar 

to UCBSV with regards to symptom development and virus titers reached in infected 

plants.  

In his early descriptions of the cassava brown streak disease, Nichols associated two 

symptom types with the disease; vein clearing/ vein chlorosis and yellow leaf blotches, 

(Nichols, 1950). In our work, these symptom types could be assigned to infections with 
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the distinct viruses; vein clearing and chlorosis to CBSV-Mo83 and yellow blotches to 

cassava diseases caused by UCBSV-Ke125 (Figure 24).  

In contrast to all other reports generally evaluating symptoms in mature and older leaves 

only, our comparative study with many cassava lines and virus infections has shown that 

symptoms appear first in the youngest uppermost leaves soon after virus inoculation. 

When virus infections were maintained in stem cuttings or, artificially introduced by 

grafting, the youngest leaves will be the first to show symptoms and only at later stages 

of the infection, symptoms will develop on mature and older leaves. During the dry 

seasons, cassava plants tend to drop older leaves and this will give a healthy 

appearance to an infected but vigorously growing plant (Hillocks and Thresh, 2000). 

Symptoms on young leaves and plant parts of those expressed in older leaves and lower 

sections of cassava can be used to estimate the moment of infection and the time of an 

established CBSD. Thus, when leaf symptoms are taken as a measure for 

resistance/tolerance of cassava in field experiments, the infection time needs to be 

considered. 

Based on the pathogenicity tests, we chose to conduct the initial virus screening with the 

most aggressive virus isolate CBSV-Mo83 to infect the cassava germplasm lines. The 

use of an aggressive virus in combination with a highly effective infection procedure 

caused often severe plant infections that in some cases resulted in plant death within 2 

weeks after infection. Already in the first cycle of virus screening (Chapter 2.3.3, Figure 

12) more than 90% of susceptible plants were eliminated and only a few ambiguous 

cases were left for verification in a second selection cycle. The selection criteria were 

both absence of symptoms and absence of virus (negative qRT-PCR test) in leaves and 

this meant that not resistance but rather immunity in cassava was to be selected for. 

However, it is the choice of the method that determines the outcome and therefore it can 

be questioned whether the strategy used was not too stringent and the chances too little 

to find virus immunity, a feature that otherwise does not exist in African cassava. And, in 
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similar vein, screening with the most aggressive virus drives on the assumption that 

resistance against this virus may also hold against other less severe virus isolates and 

even other virus species (UCBSV) causing the brown streak disease. Should that not be 

true, this screening may have led to the exclusion of cassava lines with resistance 

against UCBSV or other CBSV isolates. The sequential screening process, first to 

identify CBSV resistance and subsequently test only those lines for resistance against 

UCBSV to identify broad spectrum virus resistance, may then have drastically reduced 

the chances to identify cassava lines with resistance against UCBSV.         

Despite the low odds, the virus bioassays comprising CBSV and UCBSV identified 3 

virus resistant lines, DSC 167, DSC 118 and DSC 269 with a broad resistance spectrum 

against CBSV and UCBSV (Chapter 3.2.5, Table 5). Those lines selected were exposed 

to high virus pressure in field trials conducted in Africa confirming the results of our 

stringency testing and the trueness of our strategy. However, care must be taken not to 

deduce from these findings any conclusions about others and thus it cannot be 

generalized that resistance against a highly pathogenic virus isolate would also hold 

against less virulent ones. Indeed, there were South American cassava germplasm lines 

with a differential response against the viruses (Chapter 3.2.5, Table 5), also confirming 

earlier studies with African cassava varieties that were resistant against UCBSV and 

susceptible against CBSV (Winter et al., 2010). Nevertheless, our decision to screen with 

CBSV-Mo83 was driven by the challenges to manage a virus screening project under 

laboratory conditions and to scale from otherwise 5 to 10 plants up to >200 and still 

maintaining precision. Considering a time frame of >12 months until a final verdict for 

UCBSV resistance in cassava can be reached, infection with CBSV considerably 

shortens the time to define a CBSV susceptible line, however bearing the costs of 

eliminating lines with putative resistance against UCBSV. 

In the virology of crop plants, infections similar to the ones caused by cassava brown 

streak viruses in cassava are rare because most of the virus diseases inflict damages 
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on leaves and fruits (tomato, cucurbits, maize, cotton) while the viruses causing CBSD 

destroy cassava root tubers. Virus resistance, in general, is considered as a reduction of 

virus load (Cooper and Jones, 1983; Fraile and Garcia-Arenal, 2010; Palukaitis and Carr, 

2008) that often is associated with milder or absent symptoms. This is assessed by 

comparing virus concentrations and symptoms scores between susceptible and resistant 

lines. In cassava, the “virus link” between roots, root tubers and aboveground plant 

organs is not apparent, hence the connection between virus replication in leaves and 

virus invasion/ replication and necrosis of roots is unclear. In our studies with cassava, it 

became utterly clear that virus invasion of aboveground tissues is different from 

infections in the roots. From the 15 cassava genotypes passing the assessment because 

they were free of virus symptoms and virus-negative in qRT-PCR, 8 lines showed severe 

necrosis on tuberous roots in the final destructive test after 6-8 months of observation. 

Similar observations were made with citrus tristeza virus (CTV) isolates infecting 

particular citrus species and Rutaceae commonly used as rootstocks (Harper et al., 

2014). In such CTV resistant hosts, the virus remained localized in root tissues only and 

was not detectable in shoots. Virus concentration and invasion of the roots was 

comparable to susceptible species despite being incapable of infecting shoots. This 

means that conditions for virus invasion of roots and shoots differ and specific constraints 

may exist for viruses to infect shoot tissues. Our data also point to an effective resistance 

response of those cassava lines acting on U/ CBSV and preventing cell-to-cell and long 

distance movement. The restriction of the virus to root tissues to prevent the invasion of 

cassava shoots and aboveground tissues then causes opportunity costs incurring from 

the loss (necrosis) of tuberous roots. Since the phenotype to be selected for in CBSD 

resistance breeding however is a healthy root tuber, those virus “resistant” cassava lines 

cannot be further considered. Moreover, the disparity between virus presence in shoots 

and roots revealed a weak point in the screening process. While leaf symptoms and virus 

presence in shoots mark susceptible plants, the absence of symptoms and virus is not 

an indication for the resistance character we were interested in finding. Thus, while the 
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susceptibility test in the first round of virus screening was effective to eliminate the bulk 

of the susceptible lines, cassava brown streak resistance evaluation ultimately must 

involve an analysis of the roots.    

Our cassava brown streak virus studies with diverse cassava genotypes from Africa 

showed that sensitive cassava lines rapidly develop symptoms after infection while 

symptom development is delayed in less sensitive, resistant genotypes. Nevertheless, 

in chronic infections, the severity of symptoms in single leaves could be very similar in 

resistant and susceptible varieties. However, taking into account symptoms of the entire 

plant there is a larger portion of leaves with mild or no symptoms at all in resistant 

cassava lines. As shown in leaf sections taken from the cassava varieties Albert and 

Namikonga, virus invasion is more successful in a susceptible cassava variety going 

along with even virus distribution and high titers of CBSV in leaf tissues compared to a 

patchy distribution of the virus in a resistant line, Namikonga (Chapter 3.1.2, Figure 23A). 

This observation may explain the resistance observed in some African cassava lines, 

which acts as an impediment to virus movement, rather than a reduction of virus 

replication in invaded cells indicating for loss-of-susceptibility from dysfunctional genes 

implied in a cellular mechanism required for the viral infection cycle (Schmitt-Keichinger, 

2019).  

Virus invasion and movement. The considerable differences in virus concentrations 

between CBSV and UCBSV observed in early infection phases equalized during the 

course of the disease to reach similar values in late infection stages. This may then 

explain why the severity and outcome of the diseases caused by the two virus species 

do not differ. Both viruses accumulated in root tubers to much higher levels than in leaf 

and stem tissues (Chapter 3.1.2, Figure 26) and, even in varieties that did not show 

extensive necrosis symptoms. This shows that roots, in particular tuberous roots are the 

focal point for virus replication. Considering that a cassava plant produces between 5-
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10 tuberous roots per plant (Fageria N. K., 2013), the contribution of virus originating 

from virus replicating in leaves may indeed be negligible.  

Our studies on virus invasion of tuberous roots showed that virus translocation through 

sieve elements and replication in phloem companion cells is followed by cell-to-cell 

movement into the vascular ray parenchyma located in tuberous roots (Chapter 3.1.2, 

Figure 28A-C). Virus accumulation from intense replication are the cause of cell death 

and subsequent necrosis of larger tissue areas (Chapter 3.1.2, Figure 28D-E). In 

susceptible cassava plants, all tuberous roots generally show necrosis symptoms while 

only a few tubers or parts thereof are affected by necrosis in more resistant plants. 

Similar to the patchy virus distribution in resistant cassava, this may indicate either for 

restrictions to virus movement or merely be a growth feature of some cassava 

genotypes. In vigorously growing cassava lines, large numbers of stems and leaves are 

produced while roots are only slowly developing (Leihner, 2002) which then could affect 

the rate of virus invasion of roots. Since the extent of root necrosis is correlated with the 

timespan of virus replicating in the roots, the rate of virus movement through the plant, 

the length of virus replication in the root and the vigor of the root are critical factors to be 

considered when resistance is to be evaluated.   

Movement, linked with virus replication plays a critical role in the invasion of U/ CBSV in 

cassava and affects the extent of root necrosis thus the outcome of the disease. We, 

therefore, tried to follow the route by which U/ CBSV invade the plant tissues. For 

systemic infection and long distance movement, the virus needs to reach the vascular 

tissue to translocate through the plant. Because most viruses move through the phloem 

(Andrianifahanana et al., 1997; Barker and Harrison, 1986; Cheng et al., 2000; Derrick 

and Barker, 1997) and few also invade the xylem (Dubois et al., 1994; Gosalvez-Bernal 

et al., 2008; Moreno et al., 2004; Verchot et al., 2001; Wan et al., 2015), the phloem 

tissues are of critical significance for plant invasion. Virus movement is along the 

pathway taken by photoassimilates and thus host invasion during the course of a 
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systemic virus infection follows the sink/source photoassimilate flow (Carrington et al., 

1996; Cruz, 1999; Hipper et al., 2013b; Leisner and Turgeon, 1993). Viruses are 

passively carried with the photoassimilate flow to the sink tissues (Leisner and Turgeon, 

1993) were unloading into the network of the veins takes place. Because virus transport 

through the phloem is a passive process, an elaboration on the source/sink flow in 

cassava can shed light on virus invasion and movement and may explain the differences 

in symptom expression and virus load of organs and tissues.  

The flow direction of the phloem is from the photosynthetic active leaf sources, to growing 

and storage sink tissues that require sugars (Knoblauch and Peters, 2013). In cassava, 

the sink varies during the growth cycle. The plant develops shoot and tuberous roots 

simultaneously and so there are two sink sites. First, shoot development is dominant and 

has priority over root growth thus photoassimilates will not be directed to the tuberous 

roots until shoot growth is almost completed and has reached a maximum. Tuber 

initialization typically starts two months after planting and only approximately six months 

after planting, tubers start filling or bulking (De Souza et al., 2017) and the root 

progresses into a more active, dominant sink. The cassava genotype, growth rate and 

canopy architecture have critical effects on the sink tissues. Vigorously growing plants 

impose a limit on the growth of the tuberous roots, while early bulking genotypes inflict a 

limit on the growth of the shoots (Okogbenin et al., 2013). In these genotypes, the 

tuberous roots become a dominant sink already three months after planting. Likewise, 

the canopy architecture, from non-branching erect types to bushes with multiples 

branches, affects the tubers formation and sink-source relationships. In early-branching 

genotypes, multiple shoots serve as sink and compete with the tuberous roots. Late 

branching thus is ideal for supporting a balanced growth (De Souza et al., 2017). Finally, 

climatic conditions influence sink-source relationships. Rapid growth during warm and 

humid weather forces translocation of photoassimilates into storage roots while 

photoassimilates are retained in leaves during the dry season (Veltkamp, 1985). Thus, 
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virus movement is based on the dynamics of the sink/source relationship and this is 

influenced by the developmental stage/age of the plant, the growth type of the plant and 

the environmental conditions, temperature and humidity. In the model host N. 

benthamiana and in cassava TMS 96/0304, U/ CBSV moved first from the sites of 

inoculation to the roots (Chapter 3.1.3, Figure 29 and 35), as it was also reported for 

other viruses, i.e pepper mottle virus (PeMoV), cherry leaf roll virus (CLRV) and 

cauliflower mosaic virus (CaMV) (Andrianifahanana et al., 1997; Leisner and Howell, 

1993; Mas and Pallas, 1996). In later stages of infection, U/ CBSV was detected in both 

sink tissues (apical shoots, roots, and tuberous roots of cassava) indicating for an 

established systemic infection and virus spread through the entire plant. However, 

despite virus presence in stems and shoots, not all leaves became virus invaded which 

in particular was true for leaves adjacent to the inoculated ones (Chapter 3.1.3, Figure 

29) or directly above the graft insertion sites (Chapter 3.1.3, Figure 29). This observation 

can be explained by the sink-source flow (Roberts et al., 2000). As the virus moves 

through the stem phloem, it cannot unload to source leaves and in leaves that undergo 

transition, the virus cannot cross the sink-source borderline. The exit of the virus from 

the phloem is linked with the developmental stage of the leaf (Cheng et al., 2000; Leisner 

and Howell, 1993; Leisner and Turgeon, 1993; Slewinski et al., 2013a; Vuorinen et al., 

2011). A leaf is considered as a source when it has completed growth and then serves 

as an exporter of photoassimilates while sink leaves are still developing and require 

photoassimilates for growth (Canny, 1962, Turgeon 1989). The leaves above the 

inoculated ones that were virus-free in our experiments (Figure 29 and 35) are still 

competent to support virus replication if mechanically inoculated, however, the systemic 

infection of the leaves will not take place because of their transition into source function 

and reversion of the flow direction. Thus, rapid and vigorous growth or early maturity will 

pose restrictions to virus invasion of leaves that have reached maturity fast to convert 

into source leaves. As observed in the cassava variety NAROCASS 1, the systemic virus 

invasion encompassed only a portion of the canopy and symptoms especially of the slow 
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moving UCBSV-Ke125 were only found on a limited number of older leaves. This was 

reported for cauliflower mosaic virus (CaMV) infections in Arabidopsis sp.in which early 

flowering types permit only a limited access of the virus, only few leaves become infected 

and systemic spread is largely prevented (Leisner and Howell, 1993).  

In N. benthamiana and in cassava the phloem is located on the outer and on the inner 

side of the xylem, called the external and internal phloem and virus movement is realized 

in both cell types (Andrianifahanana et al., 1997; Cheng et al., 2000; Gosalvez-Bernal et 

al., 2008; Hipper et al., 2013a). In our study, we show that U/ CBSV used the internal 

phloem to move from the site of inoculation to the apical tip of the plant and the external 

phloem to move basipetal towards the root (Figure 30). The upward movement is fast 

while downward movement via the external phloem is a slow process. There is a 

discrepancy in speed by which virus movement takes place as it has also been shown 

for other viruses such as pepper mottle virus (PepMoV) and tobacco mosaic virus (TMV) 

(Andrianifahanana et al., 1997; Barker and Harrison, 1986; Cheng et al., 2000; Derrick 

and Barker, 1997). Only the downward movement of melon necrotic spot virus (MNSV) 

appeared on a faster rate than upward movement to the tip of the plant (Gosalvez-Bernal 

et al., 2008). 

Only a very weak connection exists between the two phloem types and there is only  little 

traffic detectable between them (Cheng et al., 2000). A study with PepMoV described 

the downward movement of the virus via the external phloem to enter the internal phloem 

for rapid acropetal movement somewhere between the cotyledonary node and the roots 

(Andrianifahanana et al., 1997). The virus entered the internal phloem through which it 

rapidly spreads through the length of the stem upwards to the young tissues. This virus 

translocation through the stem occurred asymmetrically, i.e., the virus was translocation 

happened on the side of the stem to which the inoculated leaf was attached. In early 

stages of U/ CBSV infections, an arc-shaped signal was observed in N. benthamiana 
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stalk prints and this signal remained on the same side along the stem highlighting 

asymmetric virus movement (Chapter 3.1.3, Figure 31). 

In stems, the traces connected to the vascular tissue support rapid virus movement on 

the side of virus introduction (Andrianifahanana et al., 1997; Leisner and Howell, 1993; 

Leisner and Turgeon, 1993; Mas and Pallas, 1996; Roberts et al., 2000; Slewinski et al., 

2013b). Thus, leaves above the infection site can be reached faster than opposite leaves 

to support virus replication where the virus movement is influenced by phyllotaxis. In 

highly susceptible cassava varieties, following grafting with buds from infected plants, 

stem necrosis was observed along the sides where buds had been inserted extending 

towards the basal parts of the plant. This confirmed virus movement is first to sink tissue 

(roots) followed by an asymmetric translocation towards the apical plant parts during 

later infection stages (Chapter 3.1.3, Figure 32). 

In summary, this study revealed a general route in which virus movement takes place, 

comprising the two phloem types and an initial translocation of the virus to the roots or 

tuberous roots (first sink tissue). A rapid translocation to young tissues occurs via the 

internal phloem and an asymmetric fashion, while in late infections the vascular tissue 

on both sides of the plant stem is involved. 

Virus resistance. Plants utilize diverse defenses mechanisms to restrict viral replication 

and accumulation in infected tissues as well as cell-to-cell or long distant movement 

(Hamalainen et al., 2000; Palukaitis and Carr, 2008; Valkonen, 2002; Zaitlin and Hull, 

1987). Gene silencing, immune receptor signaling, protein degradation, regulation of 

metabolism and hormone-mediated defense all play roles as defense layers the virus 

has to overcome in order to establish an infection. In the immune cassava lines, DSC 

167, DSC 118 and DSC 269 identified in our resistance screening, the viruses were not 

capable of replicating, which may indicate that (co-evolved) genes necessary for precise 

interaction with host proteins or structures are missing. On the other hand, the resistance 
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phenotype may derive from a phloem that presents an impermeable physical barrier and 

preventing the passage of the virus from the companion cells to adjacent mesophyll cells 

for replication. To create a mechanistic model that can explain the resistance, a more 

detailed study using in situ hybridization to follow the virus during infection was 

conducted by comparing a virus-immune line, DSC 167, with DSC 260, a cassava line 

in which the virus is replicating in the roots but does not translocate to the shoots. In the 

DSC 167/ TMS 96/0304 chimeric plant, the virus moved from the infected TMS 96/0304 

into the phloem tissue of the DSC 167 branch (Chapter 3.3, Figure 42 and 43) with virus 

translocation in the vascular tissue driven by sink-source relations. Phloem movement 

of the polerovirus potato leafroll virus (PLRV) was also reported when a resistant potato 

variety was grafted in between a healthy rootstock and a virus-infected scion. The virus 

was translocated through the phloem to infect the rootstock but did not replicate in the 

resistant variety Bismarck (Wilson and Jones, 1992). In contrast to the phloem-restricted 

virus PLRV, U/ CBSV are potyviruses and replicating in mesophyll cells and can exit the 

vascular tissues to invade and replicate in non-vascular tissues. Thus, the phloem 

restriction observed is not a constitutive feature associated with the virus and/or sign of 

a specific virus/host interaction but rather a specific response of the host since the 

viruses otherwise move and replicate to high extends in susceptible cassava lines. While 

bioassays provided evidence for translocation of viable virus (Chapter 3.3, Figure 43) it 

was very difficult to trace the virus in the phloem by qRT-PCR. Using RNAscope® ISH 

CBSV-Mo83 was found in the resistant line DSC 167 only and in very low frequency in 

the external phloem while in TMS 96/0304, the virus was found in high concentrations in 

both phloem types as well as in cortical cells (Chapter 3.3.2, Figure 48). The mode of 

virus movement in plants varies with the viruses studied. Cucumber mosaic virus (CMV), 

PLRV and PepMoV use external and internal phloem for movement (Barker and 

Harrison, 1986; Cheng et al., 2000; Derrick and Barker, 1997; Guerini and Murphy, 1999) 

but CMV was detected in the external phloem of a resistant Capsicum sp. while both 

internal and external phloem were invaded in a susceptible genotype (Guerini and 
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Murphy, 1999). Similarly, the Florida strain of pepper mottle virus (PepMoV-FL) was 

capable of moving downwards through the external phloem in the resistant Capsicum 

variety cv. Avelar, while there was no upwards movement through the internal phloem 

and thus the young tissues remained virus-free (Guerini and Murphy, 1999). 

Furthermore, in a resistant potato variety, PLRV was found in the internal phloem only 

while in the susceptible one, the virus was found both in external and internal phloem 

(Derrick and Barker, 1997). Phloem transport and plant infection appear to be regulated 

by temperature. A systemic infection of Tetragoniua expansa with CMV was possible at 

36°C but not at 24°C (Kobori et al., 2003) and petioles of inoculated leaves only had 

CMV in the external phloem but not in the internal phloem of plants grown at 24°C. 

Raising the temperature to 36°C allowed the virus to move in all directions through the 

phloem.  

In the immune cassava lines, CBSV remained restricted to the external phloem as long 

as the infection source (scion, rootstock) was present and provided the source of virus. 

From the translocation studies, we concluded that virus restriction to the external phloem 

only allows basipetal movement. To provide answers to the question how virus 

movement to infect upper plant parts is possible in the absence virus in the internal 

phloem, we can only speculate from the evidence provided by a PepMoV-FL study 

(Guerini and Murphy, 1999). In early infection phases, the virus moves via the external 

phloem downwards and without any detectable virus in upper plant parts. Only in late 

infection stages, the virus is found in stem sections above the inoculated leaves and it 

reaches the tissues by cell-to-cell movement and not by long distance transport through 

the phloem (Guerini and Murphy, 1999). Thus, detection of CBSV-Mo83 in the external 

phloem of the resistant DSC 167 outside the TMS 96/0304/ DSC 167 intersection 

(Chapter 3.3.2, Figure 48) could just be due to cell-to-cell movement taking place in late 

infection stages.   
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A systemic virus infection is a sequential event following movement through the phloem. 

Resistance to long distance virus movement can then be achieved either by preventing 

the virus from entering the sieve element-companion cells (SE-CC) of the inoculated leaf 

(loading) or by preventing the virus from exiting the SE-CC complex in sink tissue 

(unloading) (Rajamäki, 2002; Vuorinen et al., 2011). In our virus study with cassava, the 

virus was directly introduced by bud grafted into the phloem; thus, a restriction to phloem 

loading was impossible to verify. However, preventing unloading from the phloem was 

highly effective in restricting virus exit into sink tissues (leaves and tubers) as it 

completely prevented virus invasion in immune lines. This tight virus control was further 

corroborated in studies with South American cassava germplasm lines that became 

infected but limited virus invasion to root tissues only. In line DSC 260, there was no 

evidence for virus RNA in leaves and stem tissues virus but there was virus replication 

in root tubers (Chapter 3.2.2, Table 2). Despite its restriction to the roots, the virus was 

however able to translocate through the stem of DSC 260 to infect a TMS 96/0304 scion 

that was grafted onto the stem as a bioassay indicator. Virus long distance movement in 

DSC 260 was in both directions in the external and internal phloem (Chapter 3.3.3, 

Figure 54B and C). Compared to the traces of virus only visible by RNAscope® ISH in 

phloem cells of DSC 167, there was a considerable amount of virus in the phloem of 

DSC 260 stem and root tuber sections and the extent of RNA hybridization indicated for 

virus replication in phloem companion cells. Consequently, blocking phloem unloading 

can be a likely explanation for the resistance observed in immune or in highly resistant 

lines represented by DSC 167 and DSC 260, respectively.   

Differential virus resistance. Resistance against plant diseases is the result of an 

interaction between host (genotype) and pathogen (strain, pathovar) modulated by 

developmental stages of the host and the environment (Develey-Riviere and Galiana, 

2007). Our virus infection assays with UCBSV showed a virus immunity in DSC 167 

similar to the resistance achieved in infection assays with CBSV isolates. There was no 
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virus replication and virus movement was recorded in phloem cells only. In contrast, 

when young, 2 month-old cassava plants were grown at temperatures >30°C and 

infected with UCBSV a virus infection became evident. The symptoms were however 

were very dissimilar to the ones shown for UCBSV infections in susceptible plants, 

however, the UCBSV-Ke125 isolate was able to exit the phloem and to replicate in the 

parenchyma cells. While this infection was only observed under the specific experimental 

conditions and neither seen with CBSV nor observed in the field, it showed that 

resistance is modulated by plant age with tissues susceptible in the early stages of 

development and, by temperature. Age-related resistance (ARR) on fruits, vegetables 

and crops is a phenomenon associated with many pathogens including bacteria, fungi, 

oomycete, insects and viruses. In Arabidopsis sp., strains of Pseudomonas syringae 

caused plant infections to young plants by suppression of the salicylic acid SA pathway 

and with maturation of the plants, bacterial growth decreased rapidly as a result of plant 

resistant responses (Kus et al., 2002). In tomato plants infected with TMV, virus 

resistance increased with plant age and while during the first few weeks after germination 

tomato plants succumbed to the disease, infections with the virus 6 weeks after 

germination were unsuccessful. This was explained by a decrease in small RNAs that 

regulate the R gene (Deng et al., 2018; Paudel and Sanfacon, 2018). Age resistance can 

also help to explain the response of cassava against UCBSV however it will not clarify 

why it does not apply to CBSV and, the unusual UCBSV symptoms in DSC 167 when 

experimentally infected at early developmental stages (Chapter 3.3.4, Figure 57 A-E).  

A hypersensitive response (HR) is an incompatible plant/virus interaction. After virus 

recognition and primary replication, localized necrotic lesions develop in inoculated 

leaves to restrict the virus to the point of entry and prevent virus movement and invasion 

to neighboring cells. In a systemic hypersensitive reaction (SHR), systemic necrosis 

spread throughout the plant with the virus, to invade more cells that eventually become 

necrotized and in severe cases, this leads to plant death (Komatsu et al., 2010; Mandadi 
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and Scholthof, 2013; Nyalugwe et al., 2016; Palukaitis and Carr, 2008). A more detailed 

observation of the UCBSV-Ke125 resistance response expressed in 3-month-old DSC 

167 cassava plants revealed that cell calli formed around the buds inserted into DSC 

167 stems became necrotized indicating for a strong hypersensitive reaction that may 

restrict virus entry and further spread throughout the plant. This was not seen when buds 

from healthy plants were grafted and similarly when 2-month-old cassava plants were 

infected by bud grafting with UCBSV. In this case, the virus was not restricted to the bud 

grafted area, moved through the phloem to reach sink tissues (leaves), unloaded into 

parenchyma cells and replicated to a limited extent and the plants responded with 

chlorotic spot symptoms. Shortly thereafter, necrotic lesions surrounding the chlorotic 

spots developed to restrict the virus movement to neighboring cells. Temperature effects 

may explain this unique response of DSC 167 to UCBSV-Ke125 infection. In previous 

studies, tissue necrosis and hypersensitive response reactions were overcome at 

temperatures above 30°C. In tobacco carrying the N gene, HR associated with death of 

cells block TMV movement and progression of the infection (Weststijn, 1981) which is 

compromised by temperatures above 28°C and at temperatures above 30°C, the virus 

is able to escape from the necrotic tissue causing a systemic infection (Kiraly et al., 

2008). Similarly, resistance to tomato spotted wilt virus (TSWV) in paprika was overcome 

at high temperature (30 ± 2°C) (Chung et al., 2018) as well as replication and movement 

of Turnip mosaic virus (TuMV) in Chinese cabbage (Chung et al., 2015). We can 

speculate that the unique response in DSC 167 to UCBSV-Ke125 is due to similar 

temperature modulated effects; however, more experiments are needed to provide 

evidence for these observations. Nevertheless under experimental conditions UCBSV 

was able to move long distance in DSC 167, invaded the internal and external phloem, 

and likewise non-phloematic cells and caused severe necrotic reactions in tuberous roots 

not different from the necrosis seen in susceptible plants (Chapter 3.3.4, Figure 59 and 

60). 
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Virus invasion and resistance in mixed virus infections. Mixed infection of plant 

viruses are frequent and viruses can accumulate over time in plants that are vegetatively 

propagated. In plants, like cassava, the purifying effect of seed propagation eliminating 

most pathogens are not operational and thus plant health often is seriously compromised 

by multiple pathogens. Similarly, viruses that otherwise rely on insects for their 

transmission, like cassava brown streak viruses, are maintained in their host and 

propagated and thus there is no evolutionary bottleneck applying to the virus populations 

from maintaining whitefly transmission. Thus, a low selection pressure can be assumed 

and even less competent/competitive viruses can be maintained. 

There are many examples of interactions between related and unrelated viruses. These 

effects can be synergistic which is often attributed to unrelated viruses (Pai et al., 2020; 

Xia et al., 2016). In synergistic interactions symptoms are more severe than explained 

by additive effects, virus titers may be enhanced and disease spread may be affected 

(Zhang and Colvin, 2001). Infecting the same plant implies competition and this may 

have effects on the maintenance/survival of the viruses in mixed infections. Antagonism 

is then most often observed with viruses that are related (Moreno and Lopez-Moya, 

2020; Syller and Grupa, 2016). In cassava grown in Africa, mixed infections of multiple 

virus species causing cassava mosaic disease are reported and those act concomitantly 

and shape epidemics. The begomovirus species causing CMD, African cassava mosaic 

virus and East African cassava mosaic virus and several further related species cause 

severe impact on cassava and severely threaten the cultivation of cassava on the 

continent (Legg and Fauquet, 2004). The frequent mixed infections are associated with 

severe symptoms (Fondong et al., 2000a; Pita et al., 2001). Mixed infections of cassava 

brown streak viruses UCBSV and CBSV are also reported but while the threat of 

synergism is discussed (Tomlinson et al., 2018), evidence about synergistic interactions 

between CBSV and UCBSV is still pending. For the evaluation of resistance in our 

research, it was of vital interest to verify if resistance would still hold when both viruses 
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infect a cassava plant and furthermore, to clarify if a differential resistance against CBSV 

would break when a plant would be co-infected with UCBSV. It was furthermore of 

interest to see whether a synergism among an RNA and DNA virus as reported for the 

begomovirus abutilon mosaic virus (AbMV) and several RNA viruses (Pohl and Wege, 

2007; Wege and Siegmund, 2007) would exist in cassava between the begomovirus 

EACMV and the cassava brown streak viruses.  

Our experimental work showed an exclusion between the two viruses on the tissue level 

evident by the spatial separation of both viruses in systemically infected leaves, the root 

tubers as well as the stem (Chapter 3.4.1, Figure 62 and 63). When cassava plants were 

infected with CBSV-Mo83 and UCBSV-Ke125, both viruses invaded and replicated 

independently in different cells and there was only a slight overlap of both in the border 

area where the virus clusters met (Chapter 3.4.1, Figure 64). Moreover, symptom 

expression and severity were similar to symptoms in singly infected plants. Hence, it can 

be stated that mixed infections between CBSV and UCBSV in cassava are not 

associated with synergism. The stringent condition we used to study the stability of the 

South American resistance under the mixed CBSV/UCBSV infection allowed us to 

ensure the durability of resistance. Even in the experimental case in which UCBSV-

Ke125 was able to infect DSC 167 and was able to unload from the phloem to replicate 

to a limited extent in leaves and to invade root tubers, the resistance against CBSV-

Mo83 was not compromised. CBSV remained restricted to the SE-CC complex in DSC 

167 and there was no helper function of UCBSV-Ke125 to assist in unloading CBSV-

Mo83 from the phloem to replicate in sink tissues (leaves and tubers) (Chapter 3.4.1, 

Figure 65 and 66).   

Considering mixed infections with DNA and RNA viruses in cassava besides synergism 

(Pohl and Wege, 2007), altered tissue tropism was reported. In mixed infections, the 

phloem limited virus bean golden mosaic virus (BGMV) was able to invade non-

phloematic cells in mixed infections with TMV (Carr and Kim, 1983). Similarly, PLRV, 
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which is confined to phloem cells in single infections, was able to invade non-phloematic 

tissues of N. clevelandii when potato virus Y (PVY) was present in mixed infections 

(Barker, 1987). Cassava mosaic begomoviruses are considered to be phloem limited 

viruses while U/ CBSV replicate in parenchyma cells. In mixed infections, our results 

showed no effects on either of the DNA or RNA virus in neither susceptible cassava nor 

the cassava brown streak resistant cassava DSC 167 which was infected with EACMV. 

In TMS 96/0304  and DSC 167 with established ECAMV/ U/ CBSV mixed infections the 

viruses replicating in parenchyma cells could not assist an unloading of EAMCV to non-

phloematic cells in stem and root tissues (Chapter 3.4.2, Figure 68 and 71). However, in 

leaves, EACMV was present in non-phloematic cells both in single and mixed infections 

and in resistant and susceptible cassava genotypes (Chapter 3.4.2, Figure 67, 69 and 

70). This has been reported previously for Indian cassava mosaic virus (ICMV) 

(Rothenstein et al., 2007). In mixed infections of cassava the viruses replicated 

independently and found within the same leaf cells (Chapter 3.4.2, Figure 70) while a 

clear spatial separation was noticed in the primary and secondary phloem (Figure 68A 

and 71C). It therefore can be concluded that mixed infections between the RNA viruses 

U/ CBSV and the DNA virus EACMV are non-synergistic and a resistance neither against 

EACMV nor against U/ CBSV is compromised by an interaction with any of the viruses.  
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5 CONCLUSION 

Plant virus resistance is the only sustainable solution to counter the impact of the severe 

diseases caused by cassava brown streak viruses emerging in East Africa and 

threatening cassava cultivation on the entire continent. The research presented here 

provides solutions to fundamental problems in screening and selection for virus 

resistance in the field and, besides, identifies new sources of virus resistance. The 

current practice of field evaluations for cassava resistance responses generally relies on 

natural infections of viruses spread by the insect vectors and takes into account 

symptoms on leaves and roots as indicators for plant resistance. We considered all 

elements of the infection process and increased the precision and efficiency of U/ CBSV 

resistance screening by taking control of all aspects of the process; from the time point 

of infection with a known virus isolate to using the right tissues and time points for 

resistance scoring. The procedure established also drastically shortens the time required 

to screen cassava lines under natural conditions and reduces the variability and the 

uncertainty regarding the plant response. 

The South American cassava germplasm selected for virus resistance using the virus 

screening approach identified cassava germplasm with a broad spectrum immunity to 

cassava brown streak disease. This is fundamental to improving cassava virus 

resistance. However, it needs to be emphasized that the South American cassava is 

germplasm that provides resistance traits only but may otherwise be of limited value to 

the breeding goals of African breeders.  

From the field trials in Africa, it became clear that the South American lines are 

susceptible to other African viruses. Hence breeding efforts are needed to cross the best 

African cassava materials with the South American lines to achieve dual resistance 

against the most critical cassava viruses in Africa. Without a doubt, cassava cultivation 
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on the African continent is only possible with both resistances in place. Cassava breeding 

is tedious and having resistant resources is only a first step in the development of 

improved lines. Because of the recalcitrance to flowering, conditions have to be identified 

in which the parental lines are synchronized and flower to cross-pollinate. The heritability 

of the cassava brown streak resistance provided by the South American lines has to be 

determined. In case of recessive resistance, multiple crossings and back crossings are 

required to establish and stabilize homozygous or near homozygous resistance, that 

provides robust protection against the cassava viruses. For this lengthy process of 

flowering, crossing, seedling cultivation, virus testing, our approach can provide a 

straightforward procedure to precisely evaluate resistance and to limit the assessment 

time. Testing under laboratory conditions is very powerful but limited to low numbers of 

plants; hence the laboratory test has to be brought to field application. Once this is 

realized, breeding for virus resistance in cassava will have undergone a major revision 

by shifting from an uncontrolled, ambiguous and cumbersome practice to an effective, 

precise and reproducible process.  

The fundamental research, using the most advanced method, RNAscope® in situ 

hybridization, to trace the fate of the viruses in resistant cassava genotypes pointed to 

the roots and root tubers as important sink and replication sites for the cassava brown 

streak viruses. Virus resistance in immune lines was linked with virus restriction to the 

cells of the phloem. In some lines, virus replication occurred in the phloem companion 

but no virus was found in parenchyma tissues where virus replication was taking place 

in susceptible genotypes. Phloem restriction as an inducible trait, triggered during the 

early phases of virus entry requires further molecular and biochemical research to 

identify critical steps in virus recognition and plant defense. Cell signaling mediated by 

small RNA, basic defense systems in the phloem that blocks systemic virus spread and 

the interaction of virus proteins and plant receptors to enable passage and transfer from 

the vascular tissues through the plasmodesmata to neighboring cells for replication are 
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likely subjects. Nevertheless, as this work has shown, virus invasion and replication in 

the roots is independent of virus replication and movement in the aboveground tissues. 

Hence, more fundamental research on cassava roots is necessary to study anatomical 

structures, cell compositions and gene expression to elucidate the crucial role of roots 

for cassava brown streak viruses as well as antiviral defense mechanisms that may 

operate differently in roots than in shoots.  

In this regard, the research presented here has highlighted some of the characteristics 

of cassava brown streak viruses and the disease they cause in cassava, to provide a 

knowledge base for speculations and hypotheses guiding further virus research to solve 

the cassava brown streak disease mystery. 
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7 ANNEX 

Table 1. Primers and probes for PCR and RT-qPCR 

Primer description Primer name Primer sequence (5'-3') Reference 

Ugandan cassava brown 
streak virus 

UCBSV 
forward 

GATYAARAAGACITTCAAGC
CTCCAAA 

Adams et 
al., 2013 

 UCBSV 
reverse 

AATTACATCAGGRGTTAGR
TTRTCCCTT 

Adams et 
al., 2013 

 UCBSV probe 
FAM- TCAGCTTACATTTGG
ATTCCACGCTCTCA- 
TAMRA 

Adams et 
al., 2013 

Cassava brown streak virus CBSV forward 
GCCAACTARAACTCGAAGT
CCATT 

Adams et 
al., 2013 

 CBSV reverse 
TTCAGTTGTTTAAGCAGTTC
GTTCA 

Adams et 
al., 2013 

 CBSV probe 
FAM- AGTCAAGGAGGCTTC
GTGCYCCTC -BHQ1 

Adams et 
al., 2013 

Cytochrome oxidase COX forward 
CGTCGCATTCCAGATTATC
CA 

Kaweesi et 
al., 2014 

 COX reverse 
CAACTACGGATATATAAGR
RCCRRAACTG 

Kaweesi et 
al., 2014 

 COX probe 
FAM-
AGGGCATTCCATCCAGCGT
AAGCA-TAMRA 

Kaweesi et 
al., 2014 

Acetyl coenzyme A 
cassava4.1_0
10236 
forward 

GATGCCATTCATGCCTTTG 
Hu et al., 
2016 

 
cassava4.1_0
10236 
reverse 

TCCGACCCTCGCTATCTTT 
Hu et al., 
2016 

All African Cassava mosaic 
virus including EACMV-UG 

EACMV 
A2469s 

TGG AGA TGA GGC ACC 
CCA TC 

Ariyo et al, 
2005b 

 EACMV 
A391c 

TCC TCC GCA CCT TGG 
ATA CG 

Ariyo et al, 
2005b 

Protein phosphatase 2A PP2A forward 
GACCCTGATGTTGATCTTC
GC 

Deshui Liu 
et al.(2012) 

 PP2A reverse 
GAGGGATTTGAAGAGAGAT
TT 

Deshui Liu 
et al.(2012) 

cDNA synthesis Oligo dt (18) TTTTTTTTTTTTTTTTTT - 

 random N NNNNNNNN - 
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Table 2. RNAscope® ISH probes 

 

 
Table 3. U/ CBSV detection in cassava tuberous roots.(+, Positive detection; -, negative 
detection; n, not tested) 
 

Nr. African accession Tissue  Virus isolate  
qRT-PCR    

CBSV UCBSV  

1 Albert necrotic  CBSV-Mo83 + n 

2 Albert  necrotic  CBSV-Ug65 + n 

3 Albert  necrotic  CBSV-Tan70  + n 

4 Nanchinyaya necrotic  CBSV-Mo83 + n 

5 Kiroba  necrotic  CBSV-Mo83 + n 

6 Namikonga necrotic  UCBSV-Ke125 + n 

7 Namikonga  necrotic  CBSV-Mo83 + n 

8 Nase 18 necrotic  CBSV-Mo83 + n 

9 KBH2006/26  necrotic  CBSV-Mo83 + n 

10 Nase 3 necrotic  CBSV-Mo83 + n 

11 KBH2018/1013  necrotic  natural infection  + - 

12 KBH2018/1013  non-necrotic  natural infection  + - 

13 KBH 2018/1013  necrotic  natural infection  + - 

14 KBH2018/1013  necrotic  natural infection  + - 

15 KBH 2018/1013  necrotic  natural infection  + - 

16 KBH2018/1013  necrotic  natural infection  + - 

20 KBH2018/1013  necrotic  natural infection  + - 

21 KBH2018/1013 necrotic  natural infection  + - 

22 KBH2018/993  necrotic  natural infection  + - 

23 KBH2018/993  non-necrotic  natural infection  + - 

24 KBH2018/993  non-necrotic  natural infection  + - 

25 Lawtangaza  necrotic  natural infection  - - 

26 Lwatnagaza  non-necrotic  natural infection  - - 

27 Lawtangaza non-necrotic  natural infection  - - 

28 Mabira non-necrotic  natural infection  + - 

29 Mabira  non-necrotic  natural infection  + - 

30 Mabira  necrotic  natural infection  + - 

Probe name  Target  Position Channel  

CBSV-Mo83  P1 127-1191 nt C1 (ready to use probe) 

UCBSV-Ke125 P1 135-1094 nt C1 (ready to use probe) 

EACMV-UG AV2 333-1084 nt  C1 (ready to use probe) 

CBSV-Mo83 P1 127-1191 nt C2 (50x concentrated) 
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31 Mabira  non-necrotic  natural infection  + - 

32 Mabira  non-necrotic  natural infection  + - 

33 TzUKG09-157 KBM  necrotic  natural infection  + - 

34 TzUKG09-157 KBM  non-necrotic  natural infection  + - 

35 TzUKG09-157 KBM non-necrotic  natural infection  + - 

36 TzUKG09-157 KBM  necrotic  natural infection  + + 

37 Obam kis w18-075 necrotiv natural infection  - + 

38 1661 w18-082 necrotic  natural infection  + - 

39 Nanchinyaya non-necrotic  natural infection  - - 

40 Nase 18 non-necrotic  natural infection  - - 

41 Namikonga non-necrotic  natural infection  - - 

42 Obama necrotic  natural infection  - + 

43 TME7 non-necrotic  natural infection  - + 

44 Nanchinyaya non-necrotic  natural infection  - + 

45 Nanchinyaya black necrotic  natural infection  - + 

46 KBH2016B/504 non-necrotic  natural infection  - - 

47 CBSV Check  necrotic  natural infection  + - 

48 NDL1 necrotic  natural infection  + + 

49 MM2006/128  non-necrotic  natural infection  + - 

50 MM2006/128  non-necrotic  natural infection  + + 

51 MM2006/128  non-necrotic  natural infection  + - 

52 MM2006/128  non-necrotic  natural infection  + - 
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Table 4. U/ CBSV detection in different N. benthamiana tissues by qRT-PCR. (+, Positive 
detection; -, negative detection; n, not tested) 

 

 
UCBSV-Ke125 

 

3 dai 4 dai 7 dai 
plant 
nr.1 

plant 
nr.2 

plant 
nr 3 

plant 
nr.4 

plant 
nr.5 

plant 
nr.6 

plant 
nr.7 

plant 
nr.8 

plant 
nr.9 

le
a

v
es

 

1 - - - + + + + + + 

2 - - - - + + + + + 

3 - - - - - - - - - 

3 new 
leaf 

n n n + n n + n n 

4 - - - - - + n - - 

4 new 
leaf 

n - - - - + + + + 

5 + + - + - + - + + 

5 new 
leaf 

n - - + + + n + + 

6 - - - - + - + - - 

6 new 
leaf 

n - - - - + + n + 

7 - +  - - - - - - 

7 new 
leaf 

n n n n - - n n n 

8 - +   -  - - - 

9 n n n n - n - n n 

 
CBSV-Mo83 

 

3 dai 4 dai 7 dai 
plant 
nr.1 

plant 
nr.2 

plant nr 
3 

plant 
nr.4 

plant 
nr.5 

plant 
nr.6 

plant 
nr.7 

plant 
nr.8 

plant 
nr.9 

L
e

a
v

es
 

1 - - - - + - + + + 

2 - - - - + - + + + 

3 - - - - - - - - - 

4 - - - - + - - - - 

4 new 
leaf 

n n n - - - + + + 

5 + - + + + + - - + 

5 new 
leaf 

n n n - + - + + + 

6 - - - - - - + + - 

6 new 
leaf 

n n n - - n + + + 

7 - - - - - - - - - 

7 new 
leaf 

n n n - - n + n n 

8 - - - - - - - - + 

9 n n n n n n n + n 

S
te

m
s up - - - - + - + + + 

middle - - - - + - + + + 

down - - - - + - + + + 

R
o

o
ts

 crown 
root 

+ - - - + - + + + 

hairy root - - - + + - + + + 
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S
te

m
s up - - - + + + + + + 

middle - + - + + + + + + 

down - + - - + + + + + 
R

o
o

ts
 crown 

root 
- - - + + + + + + 

hairy root - - - + + + + + + 

 

 

Table 5. U/ CBSV quantification (CT values) in 5 months old cassava TMS 96/0304 
tissues. (-, negative detection; n, not tested) 

 
CBSV-Mo83 

5 dpg 15 dpg 30 dpg 
plant 
nr.1 

plant 
nr.2 

plant 
nr 3 

plant 
nr.4 

plant 
nr.5 

plant 
nr.6 

plant 
nr.7 

plant 
nr.8 

plant 
nr.9 

Le
av

es
 

up 1 0.0018 - - - - 0.2773 0.0225 0.319
7 

- 

 2 - - - - - - 0.0232 - - 
 3 - - - - - - - - - 
 4 - - - - - - - - - 
 5 - n n - - n - - - 
 6 n n n n n n - - - 
 7 n n n n n n - n - 
 8 n n n n n n - n n 

down 9 n n n n n n - n n 

St
em

s 

up 1 0.2316 - - - - - 0.0336 
0.035
4 - 

 2 0.8066 - 0.001 - 0.0001 - 0.0075 
0.132
5 

- 

 3 0.7818 - 
1.82E-
05 

- 
1.21E-
05 

- 0.0008 
0.153
3 

0.0013 

 4 1.2570 0.0005 - - 0.0004 - 0.0008 1.759
2 

0.0053 

 5 0.7244 
1.31E-
05 - - - 0.0231 0.3462 

0.176
7 0.0345 

 6 0.6372 - - - - 0.0165 1.3851 
0.152
8 

0.0833 

 7 0.5105 - - - 0.1995 0.0054 0.2812 n 0.0234 
 8 0.2474 - n 0.7791 0.0612 0.0788 0.1666 n 0.0083 
 9 n n n 0.1988 0.0520 1.3660 n n 0.0101 
 10 n n n 0.0813 0.1004 0.1430 n n n 
 11 n n n 0.1430 n 0.1792 n n n 
 12 n n n 0.2832 n 0.1051 n n n 
 13 n n n n n 0.2570 n n n 

down 14 n n n n n 0.2952 n n n 

Tu
be

rs
 

up  n 
3.86E-
05 

n 2.1659 0.2688  0.6439 
0.271
6 

0.2423 

mid  n 0.00059 n n n  1.3240 0.096
3 

0.2901 

down  n - n n n  2.3456 0.424 0.3909 

Ro
ot

s 

  0.0003 0.00519 - 2.2114 0.8615 2.2973 1.3286 2.428
3 

0.3609 
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UCBSV-Ke125 
5 dpg 15 dpg 30 dpg 

plant 
nr.1 

plant 
nr.2 

plant 
nr 3 

plant 
nr.4 

plant 
nr.5 

plant 
nr.6 

plant 
nr.7 

plant 
nr.8 

plant 
nr.9 

Le
av

es
 

up
 

1 - - - - - - - - 0.0029 

 2 - - - - - - - - 0.0145 

 3 - - - - - - - - 0.0652 

 4 - - - - - - - - - 

 5 - - - - - - - - 0.9090 

 6 - - -  - - - - - 

 7 - n - n - - 4.31E-
06 

- - 

 8 n n n n - - - - - 

 9 n n n n - n n - - 

do
w

n 

10 n n n n n n n n - 

St
em

s 

up
 

1 - - - - - - - 0.0002 0.1858 

 2 - - - - - - - - 0.0002 

 3 - - - - - - - - 0.0012 

 4 - 0.000
3 

- - - - - 0.0001 0.0020 

 5 - - - - - 
2.76E-

05 
5.3E-

05 
0.0003 0.0003 

 6 - - - 0.0006 0.0310 0.0002 
3.56E-

05 
0.0019 0.0010 

 7 - - n 0.0004 
0.015

5 
0.0008 

7.12E-
05 

0.0197 0.0560 

 8 n n n 0.0014 0.0315 
0.0001

5 
3.54E-

05 
0.0052 0.0025 

 9 n n n n n 0.0574 0.0001 0.4110 0.0004 

 10 n n n n n n 0.0001  0.0420 

 11 n n n n n n 0.0001 n n 

do
w

n 

12 n n n n n n 0.0025 n n 

Tu
be

rs
 

up
  - - - n n 

0.0355
8 

n 0.0037 0.0019 

m
id

 

 - - - n n 
0.0172

4 
n 0.0034 0.0022 

do
w

n 

 - - - n n 
0.0106

9 
n 0.3191 0.0026 

Ro
ot

s 

  - - - - 0.1891 
0.0103

6 
0.2264 0.0484 0.0028 
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Table 6. U/ CBSV quantification (CT values) in 7 months old cassava TMS 96/0304 
tissues. (+, Positive detection; -, negative detection ;n, not tested) 

CBSV-Mo83 
5 dpg 15 dpg 30 dpg 

plant 
nr.1 

plant 
nr.2 

plant 
nr 3 

plant 
nr.4 

plant 
nr.5 

plant 
nr.6 

plant 
nr.7 

plant 
nr.8 

Le
av

es
 

up
 

1 - - - - - - - 7.7274 
 2 - - - - - - - 1.9251 
 3 - - - - - - - 13.0411 
 4 - - - - - - 0.3035 14.2708 
 5 - - - - - - 0.4428 12.9062 
 6 - - - - - - 0.8293 5.69620 
 7 - - - - - - 1.7111 12.7727 
 8 n - - n - - - 3.05251 
 9 n n n n - - - 4.31691 

 1
0 

n n n n - - - n 

 1
1 n n n n n - - n 

 1
2 

n n n n n - - n 

 1
3 

n n n n n n - n 

 1
4 

n n n n n n - n 

do
w

n 

1
5 

n n n n n n - n 

1
6 

n n n n n n - n 

St
em

s 

up
 

1 - - - - - - 1.2099 8.1964 

 2 - - - - - 0.06983 0.4337 2.4966 
 3 - - - - - 0.1643 1.2526 3.1711 
 4 - - - - - 0.7657 0.0053 6.0628 
 5 - - - 0.0290 - 2.5847 0.1481 2.4880 
 6 - - - 0.0460 0.0162 20.8937 1.2613 5.9793 
 7 - - - 0.0751 - 18.7653 0.8919 11.2745 
 8 + - + 1.19747 0.0769 11.7126 1.7776 15.0845 
 9 - - - 1.4389 0.3310 5.1159 0.3828 17.6304 

 1
0 

- - - 0.1761 6.9885 8.3397 2.8679 16.5642 

 1
1 - - - 0.2726 17.8147 2.2894 4.3771 17.4481 

 1
2 

- - - 0.35233 1.0245 131.598 2.5579 8.9073 

 1
3 

- - - n n 9.5136 2.5579 7.3870 

 1
4 

n - - n n 81.8550 0.8467 4.3019 
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 1

5 
n n n n n 1.5529 0.3426 3.3058 

 1
6 

n n n n n n - n 

 1
7 

n n n n n n - n 

 1
8 

n n n n n n - n 

do
w

n 1
9 

n n n n n n 0.0107 n 

Tu
be

rs
 

up 1 - n - 3.3058 0.3572 n 541.193 17.691 

mid 1 - n - 3.3172 0.3572 n 275.326 297.140 

down 1 - n - 3.3172 0.3572 n 23.263 + 

up 2 n n n n n n - n 

mid 2 n n n n n n - n 

down 2 n n n n n n 0.46976 n 

up 3 n n n n n n - n 

mid 3 n n n n n n - n 

down 3 n n n n n n 0.07802 n 

Ro
ot

s 

  n - n n n 358.294 31.0172 + 

 

UCBSV-Ke125 
5 dpg 15 dpg 30 dpg 

plant nr.1  
plant 
nr.2 

plant nr.3 plant nr4 
plant 
nr.5 

plant 
nr.6 

Le
av

es
 

up 1 - - 0.005983 - 0.001266 0.020833 

  2 - - 0.070073 - - 0.50698 

  3 - - 0.11908 0.000816 - 0.037551 

  4 - - - 0.009519 - - 

  5 - - 0.668964 0.01278 0.441351 0.123707 

  6 - n  - 0.369847 - 2.143547 

  7  n n   n n  - 0.301452 

  8  n n   n n  0.000581 0.346277 

  9  n n   n  n  0.000416 2.281527 

  10  n n   n          n 0.07911 2.979355 

  11  n n   n  n 0.084788 n  

  12  n n  n  n - n  

  13  n n   n  n 1.925189 n  
dow
n  

14  n n   n  n - n  

St
em

s 

up 1 - - 0.000774 - 0.004694 0.004002 

  2 - - 0.01038 - 0.002879 0.005819 

  3 - - 0.000853 0.000231 0.000698 0.012869 

  4 - - 0.001161 6.10E-05 2.44E-05 0.000804 

  5 - - 0.012824 0.004319 9.09E-05 0.001266 

  6 - - 0.025295 0.002438 0.000161 0.002781 
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  7 - - 0.04109
2 

0.009618 0.00013 0.003044 

  8 - - 0.026461 0.007599 0.000387 0.028856 

  9 - - - 0.003365 0.001228 0.002791 

  10 - 
0.00141
5 

0.030927 0.008287 0.001266 0.00586 

  11 - -   n   0.002604 - 0.001887 

  12 - -  n  0.002879 - 0.007494 

  13 - -  n  0.016345 - 0.012913 

  14 n  -  n  0.008116 - 0.007867 

  15 n  -  n  0.026461 - 0.024181 

  16 n -         n  0.008287 - 0.024181 

  17 n  n n    n   - 0.162668 

  18 n  n n   n  - 0.062284 
dow
n 

19 n   n  n   n  - 0.013697 

Tu
be

rs
 

up 1 - - - 0.03983 0.313166   

mid 1  - - - 0.023035 0.000219 0.276433 
dow
n 

1  - 0.11187
8 

0.020054 0.037163 0.003826 0.097734 

 

 

Table 7. Symptoms of CBSV-Mo83 infections in African cassava lines8 

Nr. 
DSMZ 
acronym 

African accession Symptom severity 

1 DSC 334 72-TME14 wilting, followed by plant death 

2 DSC 335 Nase 14 wilting, followed by plant death 

3 DSC 298 Nase 4 wilting, followed by plant death 

4 DSC 308 Shibe wilting, followed by plant death 

5 DSC 301 Yizaso wilting, followed by plant death 

6 DSC 323 Eyope wilting, followed by plant death 

7 DSC 314 F10-30-R2 wilting, followed by plant death 

8 DSC 327 KBH2002/066 (Kipusa) wilting, followed by plant death 

9 DSC 321 Sauti wilting, followed by plant death 

10 DSC 333 Nam 130 wilting, followed by plant death 

11 DSC 330 Kizimbani wilting, followed by plant death 

12 DSC 336 TME204 wilting, followed by plant death 

13 DSC 362 2001/1661 wilting, followed by plant death 

                                                

8 Table taken from Sheat, S., et al. (2019). "Resistance Against Cassava Brown Streak Viruses 
From Africa in Cassava Germplasm From South America." Front Plant Sci 10. 
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14 DSC 322 Oekhumelela wilting, followed by plant death 

15 DSC 319 Soganja wilting, followed by plant death 

16 DSC 331 
KBH2006/26 
(Mkuranga) 

wilting, followed by plant death 

17 DSC 307 Nase 18 wilting, followed by plant death 

18 DSC 310 TZ 130 severe symptoms on leaves and stems 

19 DSC 318 CHO5/203 severe symptoms on leaves and stems 

20 DSC 315 Kibandemeno severe symptoms on leaves and stems 

21 DSC 317 Mbundumali severe symptoms on leaves and stems 

22 DSC 299 Nase 13 severe symptoms on leaves and stems 

23 DSC 332 Nase 3* severe symptoms on leaves and stems 

24 DSC 324 Nziva severe symptoms on leaves and stems 

25 DSC 326 Orera severe symptoms on leaves and stems 

26 DSC 328 Pwani severe symptoms on leaves and stems 

27 DSC 320 Kalawe severe symptoms on leaves and stems 

28 DSC 311 LM1/2008/363 severe symptoms on leaves and stems 

29 DSC 325 Colicanana severe symptoms on leaves and stems 

30 DSC 50 Nanchinyaya severe symptoms on leaves and stems 

31 DSC 33 AR-40-6* severe symptoms on leaves and stems 

32 DSC 31 Albert severe symptoms on leaves and stems 

33 DSC 27 TMS 96/0304 severe symptoms on leaves and stems 

34 DSC 53 TME117 severe symptoms on leaves and stems 

35 DSC 45 Kiroba 
moderate symptoms on leaves and stems, 
transient 

36 DSC 51 Namikonga 
moderate symptoms on leaves and stems, 
transient 

37 DSC 302 F19 moderate symptoms on leaves only 

38 DSC 316 Mkumbozi moderate symptoms on leaves only 

39 DSC 300 TME14 moderate symptoms on leaves only 

40 DSC 329 Mkumba moderate symptoms on leaves only 

41 DSC 364 TMS 4(2)1425 moderate symptoms on leaves only 

42 DSC 305 Rasta 
stem symptoms, inconspicuous symptoms 
on leaves 

*Lines with South American origin 

 

 

  



Annex                                                                                                                         169 

                                                                                                          
Table 8. Symptoms in South American cassava varieties infected with CBSV-Mo839 

 

Nr. DSMZ acronym CIAT accession symptom severity 

1 DSC 74 BRA 315 wilting, followed by plant death 

2 DSC 78 BRA 400 wilting, followed by plant death 

3 DSC 82 BRA 453 wilting, followed by plant death 

4 DSC 85 BRA 472  wilting, followed by plant death 

5 DSC 96 BRA 702 wilting, followed by plant death 

6 DSC 106 BRA 881 wilting, followed by plant death 

7 DSC 110 BRA 897 wilting, followed by plant death 

8 DSC 114 BRA 924 wilting, followed by plant death 

9 DSC 119 COL 87 wilting, followed by plant death 

10 DSC 127 COL 337 wilting, followed by plant death 

11 DSC 128 COL 346 wilting, followed by plant death 

12 DSC 129 COL 451 wilting, followed by plant death 

13 DSC 145 COL 1186A wilting, followed by plant death 

14 DSC 149 COL 1466 wilting, followed by plant death 

15 DSC 151 COL 1486 wilting, followed by plant death 

16 DSC 152 COL 1516 wilting, followed by plant death 

17 DSC 170 COL 2306 wilting, followed by plant death 

18 DSC 171 COL 2315 wilting, followed by plant death 

19 DSC 175 COL 2387 wilting, followed by plant death 

20 DSC 176 COL 2426 wilting, followed by plant death 

21 DSC 183 CUB 1 wilting, followed by plant death 

22 DSC 188 CUB 51 wilting, followed by plant death 

23 DSC 192 ECU 3 wilting, followed by plant death 

24 DSC 206 GUA 41 wilting, followed by plant death 

25 DSC 209 MAL 13 wilting, followed by plant death 

                                                

9 Table taken from Sheat, S., et al. (2019). "Resistance Against Cassava Brown Streak Viruses 
From Africa in Cassava Germplasm From South America." Front Plant Sci 10. 
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26 DSC 211 MAL 27 wilting, followed by plant death 

27 DSC 212 MAL 35 wilting, followed by plant death 

28 DSC 213 MAL 50 wilting, followed by plant death 

29 DSC 214 MAL 59 wilting, followed by plant death 

30 DSC 215 MAL 60 wilting, followed by plant death 

31 DSC 217 MEX 27 wilting, followed by plant death 

32 DSC 225 NGA 2 wilting, followed by plant death 

33 DSC 230 PAR 18 wilting, followed by plant death 

34 DSC 231 PAR 23 wilting, followed by plant death 

35 DSC 238 PAR 69 wilting, followed by plant death 

36 DSC 240 PAR 98 wilting, followed by plant death 

37 DSC 252 PER 234 wilting, followed by plant death 

38 DSC 273 PER 612 wilting, followed by plant death 

39 DSC 60 ARG 2 
severe symptoms on leaves and 
stems 

40 DSC 61 BOL 1 
severe symptoms on leaves and 
stems 

41 DSC 62 BRA 18 
severe symptoms on leaves and 
stems 

42 DSC 64 BRA 77 
severe symptoms on leaves and 
stems 

43 DSC 65 BRA 110 
severe symptoms on leaves and 
stems 

44 DSC 66 BRA 125 
severe symptoms on leaves and 
stems 

45 DSC 67 BRA 130 
severe symptoms on leaves and 
stems 

46 DSC 69 BRA 165 
severe symptoms on leaves and 
stems 

47 DSC 72 BRA 299 
severe symptoms on leaves and 
stems 

48 DSC 73 BRA 311 
severe symptoms on leaves and 
stems 

49 DSC 75 BRA 328 
severe symptoms on leaves and 
stems 

50 DSC 81 BRA 416 
severe symptoms on leaves and 
stems 

51 DSC 83 BRA 461 
severe symptoms on leaves and 
stems 

52 DSC 84 BRA 467 
severe symptoms on leaves and 
stems 
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53 DSC 86 BRA 475 
severe symptoms on leaves and 
stems 

54 DSC 87 BRA 507 
severe symptoms on leaves and 
stems 

55 DSC 89 BRA 590 
severe symptoms on leaves and 
stems 

56 DSC 90 BRA 658 
severe symptoms on leaves and 
stems 

57 DSC 92 BRA 692 
severe symptoms on leaves and 
stems 

58 DSC 93 BRA 697 
severe symptoms on leaves and 
stems 

59 DSC 94 BRA 698 
severe symptoms on leaves and 
stems 

60 DSC 95 BRA 699 
severe symptoms on leaves and 
stems 

61 DSC 98 BRA 730 
severe symptoms on leaves and 
stems 

62 DSC 100 BRA 781 
severe symptoms on leaves and 
stems 

63 DSC 103 BRA 847 
severe symptoms on leaves and 
stems 

64 DSC 104 BRA 852 
severe symptoms on leaves and 
stems 

65 DSC 105 BRA 854 
severe symptoms on leaves and 
stems 

66 DSC 107 BRA 887 
severe symptoms on leaves and 
stems 

67 DSC 113 BRA 915 
severe symptoms on leaves and 
stems 

68 DSC 115 BRA 931 
severe symptoms on leaves and 
stems 

69 DSC 117 COL 32 
severe symptoms on leaves and 
stems 

70 DSC 121 COL 226B 
severe symptoms on leaves and 
stems 

71 DSC 124 COL 304 
severe symptoms on leaves and 
stems 

72 DSC 125 COL 306 
severe symptoms on leaves and 
stems 

73 DSC 131 COL 511 
severe symptoms on leaves and 
stems 

74 DSC 132 COL 634 
severe symptoms on leaves and 
stems 

75 DSC 133 COL 638 
severe symptoms on leaves and 
stems 

76 DSC 134 COL 809B 
severe symptoms on leaves and 
stems 

77 DSC 136 COL 890 
severe symptoms on leaves and 
stems 
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78 DSC 137 COL 955 
severe symptoms on leaves and 
stems 

79 DSC 138 COL 965 
severe symptoms on leaves and 
stems 

80 DSC 144 COL 1137 
severe symptoms on leaves and 
stems 

81 DSC 147 COL 1398 
severe symptoms on leaves and 
stems 

82 DSC 148 COL 1413 
severe symptoms on leaves and 
stems 

83 DSC 154 COL 1535 
severe symptoms on leaves and 
stems 

84 DSC 156 COL 1722 
severe symptoms on leaves and 
stems 

85 DSC 157 COL 1786 
severe symptoms on leaves and 
stems 

86 DSC 159 COL 1890 
severe symptoms on leaves and 
stems 

87 DSC 161 COL 2019 
severe symptoms on leaves and 
stems 

88 DSC 166 COL 2177 
severe symptoms on leaves and 
stems 

89 DSC 168 COL 2199 
severe symptoms on leaves and 
stems 

90 DSC 169 COL 2212 
severe symptoms on leaves and 
stems 

91 DSC 173 COL 2331 
severe symptoms on leaves and 
stems 

92 DSC 174 COL 2353 
severe symptoms on leaves and 
stems 

93 DSC 177 CR 18 
severe symptoms on leaves and 
stems 

94 DSC 178 CR 19 
severe symptoms on leaves and 
stems 

95 DSC 181 CR 101 
severe symptoms on leaves and 
stems 

96 DSC 182 CR 133 
severe symptoms on leaves and 
stems 

97 DSC 185 CUB 36 
severe symptoms on leaves and 
stems 

98 DSC 186 CUB 40 
severe symptoms on leaves and 
stems 

99 DSC 187 CUB 46 
severe symptoms on leaves and 
stems 

100 DSC 189 CUB 53 
severe symptoms on leaves and 
stems 

101 DSC 190 CUB 58 
severe symptoms on leaves and 
stems 

102 DSC 195 ECU 33 
severe symptoms on leaves and 
stems 
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103 DSC 197 ECU 82 
severe symptoms on leaves and 
stems 

104 DSC 198 ECU 144 
severe symptoms on leaves and 
stems 

105 DSC 205 GUA 32 
severe symptoms on leaves and 
stems 

106 DSC 207 IND 11 
severe symptoms on leaves and 
stems 

107 DSC 216 MEX 2 
severe symptoms on leaves and 
stems 

108 DSC 218 MEX 45 
severe symptoms on leaves and 
stems 

109 DSC 219 MEX 49 
severe symptoms on leaves and 
stems 

110 DSC 220 MEX 55 
severe symptoms on leaves and 
stems 

111 DSC 222 MEX 83 
severe symptoms on leaves and 
stems 

112 DSC 226 NGA 16 
severe symptoms on leaves and 
stems 

113 DSC 229 PAR 15 
severe symptoms on leaves and 
stems 

114 DSC 233 PAR 32 
severe symptoms on leaves and 
stems 

115 DSC 234 PAR 35 
severe symptoms on leaves and 
stems 

116 DSC 235 PAR 38 
severe symptoms on leaves and 
stems 

117 DSC 236 PAR 41 
severe symptoms on leaves and 
stems 

118 DSC 237 PAR 57 
severe symptoms on leaves and 
stems 

119 DSC 244 PAR 163 
severe symptoms on leaves and 
stems 

120 DSC 246 PER 192 
severe symptoms on leaves and 
stems 

121 DSC 249 PER 209 
severe symptoms on leaves and 
stems 

122 DSC 253 PER 283 
severe symptoms on leaves and 
stems 

123 DSC 254 PER 290 
severe symptoms on leaves and 
stems 

124 DSC 256 PER 295 
severe symptoms on leaves and 
stems 

125 DSC 259 PER 349 
severe symptoms on leaves and 
stems 

126 DSC 266 PER 484 
severe symptoms on leaves and 
stems 

127 DSC 270 PER 584 
severe symptoms on leaves and 
stems 
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128 DSC 277 PTR 55 
severe symptoms on leaves and 
stems 

129 DSC 278 PTR 102 
severe symptoms on leaves and 
stems 

130 DSC 279 TAI 1 
severe symptoms on leaves and 
stems 

131 DSC 280 VEN 25 
severe symptoms on leaves and 
stems 

132 DSC 283 VEN 90 
severe symptoms on leaves and 
stems 

133 DSC 287 VEN 164 
severe symptoms on leaves and 
stems 

134 DSC 288 VEN 167 
severe symptoms on leaves and 
stems 

135 DSC 292 VEN 284A 
severe symptoms on leaves and 
stems 

136 DSC 294 VEN 297A 
severe symptoms on leaves and 
stems 

137 DSC 295 VEN 298 
severe symptoms on leaves and 
stems 

138 DSC 68 BRA 162 moderate symptoms on leaves only  

139 DSC 70 BRA 242 moderate symptoms on leaves only  

140 DSC 71 BRA 243 moderate symptoms on leaves only  

141 DSC 76 BRA 335 moderate symptoms on leaves only  

142 DSC 77 BRA 359 moderate symptoms on leaves only  

143 DSC 79 BRA 403 moderate symptoms on leaves only  

144 DSC 80 BRA 405 moderate symptoms on leaves only  

145 DSC 91 BRA 675 moderate symptoms on leaves only  

146 DSC 97 BRA 712 moderate symptoms on leaves only  

147 DSC 99 BRA 759 moderate symptoms on leaves only  

148 DSC 101 BRA 792 moderate symptoms on leaves only  

149 DSC 102 BRA 819 moderate symptoms on leaves only  

150 DSC 108 BRA 890 moderate symptoms on leaves only  

151 DSC 111 BRA 900 moderate symptoms on leaves only  

152 DSC 112 BRA 903 moderate symptoms on leaves only  

153 DSC 116 COL 22 moderate symptoms on leaves only  

154 DSC 123 COL 299 moderate symptoms on leaves only  

155 DSC 130 COL 490 moderate symptoms on leaves only  
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156 DSC 135 COL 856 moderate symptoms on leaves only  

157 DSC 139 COL 976 moderate symptoms on leaves only  

158 DSC 140 COL 1055 moderate symptoms on leaves only  

159 DSC 143 COL 1108 moderate symptoms on leaves only  

160 DSC 146 COL 1389 moderate symptoms on leaves only  

161 DSC 150 COL 1467 moderate symptoms on leaves only  

162 DSC 155 COL 1702 moderate symptoms on leaves only  

163 DSC 160 COL 1999 moderate symptoms on leaves only  

164 DSC 162 COL 2025 moderate symptoms on leaves only  

165 DSC 163 COL 2061 moderate symptoms on leaves only  

166 DSC 172 COL 2318 moderate symptoms on leaves only  

167 DSC 179 CR 63 moderate symptoms on leaves only  

168 DSC 184 CUB 32 moderate symptoms on leaves only  

169 DSC 191 DOM 5 moderate symptoms on leaves only  

170 DSC 194 ECU 23 moderate symptoms on leaves only  

171 DSC 200 ECU 165 moderate symptoms on leaves only  

172 DSC 201 ECU 166 moderate symptoms on leaves only  

173 DSC 202 ECU 183 moderate symptoms on leaves only  

174 DSC 203 FJI 6 moderate symptoms on leaves only  

175 DSC 204 GUA 12 moderate symptoms on leaves only  

176 DSC 208 MAL 2 moderate symptoms on leaves only  

177 DSC 221 MEX 80 moderate symptoms on leaves only  

178 DSC 223 MEX 95 moderate symptoms on leaves only  

179 DSC 239 PAR 71 moderate symptoms on leaves only  

180 DSC 241 PAR 104 moderate symptoms on leaves only  

181 DSC 243 PAR 156 moderate symptoms on leaves only  

182 DSC 247 PER 205 moderate symptoms on leaves only  

183 DSC 255 PER 292 moderate symptoms on leaves only  

184 DSC 262 PER 370 moderate symptoms on leaves only  

185 DSC 263 PER 431 moderate symptoms on leaves only  
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186 DSC 264 PER 438 moderate symptoms on leaves only  

187 DSC 267 PER 489 moderate symptoms on leaves only  

188 DSC 274 PER 613 moderate symptoms on leaves only  

189 DSC 284 VEN 130 moderate symptoms on leaves only  

190 DSC 286 VEN 151 moderate symptoms on leaves only  

191 DSC 289 VEN 174 moderate symptoms on leaves only  

192 DSC 290 VEN 210 moderate symptoms on leaves only  

193 DSC 291 VEN 244 moderate symptoms on leaves only  

194 DSC 293 VEN 284B moderate symptoms on leaves only  

195 DSC 297 VEN 321 moderate symptoms on leaves only  

196 DSC 63 BRA 71 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

197 DSC 88 BRA 542 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

198 DSC 109 BRA 894 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

199 DSC 126 COL 317 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

200 DSC 141 COL 1084B 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

201 DSC 153 COL 1517 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

202 DSC 158 COL 1805 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

203 DSC 180 CR 77 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

204 DSC 193 ECU 10 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

205 DSC 210 MAL 24 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

206 DSC 224 NGA 1 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 
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207 DSC 227 PAN 7 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

208 DSC 228 PAR 2 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

209 DSC 232 PAR 25 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

210 DSC 242 PAR 135 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

211 DSC 245 PAR 193 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

212 DSC 265 PER 449 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

213 DSC 268 PER 503 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

214 DSC 271 PER 589 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

215 DSC 275 PTR 1 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

216 DSC 276 PTR 8 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

217 DSC 281 VEN 47 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

218 DSC 282 VEN 69 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

219 DSC 285 VEN 134 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

220 DSC 296 VEN 309 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

221 DSC 164 COL 2131 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

222 DSC 165 COL 2173 
stems symptoms, very mild, 
inconspicuous symptoms on leaves 
only 

223 DSC 118 COL 40 no symptoms on leaves and stems 

224 DSC 120 COL 144 no symptoms on leaves and stems 
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225 DSC 122 COL 262 no symptoms on leaves and stems 

226 DSC 167 COL 2182 no symptoms on leaves and stems 

227 DSC 196 ECU 41 no symptoms on leaves and stems 

228 DSC 199 ECU 159 no symptoms on leaves and stems 

229 DSC 248 PER 206 no symptoms on leaves and stems 

230 DSC 250 PER 221 no symptoms on leaves and stems 

231 DSC 251 PER 226 no symptoms on leaves and stems 

232 DSC 257 PER 315 no symptoms on leaves and stems 

233 DSC 258 PER 333 no symptoms on leaves and stems 

234 DSC 260 PER 353 no symptoms on leaves and stems 

235 DSC 261 PER 368 no symptoms on leaves and stems 

236 DSC 269 PER 556 no symptoms on leaves and stems 

237 DSC 272 PER 597 no symptoms on leaves and stems 

238 DSC 142 COL 1107 no symptoms on leaves and stems 
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