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Abstract 

Several milestones have been achieved since the beginning of research on the 
etiology and epidemiology of the two historically significant viral diseases of cassava 
in Africa: the cassava mosaic disease (CMD) and the cassava brown streak disease 
(CBSD). They were important because they enabled the design of diagnostic and 
control strategies/measures to mitigate both diseases. Unfortunately, the success of 
control measures reached a different level because the CMD is no longer critical to 
cassava cultivation in Africa while the CBSD is still advancing into new areas, putting 
the livelihoods of millions of people at risk of food insecurity.  

As cuttings are essential for the spread of CBSD, establishing a clean and 
sustainable cassava seed system is essential to mitigate the spread and manage the 
threats of this disease. Throughout history, evidence has shown how major social, 
economic and cultural changes have shaped the epidemiology of various seed-borne 
plant diseases, raising concerns about the critical role that seed pathways play in 
driving their epidemiology.  

Strengthening cassava seed systems against CBSD requires designing context-
specific intervention strategies and accurate disease diagnostic procedures, among 
other possibilities. In the past, unfortunately, approaches to capture regions and 
community specificities while assessing the epidemiology of the CBSD was poorly 
documented and used. In addition, extensive survey methods providing only 
snapshots of the real epidemic situation at local levels have been privileged in 
assessing CBSD epidemiology and collecting samples necessary for accurately 
detecting the disease.  

This thesis has been initiated to contribute to the establishment of a clean and 
improved cassava seed system in the D.R. Congo by prioritizing improved decision-
making in the design of intervention strategies to mitigate CBSD-related threats, and 
by contributing to the knowledge of the viruses infecting cassava crops in the D.R. 
Congo.  

A multidisciplinary assessment approach, integrating the traditional components of 
plant disease epidemiology as well as socio-cultural, geographical and agroecological 
components, has been designed and tested in the South-Kivu province (Uvira, D.R. 
Congo) for assessing CBSD epidemiology as well as to elucidate the role played by 
cuttings pathways in the dissemination of the CBSD. Cassava leaves and cuttings 
collected from farmer’s fields were RT-PCR indexed to detect the presence of the 
viruses responsible for the CBSD. The High throughput sequencing technology using 
the Illumina platform and various library preparation strategies (total RNA, VANA 
and dsRNA) has been used as a powerful method to investigate the diversity of viruses 
infecting cassava crop, using samples collected following an intensive sampling 
approach. Bioinformatic analyses following the metagenomic approach have been 
used to analyse the reads produced from the HTS. The de novo assembly method using 
the rnaviralSPAdes algorithm has been used to reconstruct contigs. The homology of 
nucleotide and amino-acid sequences and the presence of protein motifs are used to 
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identify contigs of viral origin. Additional analyses (identification of genes and 
cleavage sites) were conducted to characterize the viruses detected. Reconstructed 
viral genome sequences were confirmed using RT-PCR and Sanger sequencing, and 
their corresponding 5’ and 3’ extremities were reconstructed using the Rapid 
Amplification cDNA Ends (RACE) system. Multiple sequence alignments and 
phylogeny inferences were undertaken using various models predicted for amino acid 
and nucleotide sequences.  

The main results are summarized as follows:  

Factorial analysis of epidemic parameters revealed that the spread of CBSD in the 
studied area is spatially heterogeneous and characterized by three zones/clusters, one 
of which, located at mild altitude, showed the lowest disease pressure, making it 
putatively suitable for cutting multiplication activities. Nine parameters related to the 
epidemiology of CBSD were highlighted as characteristic in describing this spatial 
trend, notably the type of infected virus, the type of foliar symptoms, the foliar 
symptom incidence, the plant age, the source of cuttings, the farming system, the type 
of land tenure, the number of whiteflies, as well as the presence of weeds in the 
cassava field. These results suggest that strategies for mitigating the spread of CBSD 
in the studied area should be multi-layer, considering the specificities of each 
described cluster. 

The molecular detection of CBSD-causing viruses in the study area using the RT-
PCR revealed three important findings: (i) the overall incidence rates of the CBSD-
causing viruses was higher at the time of the study (31.3%, in 2019) compared to the 
rates reported earlier, (ii) among infected samples, the prevalence of single infection 
by the UCBSV was the highest (42.9%), followed by the CBSV infection (35.1%) 
while mixed infection showed the lowest prevalence (22.1%), (iii) single infections 
by the CBSV and UCBSV were most prevalent in the clusters 1 and 3 respectively, 
whereas the mixed infection was most prevalent within the cluster 2.  

The prediction analysis revealed the multidisciplinary factors putatively influencing 
the spread of the CBSD into cuttings channels/pathways, including the factors related 
to (i) the farmer’s knowledge and awareness, (ii) the geographical location of the 
farmer’s fields, as well as (iii) the type of the pathway/channel used by the farmers to 
obtain cuttings. 

The HTS allowed for broadening the diversity of viruses infecting the cassava crop 
in the studied area. Several isolates belonging to two putative viral species from the 
genus ampelovirus, the Manihot esculenta-associated virus 1 and 2 (MEaV-1 and 2), 
and isolates putatively belonging to a species from the cheravirus genus, the cassava 
Congo cheravirus, were identified and molecularly characterised for the first time. 

A collaborative initiative between researchers allowed to extend the area of spread 
of these viruses. Indeed, ampelovirus species have also been detected in cassava 
samples from Rwanda, Madagascar, Reunion and Mayotte, whereas the cheravirus 
have been detected in samples from the Kongo-Central (former Bas-Congo) in the 
West of the D.R. Congo. 
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Pending validation, these viruses may also spread in Tanzania since mining the 
publicly available HTS data using the associated RdRp fingerprint recovered data 
from closely related genome sequences assembled. 

The characterisation of the cassava Congo cheravirus genome brought a novelty in 
that it allowed to disentangle the existence of a previously unreported cleavage site 
delineating two genes (encoding the X1 and X2 proteins) upstream the NTB, a feature 
only restricted to nepovirus and sadwavirus until then but putatively present for 
cheravirus as well. Additionally, a gene encoding for a putative ITPase homolog 
(HAM1) has been identified in the c-terminal part of the polymerase-encoding gene. 
Only two out of three essential amino acid (aa) residues were conserved for the protein 
encoded by this gene, compared to the functionally characterized human ITPase, 
whereas all intermediate and dispensable aa were not conserved at all.  

Results from this thesis opens interesting perspectives towards the improvement of 
approaches used to study the epidemiology of the CBSD to make it capable of 
providing useful results. These are necessary for supporting effective decision-making 
in the response against the spread of the CBSD through seed systems. Furthermore, it 
opens perspectives towards the characterization of the biological features for the 
newly identified viruses. There is an opportunity to adapt the approach herein 
described for the characterization of other important plant disease’s epidemiology in 
Africa and, importantly, to investigate virus diversity in other ecosystems. 

 

Key Words: CBSD, Cassava, Epidemiology, virus diversity, seed systems, D.R. 
Congo, ampelovirus, cheravirus  
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Résumé 

Des réalisations importantes ont été atteintes depuis le début des recherches sur 
l’étiologie et l’épidémiologie des deux maladies virales historiquement les plus 
importantes du manioc en Afrique : la mosaïque Africain de manioc (MAM) et la 
striure brune du manioc (SBM). Ces réalisations ont été importantes car elles ont 
permis de mettre au point des stratégies/méthodes de diagnostic et de contrôle 
nécessaires pour contrôler la dissémination de ces maladies et atténuer les dégâts 
occasionnés. Ces mesures de contrôle n’ont pas atteint le même niveau de réussite 
puisque, actuellement, la MAM ne constitue plus une menace critique pour la culture 
du manioc en Afrique tandis que la SBM continue toujours de progresser dans des 
nouvelles régions, menaçant la sécurité alimentaire des millions des personnes. 

La mise en place d’un système semencier de manioc sain et résiliant est essentiel 
pour atténuer la propagation de cette maladie et en gérer les dégâts étant donné que 
les boutures utilisées pour la replantation se sont révélées essentielles à la propagation 
de ladite maladie. Au cours de l’histoire, davantage d’évidences ont démontré 
comment des changements sociaux, économiques et culturels majeurs ont influencé 
l’épidémiologie de diverses maladies des plantes transmises par les semences, 
soulevant des inquiétudes quant au rôle joué par les voies d’obtention/dissémination 
des semences dans l’épidémiologie de ces maladies. 

Le renforcement des systèmes semencier de manioc contre la CBSD nécessite, entre 
autres, la conception des stratégies d’intervention adaptées aux contextes locaux ainsi 
que l’utilisation des puissantes méthodes de diagnostic. Dans le passé, 
malheureusement, les approches permettant de saisir les spécificités des régions et des 
communautés lors de l’évaluation de l’épidémiologie de la CBSD n’étaient pas 
suffisamment documentés et utilisés. De plus, des méthodes d’investigation 
extensives, ne fournissant qu’une « capture » de la situation épidémique réelle à des 
échelles locales ont été privilégiées dans l’évaluation de l’épidémiologie de la CBSD 
et dans la collecte des échantillons nécessaires pour une détection précise des agents 
causal.  

Cette thèse a été initiée pour contribuer à la mise en place d’un système semencier 
de manioc sain et résilient en R.D. Congo en donnant la priorité au renforcement de 
la prise de décisions dans la conception des stratégies d’intervention visant à atténuer 
les menaces liées à la CBSD, ainsi qu’en contribuant à une connaissance approfondie 
de la diversité des virus infectant la culture de manioc en R.D. Congo.  

Une approche multidisciplinaire d’évaluation, intégrant des composantes 
traditionnelles de l’épidémiologie des maladies des plantes avec les composantes 
socio-culturelles, géographiques et agroécologiques, a été conçue et testée à travers 
une enquête conduite dans la province du Sud-Kivu (Uvira, D.R. Congo). Des 
analyses statistiques multifactorielles ainsi que des régressions logistiques ont été 
utilisées pour identifier les principales caractéristiques de l’épidémiologie de la CBSD 
ainsi que les facteurs de risque associés à la dissémination de cette maladie à travers 
les boutures. Des échantillons de feuilles et de tiges du manioc ont été collectées et 
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utilisés pour la détection par RT-PCR des virus responsables de cette maladie (CBSV 
et UCBSV). La technologie de séquençage à haut débit à travers la plate-forme 
Illumina et différentes stratégies de préparation de librairie (ARN total, VANA et 
ARN double brin) a été utilisée comme méthode avancée d’investigation de la 
diversité des virus infectant le manioc. Des échantillons collectés suivant une 
approche d’échantillonnage intensive ont été utilisés pour cette finalité. Des analyses 
bio-informatiques métagénomiques ont été utilisées pour reconstruire des contigs. 
L’approche de screening basée sur l’homologie de séquence nucléotidiques et 
protéiques et la présence de motifs protéiques a été utilisée. . Des analyses 
complémentaires (identification des gènes et des sites de clivage) ont été effectuées 
pour caractériser les virus détectés. L’identification des sites de clivages et la 
déduction des domaines fonctionnels a été réalisé à partir des alignements des 
séquences des acides aminés des polyprotéines. Les séquences des génomes viraux 
assemblées ont été par la suite confirmées par RT-PCR et par séquençage Sanger. 
Leurs extrémités 5’ et 3’ ont aussi été reconstruites par l’utilisation du système 
d’amplification rapide des extrémités de l’ADN complémentaire (RACE). Des 
alignements multiples des séquences ainsi que des analyses phylogénétiques selon 
divers méthodes prédites pour les séquences d’acides aminés et des nucléotides ont 
été effectuées.  

Les principaux résultats obtenus peuvent être résumés de la manière suivante :  

Les analyses factorielles des données épidémiologiques ont révélé que la 
propagation de la striure brune du manioc dans le milieu d’étude est spatialement 
hétérogène et caractérisée par l’existence de trois zones/clusters dont l’une, située en 
moyenne altitude, a montré la plus faible pression de la maladie. Ceci pourrait rendre 
cette zone propice aux activités de multiplication/production des boutures. Neuf 
paramètres ayant trait à l’épidémiologie de la striure brune du manioc se sont révélés 
importantes dans la caractérisation de cette répartition spatiale de la maladie à savoir : 
le type de virus impliqué dans l’infection, le type et l’incidence des symptômes 
foliaires, l’âge des plantes, l’origine des boutures, le système de culture, le statut 
foncier du champs, le nombre des mouches blanches ainsi que la présence des 
mauvaises herbes dans les champs de manioc. Ces résultats suggèrent que les 
stratégies de mitigation de la propagation de la striure brune dans la zone étudiée 
devraient être variables en tenant en compte des spécificités qui caractérisent chaque 
cluster. 

La détection moléculaire par RT-PCR des virus impliqués dans la causation de la 
striure brune du manioc a révélé trois résultats importants : (i) le taux d’incidence 
global des virus de la striure brune était élevé au moment de l’étude (31.3% in 2019) 
comparativement aux taux d’incidence rapportés antérieurement, (ii) la prévalence de 
l’infection simple par UCBSV était la plus élevée (42.9%),  suivie par l’infection 
simple par le CBSV (35.1%) tandis que  l’infection mixte a montré une faible 
prévalence (22.1%) (iii) en fonction des cluster, les infections simples par le CBSV et 
l’UCBSV étaient les plus prévalents dans les clusters 1 et 3 respectivement, tandis que 
l’infection mixte CBSV+UCBSV était prévalent dans le cluster 2. 
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Les analyses prédictives ont révélé les facteurs qui pourraient influencer la 
propagation de la CBSD à travers les voies d’obtention des boutures, entre autres : (i) 
les facteurs en rapport avec les connaissances paysannes, (ii) les facteurs en rapport 
avec la location géographique des champs paysans, ainsi que (iii) le type de canal 
utilisé par l’agriculteur pour obtenir les boutures. 

Le séquençage à haut débit a permis d’élargir la diversité des virus infectant le 
manioc dans la zone d’étude. En effet, plusieurs isolats formant potentiellement deux 
espèces de virus du genre ampelovirus (Closteroviridae), le Manihot esculenta-
associated virus 1 and 2 (MEaV-1 et 2), ainsi que des isolats formant potentiellement 
une espèce de virus, le Cassava--Congo cheravirus (Ca-Coc) du genre cheravirus 
(Secoviridae), ont été identifiés pour la première fois. 

Une initiative collaborative entre chercheurs a permis d’étendre les zones de 
présence de ces nouveaux virus et d’enrichir leur diversité. En effet, les deux espèces 
d’ampelovirus ont aussi été détectées dans les échantillons originaires du Rwanda, de 
Madagascar, de la Réunion et de Mayotte tandis que des isolats de cheravirus avaient 
déjà été détectés dans les échantillons originaires du Congo-Central (Bas-Congo) à 
l’Ouest de la R.D. Congo. En attendant la validation, ces nouveaux virus pourraient 
aussi être disséminés en Tanzanie puisque les recherches dans les bases des données 
RNAseq ont permis d’identifier des données à partir desquelles des génomes viraux 
proches de ceux des nouveaux virus ont été assemblés. 

La caractérisation du génome du cassava-Congo cheravirus  a apporté des nouvelles 
informations qui ont permis de révéler l’existence d’un site de clivage, autrefois 
inconnu, qui délinée deux gènes (codant pour deux protéines, X1 et X2) en amont de 
la NTB, une caractéristique jusque-là réservée aux virus du genre nepovirus et 
sadwavirus mais qui désormais serait présent pour les cheravirus notamment. En plus, 
un gène codant pour un homologue de l’ITPase (HAM1) a été identifié dans la partie 
c-terminale du gène codant pour la polymérase. Seulement deux des trois résidus 
d’acides aminés essentiels étaient conservés pour la protéine codée par ce gène, 
comparativement à l’ITPase fonctionnellement caractérisée des humains. Par contre, 
tous les acides aminés intermédiaires et indispensables n’étaient pas conservés du 
tout. 

Les résultats de cette thèse ouvrent d’intéressantes perspectives vers l’amélioration 
des approches utilisées pour étudier l’épidémiologie de la striure brune du manioc afin 
de les rendre aptes à fournir des résultats utiles et nécessaires pour des prises de 
décisions efficaces dans la réponse contre la propagation de cette maladie à travers les 
systèmes semenciers. En outre, ils ouvrent des perspectives vers la caractérisation des 
aspects biologiques de ces virus nouvellement identifiés. Il y a une opportunité 
d’adapter l’approche esquissée dans ce travail pour la caractérisation de 
l’épidémiologie d’autres maladies des plantes importantes pour l’Afrique et, d’une 
manière importante, d’investiguer la diversité des virus dans d’autres écosystèmes.  

Mots clés : Manioc, striure brune, épidémiologie, diversité virale, système 
semencier, ampelovirus, cheravirus, D.R. Congo. 
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Study context 

Located in the eastern part of the country, the South Kivu is one of the 26 provinces 
of the D.R. Congo with a total land area of  65,070 km2 and one of the most densely 
populated region, with ca 90 persons per square kilometre. With a bimodal rainfall 
pattern that allows a two-seasons crop cultivation calendar, this province is 
characterized by an altitude-driven ecology, comprised with high, mild and lowlands. 
Here, the cassava crop is continuously grown on small farms, with no to limited 
inputs, and frequently intercropped with legumes, maize etc. The yield is varying 
between 7 and 17 t ha-1 in farmer’s fields (Munyahali et al. 2017). 

The history of this thesis began in 2015 when I sought a research subject for a 
master's specialization that brought me to Professor Espoir Bisimwa, the head of 
phytopathology department at UCB, where the decision to work on the issue related 
to the burden of viral diseases of cassava in the Eastern D.R. Congo was taken.  

At that time, the situation of cassava production in the Uvira territory was (and still 
is) seriously hampered by the spread of the CBSD: because of the loss extents, farmers 
referred to it as a “ruthless” disease, “sina huruma” in Kiswahili. Most of the cassava 
fields at that time were cropped with CMD-resistant varieties, massively provided to 
farmers as a result of the burden of the cassava mosaic disease (CMD) epidemics in 
the Great lakes region decades before. Nevertheless, these varieties are all susceptible 
to the CBSD. All farmers and actors involved in this question were at the rush for 
obtaining resistant varieties that were hard to obtain. The context was a relative 
institutional regulation for the movement of planting material, a lack of a clear 
national response strategy and a gap in the knowledge of the biology of viruses 
involved in the causation of this disease. Therefore, the hesitations in the 
implementation of efficient response to mitigate the spread of the disease became fatal 
to the cassava production and the livelihood of populations. In such a situation, it 
became difficult for farmers to find reliable sources of healthy planting material in 
part because it was definitely difficult to reliably diagnosing the disease.  

The long collaboration history between Prof. Espoir Bisimwa and Prof. Claude 
Bragard that brought me first to the U.C. Louvain for initiations in the study of plant 
diseases was pivotal to what happened next. In fact, the few investigations conducted 
at that time on the etiology of viral diseases of cassava in the Uvira territory suggested 
that the CBSD-like symptoms morphologies in that area, were not associated to the 
detection of the causing viruses. An unquenched thirst to deeply investigate this 
etiological issue, together with a global reflection on the future of the CBSD diagnosis 
and mitigation strategies became critical to investigate for the good of improving the 
cassava production.  

Definitely, in 2018, the opportunity to work on these aspects in a frame of a doctoral 
training came with the regional and ARES-funded project with the aim of generating 
tools and strategies necessary for the implementation of a robust and sustainable 
cassava seed system (ICARE – coordinated by Prof. Hervé Vanderschuren) for the 
mitigation of the CBSD. This partnership brought me to the Professor Sébastien 
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Massart’s laboratory in Gembloux Agro-Bio Tech where the decision to investigate 
the etiological and epidemiological issues related to the CBSD and the use of the high 
throughput sequencing technologies was taken.   
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“A diagnosis is not a label, it’s the beginning of a solution” 

(Unknown author) 
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Preliminaries 

This introductory chapter is focused on the review of the milestones attained in the 

study of the CBSD. A literature review has been undertaken to inquire on the state of 

the art in relation with (i) the cassava crop (origin, dissemination and importance in 

Africa), (ii) the diversity of viruses that infect this crop, especially those involved in 

the etiology of the two most important pandemic diseases in Africa (CMD and 

CBSD), (iii) the methods used in the diagnosis of viral diseases as well as the criteria 

to be considered for selecting a diagnostic test and (iv) a brief analysis of the cassava 

seed system context in the D.R. Congo as well as experience gained in the 

management of this disease in the Great Lakes region from the past.  
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I.1. Origin, dissemination and Importance of 

cassava  

I.1.1. Origin 

The cassava plant, Manihot esculenta Crantz, is a perennial shrub of the 
Euphorbiaceae (Dicotyledons) family also known as manioc. This name is a 
derivative of the term maniot in the “Tupi” language (an extinct language spoken by 
the native Tupi people in Brazil). The term “cassava”  is believed to derive from the 
word Casavi or Cazabi which translates to the term “bread” in the Arawak  language 
(language of the first indigenous people who lived in the greater Antilles and were in 
contact with Christopher Colombus) (Lebot 2009). 

Investigations using both morphological criteria (Antonio C. Allem 1999; A. C. 
Allem 2001; A C Allem 2001) and molecular markers (SNPs and SSRs) (Olsen 2004) 
identified Manihot esculenta ssp flabellifolia as likely the wild progenitor of the 
modern cassava cultivars and proposed the Brazilian periphery of the Amazon forest 
as the geographical origin of this progenitor’s ancient ancestors (Figure I-1).  

As an agricultural crop, archaeological investigations showed that cassava 
domestication started between 5000 and 10,000 years ago, suggesting it is one of the 
oldest cultivated root and tuber crops (A C Allem 2001; Howeler, Lutaladio, and 
Thomas 2013; Parmar et al. 2017).  
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Figure I-1.Three putative areas of initial domestication of cassava in the Brazilian neotropics 

as suggested by various authors cited by (A. C. Allem 2001). Whether cassava was first 
domesticated in Northern Brazilian Amazonia, or, somewhere in Brazil’s westernmost states 

of Rondônia and Mato Grosso is controversial 

I.1.2. Dissemination in Africa 

Portuguese were the first to bring cassava to Africa in the form of flour called 
“Farinha” by the Tupinamba Indians from Eastern Brazil. The first mention of cassava 
cultivation in Africa dates between 1558 and 1600, when the plant was cultivated to 
provide food for slave ships (S. E. Carter et al. 1993). 

Multiple and simultaneous introductions took place at Portuguese trading stations 
of Fernando Po (Equatorial Guinea), Sao Tomé and Principe, Sierra Leone islands, 
and on the Angolan coast between Luanda and the mouth of the Congo River in the 
Kongo Kingdom (Ross 1975; W.O. Jones 1959). 

Early dissemination of cassava to inland areas in precolonial D.R. Congo was 
carried out solely by Africans. Europeans entered the interior only a long period 
afterwards (the first was Stanley in 1877) since it was impossible to join the Congo 
river from the sea (R. W. Harms 1981). 



CBSD epidemiology and diversity of cassava viruses in D.R. Congo  

6 

 

Cassava plants were spread by following rivers throughout much of Central Africa 
during the 18th and 19th centuries. It was present on the Western shores of Lakes Nyasa 
(Malawi) and Tanganyika in the second half of the 19th century when Europeans first 
explored the area. In some regions, more widespread diffusion to the interfluves 
appears to have been a slower process, dependent upon trade and hindered by political 
relations and possibly warfare. Before the imposition of European administrations, 
migrations were probably the primary means of diffusion of cassava across 
watersheds 

In West Africa, cassava was introduced at several points along the West African 
coast during the 17th century, from the Gambia river to Nigeria. However, unlike in 
Central Africa, the diffusion of cassava in West Africa was universally slow, and most 
of the crop’s spread occurred during the late 19th and 20th centuries (W.O. Jones 1959). 

Information on the diffusion of cassava in Eastern Africa is the most speculative, 
and there are no concrete details on the date of cassava’s introduction. However, it 
was proposed that, as in Central and Western Africa, the plant could have been 
introduced in Eastern Africa at Portuguese trading stations: in Mozambique, 
Benguela, Sofala, Kilwa, Zanzibar, Pemba and Mombasa during the 17th or 18th 
centuries (S. E. Carter et al. 1993).    

Given the successful introduction of the plant in Central Africa, it seems likely that 
cassava diffused along the eastern shores of lakes Malawi and Tanganyika to the 
highlands of Rwanda and Burundi. In addition, numerous travellers reported Cassava 
throughout the Great Lakes Regions in the mid-19th century (W.O. Jones 1959; 
Langlands 1966). 

Cassava seems to have replaced millet, yam and plantain as the principal staple in 
most areas along the Congo river, resulting in a boosted trade of agricultural products. 
In 1698, cassava was already the staple food at the Stanley Pool (Malebo), near 
Kinshasa. From there, it spread upriver and inland. The main reasons for its 
introduction were its high caloric production per unit area and its resistance to spoilage 
once processed. 
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Figure I-2. Places and dates where cassava was first reported and hypothesized paths by 

which the crop was diffused in Africa (S. E. Carter et al. 1993). 

I.1.3. Importance of cassava 

Cassava consumption was widespread amongst the river people and was especially 
suited to take along on trips, presumably in processed form such as “chikwange”, and 
constituted a balanced diet in combination with fish (R. Harms 1979).   

Some pieces of evidence in Central and West Africa suggested that the cassava crop 
may have been also destined for the urban market at a very early stage of its 
introduction. This modifies the classical image of cassava as a traditional food staple 
of Africa and even the assertion that cassava is a “female crop” (S. E. Carter et al. 
1993). 

Whilst cassava was introduced as an anti-famine and anti-locust crop in the colonial 
era; it was also thought to promote laziness, soil depletion and malnutrition (W.O. 
Jones 1959; William O Jones 1957).  

Such misconceptions/misunderstanding, half-truths and myths about the cassava 
crop has been the cause of its overlooking by policy makers and its underutilization 
in developing countries (Parmar, Sturm, and Hensel 2017). Nweke demonstrated that 
all of these myths and half-truths were based on misconceptions and out-of-date 
information. 
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Production of cassava 

More than a hundred countries worldwide are involved in cassava production, with 
a total output of 302 million tons on approximately 28 million hectares (FAOSTAT, 
2022 accessed 18/07/2022). Global cassava production is increasing after a sharp 
decline between 2014 and 2017. Production from Africa and, to a lesser extent, from 
Asia seems to follow this rising trend, whereas that from Latin America appears to be 
relatively constant (Figure I-3).  

The current major producing countries are Nigeria, D.R. Congo and Thaïland. 
However, the main countries producing cassava are not necessarily the leaders in 
cassava yield. In fact, the five leading countries in terms of cassava yield per hectare 
are Guyana, Laos, India, Cambodia and Niger (Figure I-4).  When ranking the most 
produced crops worldwide, cassava is in 9th place (303 million tons). However, cassava 
is the first most produced crop in Africa and contributes up to 64% (194 million tons) 
global production (Figure I-5).  

 

Figure I-3. Trends in global cassava production from 1960 to 2020. Figure elaborated using 

data from (FAOSTAT 2022) 
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Figure I-4. Cassava production: Ranking of leading countries in term of cassava production 

and  yield. Figure elaborated using data from (FAOSTAT 2022). 

 

 
Figure I-5.Ranking of the most produced staple crops in the world and in Africa in 2020. 

Figure elaborated using data from (FAOSTAT 2022). 
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a. Food and economic importance 

Cassava is a primary foodstuff for more than 800 million people, mostly living 
in tropical and sub-tropical regions of the World (Parmar, Sturm, and Hensel 
2017). The reasons for the rapid spread of cassava cultivation in Africa include 
(Lebot 2009; Howeler, Lutaladio, and Thomas 2013):  

• The ease of cultivation in shifting systems and the ease of propagation 
by stem cuttings: cassava can be planted at any time of the year, provided 
there is enough moisture for stem cuttings to take root. 

• A flexible growth cycle and harvest: cassava roots can be left in the 
ground without being harvested for long periods of time ranging from six to 
forty-eight months after planting (Okigbo 1980). 

• The resistance to locust attacks, pests and diseases, and the resistance 
to drought/water stress (except at planting time). These characteristics make 
the crop a good famine-reserve crop (S. E. Carter et al. 1993; Nweke, Spencer, 
and Lynam 2002). 

• It adapts to poor soils or marginally fertile lands on which many other 
crops fail 

• It has a relatively high yield and is a low-cost source of calories. It 
can produce more carbohydrates per hectare than any other food staple and 
can be harvested when needed. 

The significance of cassava as a cash crop is increasing with enhanced usage in 
multiple industrial applications such as the production of paper, textiles, plywood, 
glue, biofuel, animal food and beverages  (Kleih et al. 2013; Uchechukwu-Agua et 
al 2015).  

According to the use of the crop, four stages were defined in the  evolution of 
the cassava-based products valorisation (Nweke, Spencer, and Lynam 2002). This 
evolution ranged from a famine reserve crop (first stage), rural staple crop (second 
stage), cash crop for urban consumption (third stage) to a livestock feed and 
industrial raw material (fourth stage). In Sub-Saharan Africa (SSA), cassava is in 
a transformation phase from a rural staple to a cash crop for urban consumption 
and further towards an industrial raw material while in Asia and Latin America, 
cassava is an important industrial raw material and livestock feed for export. 
African countries such as Nigeria and Ghana have already entered the third phase, 
whereas in the D.R. Congo, Côte d’Ivoire and Uganda it is still mostly a rural staple 
crop. In Kenya, Malawi, Tanzania and Zambia the role of cassava is more as a 
famine reserve crop, owing to its drought tolerance, when the first staple (maize) 
fails due to erratic rainfalls. The fourth stage of cassava evolution has been realized 
by cassava producing countries in Asia and Latin America (Parmar, Sturm, and 
Hensel 2017).  
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The consumption pattern of cassava and its products by regions according to the 
FAO (2022) balance sheet is presented in Figure I-6. Currently the Oceania has the 
highest proportion of cassava domestic supply used as staple source of energy in 
human food (83%) followed by Africa (58%) and Americas (42%). In Europe, the 
essential part of cassava domestic supply is used for livestock feeding (52%) 
followed by Americas (43%), Asia (32%) and Africa (26%). There are also other 
non-food uses of cassava; such as starch, bioethanol etc.; for which Europe (46%) 
and increasingly Asia (25%) uses an essential part of their domestic supply. The 
maximum amount of postharvest losses and waste (food or feed loss) occur in 
Africa (11%), Oceania (9%) and both America and Asia (8% respectively). 

 

Figure I-6. Regional use (in 2020) of cassava and products. Figure elaborated using data 
from (FAOSTAT 2022) 

According to the Observatory of Economic Complexity (OEC) (Simoes and 
Hidalgo 2011), the total trade in cassava was 2.56 billion USD in 2020. The major 
exporters of cassava and its products in this period were the Thailand (697 million 
USD), Cambodia (424 million USD), United States (223 million USD), Vietnam (207 
million USD), and Laos (195 million USD). The top importers where Chine (879 
millions), Thailand (439 millions), Vietnam (175 million), Netherlands (144 millions) 
and United States (127 millions).  

In D.R. Congo, the cassava production has mobilized 5 million hectares of arable 
lands in 2020 (FAOSTAT 2022). According to the statistics from the (INS - RDC 
2021), in 2019 The top provinces in term of cassava production were the Kwilu (5 
million tons), the Kongo-Central (3 million tons), Haut Lomami (3 million ton) and 



CBSD epidemiology and diversity of cassava viruses in D.R. Congo  

12 

 

Tanganyika (2 million tons). In the meantime, the South-Kivu province was ranked 
the 13th with 1.4 million tons of cassava produced (Figure I-7).   

Cassava is a very important source of food in D.R. Congo. In 2019, the average per 
capita consumption of cassava products were approximated to 353 kg per year, 
placing the country at the first rank of the African countries consuming the cassava 
(FAOSTAT 2022). The crop is also the first most important source of energy 
providing a large amount of daily calories (1,015 kcal/capita/day) to people compared 
to maize (190 kcal/capita/day ), rice (122 kcal/capita/day) and plantains (111 
kcal/capita/day)  (FAOSTAT 2022). 

 
Figure I-7. Production of cassava in D.R. Congo on a per province basis (Computed with 

QGIS 2.14 Essen using the INS 2019 production data) (INS - RDC 2021). 

b. Uses and nutritional value of cassava products 

The principal product of the cassava plant is its starchy roots. However, the leaves 
are also used as a vegetable in various African, Asian and South American countries. 
The consumption of cassava leaves as a vegetable (source of protein) has been 
proposed to be a pure African invention (Lebot 2009). 

A list of most common cassava-based human food, livestock feed and other 
industrial products is presented in table I-1.  A huge diversity of cassava-based food 
specialties exists  in various regions where cassava products is used for human 
consumption. This wide food diversity results from various treatments that cassava 
roots undergoes for principally reducing the rate of HCN or make the end-products 
suitable for human consumption. 

Cassava meal for feeding livestock possesses excellent digestibility due to the 
presence of naturally occurring lactic acid bacteria and yeasts. In fact, micro-doses of 
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HCN present in cassava make enzymes like lactoperoxidase (secreted from mammary, 
mucosal and salivary glands) more efficient in their function as natural anti-bacterial 
agents (Howeler, Lutaladio, and Thomas 2013).The production of cassava-based 
products for livestock feeding is standard across most exporting countries such as 
Vietnam and Thailand (Parmar 2013). 

The starch and flour from cassava are also used as raw material for various industrial 
products because of the easiness of the starch extraction process as well as the low-
cost acquisition of cassava raw material. 
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Table I-1. Some of the common cassava-based products (adapted from Parmar 2017). 
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The dry matter (DM) content of cassava roots is close to 40%, sufficiently higher 
compared to most other root crops but well lesser compared to other non-root crops 
such as wheat, rice and Maize (Lebot 2009). The cassava DM consists primarily of 
starch and sugars (about 90%). Its contribution to daily lipid and protein requirements 
is very small. This low levels of protein in cassava -based diets are a cause of concern 
if no supplementary protein sources (for instance legumes, leafy vegetables, and 
animal protein) are available (Parmar, Sturm, and Hensel 2017).  

While cassava roots are a minor source of other vitamins and minerals, the young 
leaves however are classified as a decent source of protein and vitamins as suggested 
by Latif and Müller (2015). The amount of the various components are highly variable 
and depend on the age, cultivar, soil and ecological conditions. The HCN content of 
the leaves is approximately similar to roots which are degraded during the cooking or 
processing in the same way as in roots. Cassava leaves are an important source of 
Vitamin C, Vitamin A, riboflavin, phosphorus, magnesium, potassium and calcium. 
However, specific cooking methods results in a reduction of these vitamins (Achidi 
2008).   

c. Ecological requirements 

Cassava cultivation is concentrated in tropical equatorial regions from 23.5°N 
(Tropic of cancer) to 23.5°S (Tropic of Capricorn) (Parmar et al, 2017). 

Prior to European intervention, cassava was adopted by African smallholder 
farmers sometimes voluntarily or by force for its particular characteristics 
(William O Jones 1957; Nweke, Spencer, and Lynam 2002).  

Cassava is cultivated throughout the year up to a maximum altitude of about 
2,000m. It tolerates drought but grows best where annual rainfall reaches 1,000-
2,000 mm. Cassava grows well on many types of soils, with the exception of 
hydromorphic soils which are unsuitable. It is propagated vegetatively through 
stem cuttings, and the growth cycle generally ranges between 10 and 30 months 
(C. Fauquet, Fargette, and Munihor 1990).Various physiological characteristics of 
cassava enables the crop to tolerates prolonged water deficit . As listed by (El-
Sharkawy 2004), the most important are :  

• High photosynthetic capacity  

• Tight stomatal control that reduces moist loss 

• Shedding and formation of small leaves 

• Resumption of growth when water become available  

The ability to extract deep soil water slowly which makes it tolerant of dry season 
and semi-arid environments.   
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d. Production systems 

At the origin, cassava crop production by the Amerindians involved vegetative 
propagation by stem cuttings and typical aboriginal slash-and-burn cultivation, which 
were already in practice when the first Europeans sailed to the Amazon around 1540s. 
Since soils were rich in organic matter and free from compaction, zero or no tillage 
planting of cassava stalks became therefore the common practice (A. C. Allem 2001). 

Actually, although cassava can be propagated with true botanical seeds, such 
practical prevail only for the crop improvement purposes and is almost not used for 
field production. The vegetative propagation using stem cuttings is still the most 
common method at a household level as well as for commercial production. such 
mode of propagation involves practical issues such as bulkiness, perishability and 
phyto-sanitation of cassava stem cuttings that results in a lack of high-quality planting 
material for smallholders (Nduwumuremyi et al. 2016).  

Whereas a rapid multiplication method called the “mini-stem” method have been 
introduced to allow improving the amount of stem-cutting produced, the cassava is 
also challenged by its low multiplication rate. In fact, basically the cassava plant can 
produces only 10 stalks after growing one stalk during a year, in opposition for the 
maize which can produce 300 seeds from one maize seed in three months for example. 
This “mini-stem” method introduced by the IITA (Otoo 1994) can raise the 
multiplication rate up to 60-100 mini-stem cuttings per plant (Parmar et al 2017).  

When root production is the objective, the optimal planting density is 10,000 plants 
per hectare (1 plant per square meter). Cassava stalks can be planted in different 
positions depending on the soil type and agro-ecological conditions. In fact, horizontal 
position is privileged in relatively dry areas (rainfall <1000 mm) while vertical 
planting is proposed in locations where there are sandy soils with plentiful rainfall. 
Planting vertically or inclined are believed to be associated with higher yields. 

The depth of planting can vary from 5 to 15 cm depending on the soil type and 
climatic conditions. Although being a resilient crop, cassava cannot tolerate excessive 
soil moisture and weed competition in the early establishment phase.   
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I.2. Viral pandemics associated with cassava in 

Africa  

I.2.1. General consideration  

A virus is a non-cellular entity defined as “a set of one or more nucleic acid template 
molecules, either RNA or DNA, normally encased in a protective coat or coats of 
protein or lipoprotein, that is able to organize its own replication only within suitable 
host cells” (Hull 2009). The association between the nucleic acids and the protective 
protein capsid is termed the virus particle or virion. Plant viruses are obligate parasites 
that rely on host cellular machinery to reproduce by assembling pools of their 
structural components. Outside their hosts, virus particles cannot be active and are 
dormant (Hull 2009). 

Following the introduction of cassava to Africa in the sixteenth century, it became 
infected by a set of viruses that were not known to infect the crop in its center of origin 
in South America. Until recently, about 15 virus species composed of diverse  strains 
have been identified infecting cassava (Table I-2). Eleven of these species are 
responsible for the two most devastating diseases, namely CMD (nine species, 
collectively named cassava mosaic geminiviruses CMGs) and CBSD (two species, 
collectively named cassava brown streak ipomoviruses CBSIs). In the following 
sections, we will therefore consider these two main groups of viruses in details. The 
remaining virus species will only be touched on briefly. 

I.2.2. The cassava mosaic disease (CMD)  

a. History 

The first description of CMD dates back to 1894 under the name Krauselkrankheit 
and has since been reported throughout Africa and in Madagascar, Zanzibar, 
Seychelles, India and Java. In East Africa, the disease was reported a century ago (E. 
F. Martin 1928). In West Africa, it was first recorded in the coastal areas of Nigeria, 
Sierra Leone, and Ghana in 1929 and has spread northward by 1945 (C. Fauquet, 
Fargette, and Munihor 1990). 

CMD is considered to be of African origin since it is unknown in South America. 
However, similar symptoms are induced by an unrelated South American virus, called 
cassava common mosaic virus, which is a potexvirus having rod-shaped particles. 

b. Aetiology, diversity, vectors and transmission modes 

The viral aetiology of African cassava mosaic was first proposed by Storey in 1936 
(Storey 1936), who demonstrated in Tanzania that the disease was transmissible and 
inferred that a virus was responsible. The causal agent of CMD was initially named 
as cassava latent virus but was subsequently characterized and renamed as African 
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cassava mosaic virus (ACMV, genus Begomovirus; family Geminiviridae) (Bock, 
Guthrie, and Figueireido 1981). 

The confirmation that the transmission of pathogens causing CMD was done via 
whiteflies was established early in Central and Eastern Africa (Kufferath and 
Ghesquière 1932; Storey and Nichols 1938). Subsequent  investigations on the 
characterization of this transmission involved the ACMV and suggested a persistent 
transmission manner where the virus circulated in the transstadial manner within the 
vector (Dubern 1994).  

This circulative transmission manner involved a minimum of 3 hours for the vector 
to acquire the virus (acquisition access period, AAP) and a minimum of 10 minutes 
for inoculation (inoculation access period, IAP). A moderately long latent period of 3 
hours minimum and a retention period of up to 9 days, were a logical consequence of 
the persistent and circulative transmission pathway of the CMGs. Storey showed that 
the whitefly vector could introduce virus into young leaves but not into mature leaves 
(Storey 1936; C. Fauquet, Fargette, and Munihor 1990).  

Basically the long-term association between CMGs and whitefly vector suggested 
these viruses could be carried over long distances by the whitefly vectors. However, 
only circumstantial evidence obtained from the spread of the virus regionally 
suggested B. tabaci populations can carry CMGs over distances of up to 38 km in a 
year (Stansly et al. 2010). 
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Table I-2. Viruses infecting cassava in various regions where cassava is cultivated. 
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In Africa, nine different Begomovirus species have been identified in association 
with CMD in different regions of Africa (Table I-2) (Alabi, Kumar, and Naidu 2011; 
J. P. Legg and Fauquet 2004; Tiendrébéogo et al. 2012; Harimalala et al. 2012): 
ACMV, East African cassava mosaic virus (EACMV), East African cassava mosaic 
Malawi virus (EACMMV), South African cassava mosaic virus (SACMV), East 
African cassava mosaic Cameroon virus (EACMCV), East African cassava mosaic 
Zanzibar virus (EACMZV) and East African cassava mosaic Kenya virus 
(EACMKV), Cassava mosaic Madagascar virus (CMMGV) and African cassava 
mosaic Burkina Faso virus (ACMBFV). In addition, several strains of these viruses 
have been identified, with the most virulent being the East African cassava mosaic 
virus-Uganda (EACMV-UG) also known as the “Uganda variant” (Zhou et al. 1997). 
This strain was the first proof of recombination between two distinct begomovirus 
species, the EACMV and ACMV (Zhou et al. 1997).  

 

 
Figure I-8. Phylogenetic relationships among various representative species of the 

cassava mosaic geminivirus. Sequences were aligned using the ClustalW algorithm, and 
the tree was constructed by the Neighbor-Joining method.  

The tree was rooted using Soybean chlorotic blotch virus (SbCBV) as an outgroup. The 
percentages of replicate trees in which the associated taxa clustered together in the bootstrap 
test (1000 replicates) are shown at the branch nodes. The NCBI GenBank accession numbers 
of 14 DNA-A sequences are indicated in parenthesis. The tree was adapted from (James P. 
Legg et al. 2015). 

Coinfection with more than one species or strains is a common feature in the 
aetiology of CMD in Africa. Mixed infections occur often and involve ACMV and 
one of the EACMV-like CMG species. This  favors the advent of synergistic 
interactions between the species, resulting in an increased overall virus titer leading 
to more severe symptoms (Fondong et al. 2000; Harrison et al. 1997). Rapid 
regionwide spread of EACMV-UG and ACMV, frequently in mixed infections, was 
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an important feature of the African severe CMD pandemic that occurred in the 1988’s 
(Harrison et al. 1997; Thresh et al. 1997). 

CMGs infects mainly euphorbiaceous hosts including seven Manihot species and 
Jatropha multifida L. Two other species, Hewittia sublobata (L.F.) Kuntze 
(Convolvulaceae) and Laportea aestuans (L.) Chew (Urticaceae), are suspected to be 
natural hosts for ACMV in Kenya and West Africa, but the virus has not been 
transmitted from them back to cassava (C. Fauquet, Fargette, and Munihor 1990). 
Additionally, in Nigeria, Alabi et al., (2008) reported the presence of ACMV, 
EACMV and EACMCV isolates in leguminous plant species such as Senna 
occidentalis L. (Fabaceae), Leucaena leucocephala (Lam) De witt (Fabaceae), 
Glycine max L. (Fabaceae), Combretum confertum (Benth) M.A. Lawson 
(Combretaceae) and Manihot glaziovii Müll.arg (Euphorbiaceae) (Alabi et al. 2008). 

It was also demonstrated that under high disease pressure conditions in 
Yangambi/D.R. Congo, alternate host plants such as weeds or plants intercroped 
within cassava fields may also be infected through whiteflies transmission (Monde et 
al. 2010). 

The mechanical transmission of ACMV was first reported in 1978. 

c. Genome organization of CMD-associated viruses 

The genome of CMBs consist of two genomic components, referred to as DNA A 
and DNA B, of about 2.8 kb each, encapsidated in a 30 x 20-nm twinned icosahedral 
particles. The DNA A component can replicate autonomously and produce virions, 
but requires DNA B for systemic infection (C. M. Fauquet et al. 2005). DNA carries 
six ORFs, each encoding a specific protein whereas DNA-B has only two ORFs 
(Figure I-9).  

The complementary-sense DNA synthesis to produce dsDNA occurs in the nucleus 
and depends solely on host factors because all CMBs, and to a wide extent, all 
geminiviruses, do not encode a DNA polymerase. Double-stranded circular molecules 
serve as templates for both transcription and replication. The replication for the 
synthesis of the virus ssDNA is initiated by cleavage of the virion-sense strand by Rep 
in a conserved 5’-TAATATTAC-3’ sequence within the long intergenic region (LIR), 
and employs two strategies: the rolling-circle and the recombination-dependent 
mechanisms. The transcription is bi-directional and the resulting coding regions in 
both strands diverge from the LIR (Zerbini et al. 2017). 
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Figure I-9. Typical genomic organization of cassava mosaic begomoviruses. 

The ORFs are denoted as being encoded on the virion-sense (V) or complementary-sense (C) 
strand, preceded by component designation (A or B) if bipartite. Corresponding protein 
products are indicated. The "common region" that is shared between the two genomic 
components is shown as light green boxes within the intergenic region (IR) / long intergenic 
region (LIR). The position of the stem-loop containing the conserved 5′-TAATATTAC-3′ 
sequence located in the intergenic region (IR) or LIR is shown. CP, coat protein; Rep, 
replication-associated protein; TrAP, transcriptional activator protein; REn, replication 
enhancer protein; MP, movement protein; NSP, nuclear shuttle protein; SIR, short intergenic 
region. The figure was adapted from (Fiallo-Olivé et al. 2021; Vanderschuren and Rey 2017; 
Hulo et al. 2011). 

In general, Begomovirus genomes show an extreme plasticity due to frequent 
recombination and pseudo recombination events. The first report that documented the 
interspecies recombination between the ACMV and the EACMV and that  lead to the 
emergence of the EACMV-UG recombinant, a more severe variant  in Uganda, dates 
back to 1997’s (Zhou et al. 1997). This recombinant had two regions of its CP related 
to EACMV (99 and 98% identical respectively), and one region related to the ACMV 
(99% identical).  

It was shown that these recombination events that involved A components of both 
species impacted their discrimination during detection by ELISA since most of the 
monoclonal antibodies (MAbs) used could not distinguish EACMV-UG from 
EACMV (Zhou et al. 1997). This provided the understanding of the severe form of 
the mosaic disease that has spread since 1988 from southwards to westwards of 
Uganda at a speed of approximately 20 Km per year (Zhou et al. 1997).  Additionally, 
later in 2001, it was demonstrated that the genetic variation resulted not only from 
recombination, but also pseudo recombination between the A and B components of 
strains of the same as well as different species (EACMV-UG2 DNA-A and EACMV-
UG3 DNA-B; ACMV and EACMV respectively) (Pita et al. 2001) 
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d. Epidemiology 

Serious yield losses due to CMD were first observed on mainland East Africa in the 
1920s (E. W. Hall 1928). Recorded epidemics of CMD later occurred in the 1930s, 
1940s and from 1990s (Jameson 1964; Otim-Nape and ~et al 2000). 

Initial observations conducted in the early years of the disease characterization 
suggested that the rate of spread of CMD was much greater at hot and moist low-
altitude locations than it was at higher elevations  where temperatures were cooler and 
the whiteflies less abundant (Storey 1936; 1938). Similar epidemiological 
characteristics were reported in Eastern D.R. Congo by (E. Bisimwa, Walungululu, 
and Bragard 2012). A most extensive review of key milestones achieved in developing 
knowledge of the CMD epidemiology is presented by (James P. Legg et al. 2015; 
Vanderschuren and Rey 2017)  

The important resistance mechanisms that have been reported to influence the 
epidemiology of CMD are related to the recovery and reversion mechanisms observed 
in infected cassava plants. Recovery mechanism  consisted in the disappearance of 
symptoms during crop growth whereas the reversion mechanism consisted into the 
production of virus-free cuttings by infected parent plants (Fargette, Thresh, and 
Otim-Nape 1994). 

One of the most important epidemiological fact that has characterized the spread of 
CMD in Africa arose when an epidemic of unusually severe symptoms expanded its 
geographical range in Uganda in 1988’s, to affect many parts of the country as well 
as other countries in the Great Lakes. Through various studies has helped explaining 
the causes of this rapid spread and the severity of symptoms: the mixed infection 
between ACMV and EACMV, the synergism between cassava geminiviruses and the 
massive increase in abundance of the B. tabaci whitefly (Fondong et al. 2000; 
Harrison et al. 1997; Ogbe et al. 2006).   

CMGs species isolated from mosaic-affected cassava collected from different parts 
of Africa and from India are partitioned into three groups on the basis of serology and 
DNA hybridization (Harrison, Robinson, and Thomas 1986). Group A includes strains 
from Angola, Ivory coast, Nigeria, Congo, and Western Kenya and also defective 
strains that do not produce virus particles; group B strains are from coastal Kenya, 
Madagascar, and Malawi; and group C strains are from India and Sri Lanka. The 
distribution of these three groups is hypothesized to have resulted from the different 
routes of cassava dissemination (Figure I-10). As cassava was introduced into the 
various countries that now constitute its range, it may have become infected with 
different geminivirus variants that were endemic in the three geographic regions 
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Figure I-10. Principal routes of dissemination of cassava from South America to Africa and 

India, and distribution of cassava cultivation in Africa. The hatched lines mark the northern 

and southern limits of cassava production, and the dates are the years African cassava mosaic 

disease was first described in each country (C. Fauquet, Fargette, and Munihor 1990). 

 

 
Figure I-11. Various morphologies of CMD symptoms on leaves 
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Figure I-12. Distribution of cassava mosaic disease in Africa and Asia. Adapted from (CABI 

2023) 

e. Economic importance 

The symptoms of CMD in cassava are usually conspicuous. Much of the 
evidence on the occurrence, incidence and spread of this disease is based on visual 
observations. However, symptoms are sometimes indistinct, especially in dry 
conditions when vegetative growth is restricted, or when plants develop symptoms 
of mineral deficiency, or are severely attacked by cassava green mite 
(Mononychellus tanajoa) or cassava mealybug (Phenacoccus manihoti) (CABI 
2023).  

The most visible symptoms of the disease is the expression of the characteristic 
leaf mosaic , and young plants are more severely affected than old ones. Symptoms 
range from barely perceptible mosaic to stunting of the plant and extreme reduction 
of the leaf blades (Figure I-11). The severity of symptoms varies with the cultivar 
and increases with plant age until about 60 days after planting. Thereafter, 
symptoms are more moderate or lesser or do not develop, depending on the 
cultivar, climatic conditions, and season. Symptoms on fully expanded leaves do 
not change, however (C. Fauquet, Fargette, and Munihor 1990). 

Results from several trials to assess the effect of CMD on cassava have shown 
that the percentage loss could be a function of various factors at play, among which 
the most important included the susceptibility of the variety, the stage of crop 
growth at which infection occurred, the severity of the virus or virus mixture 
causing the infection, and the abiotic environmental conditions (Fargette, Fauquet, 
and Thouvenel 1988; C. Fauquet, Fargette, and Munihor 1990; Seif 1982).  
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Yield losses ranging from 20 to 95% have been reported for individual cultivars 
in different countries (Thresh, Fargette, and Otim-Nape 1994). From an 
experimental estimation using a moderately susceptible variety, Fargette et al., 
1988 suggested all plants would be infected and an average yield losses of 37% 
would be attained. If extended to the whole Africa and considering the actual 
production estimates of 192 million tons (FAO 2021a), such calculations would 
suggests  losses equivalent to 71 million tons actually. However, losses are very 
variable and range from insignificant to almost total. The following generalizations 
have been mentioned elsewhere: 

• Plants grown from infected cuttings sustain a greater yield loss than 
those of the same variety infected later by whiteflies, and plants infected at a 
late stage of crop growth are virtually unaffected (CABI 2023). 
• There are big varietal differences in response to infection  (Fargette, 

Fauquet, and Thouvenel 1988); 
• Infected plants of varieties designated as resistant may sustain 

substantial yield losses (Seif 1982) 
• There is a positive relation between the extent and severity of 

symptoms and yield loss (Thresh et al. 1997; Seif 1982); 
• Competition and compensation effects are likely to be important and 

infected plants surrounded by uninfected ones are more seriously affected than 
those in groups (Otim-Nape, Thresh, and Shaw 1997);  
• Effect on yield are influenced by crop duration (CABI 2023); 
• From experience with other virus-host interactions, it is likely that soil 

fertility, seasonal factors, crop spacing and other cropping practices, virus 
strain, weed control and other pests/diseases influence the effects of CMD on 
growth and yield, although they have not been sufficiently investigated (CABI 
2023). 

I.2.3. The cassava brown streak disease (CBSD)  

CBSD represents the most damageable threat to cassava productivity in sub-Saharan 
Africa. The disease was first reported during the early days of the Amani cassava 
research program in northeastern Tanzania in 1930s (Storey 1936; 1938). At this 
earliest record period, the disease was noted to occur widely in the coastal region of 
East Africa and was considered to have a viral etiology from the outset.  

a. Historical background 

Research milestones accomplished on cassava brown streak disease since its first 
report were previously summarized  through various extensive reviews (Legg and 
Thresh 2003; K. R. Tomlinson et al. 2018a; Vanderschuren and Rey 2017) (Table I-
3). 

The historical facts related to CBSD started from the 1930s with the first report of 
the disease by the Amani research station team in Tanzania (Storey 1936). At that 
time, the disease was symptomatically described and distinguished from CMD. Since 
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no pathogen could be observed whereas the disease was graft-transmitted, it was 
assumed that the causal agent could be a virus.  

Table I-3. Summary of CBSD history before 2000’s (Legg and Thresh 2003; K. R. 
Tomlinson et al. 2018a; Vanderschuren and Rey 2017) 

1936 First reported: Tanzania. Distinguished from CMD, Graft transmissible, 

assumed to be viral. 

1939  (Storey 1939) 

1940 Reported in Zanzibar 

1950 Reported from Uganda (assumed to have been introduced from Amani 

research station) 

1940s-1950s Resistance breeding (Tanzania) 

1950 Reported in Southern Malawi, detailed descriptions of symptoms, effect 

of temperature/altitude recognized. 

1959 Successful sap transmissions to/from cassava and herbaceous hosts 

(Lister 1959) 

1970s-1980s Virus studied in Kenya (further sap transmissions) and UK (first electron 

microscopy) 

1990 "rediscovered" in Tanzania 

1992 "rediscovered" in Malawi 

1994 "rediscovered" in Uganda 

1993/1994 First countrywide survey (Tanzania) 

1995-2000 Epidemiology studies in Tanzania, Mozambique (Nampula/Zambezia) 

and coastal Kenya 

1996 Reported in Zambia 

 

After the disease being also reported in Zanzibar, Malawi (along the lakeshore), and 
Uganda (it was thought to have been introduced in cutting material from Amani in 
1934), subsequent efforts to study the disease through symptoms description and 
elucidation of the temperature/altitude effects were done. It was also noted that the 
disease was endemic throughout Tanzania, occurring right up to the borders with 
Kenya to the North and Mozambique to the south. Following this spread, Major 
campaigns were launched in Uganda and Tanzania to eradicate the disease (Legg and 
Thresh 2003).  

Later on, Lister (1959) transmitted successfully the viral agents of CBSD to a range 
of herbaceous hosts through mechanical inoculation and then back-transmit them to 
cassava with sap from leaves of infected herbaceous indicator plants. 

After the Amani research program, the next effort on CBSD started later through 
the ODA/Kenya Plant Virology Project as well as in the UK. The main outcome from 
these investigations consisted in the realization of the first electron microscopic study 
that revealed the presence of filamentous particles c.650 nm long (Bock 1994). 
However, it has been considered that these particles could possibly be carlaviruses, 
although various limitations complicated the final conclusions. This consideration has 
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been later supported by the fact that a positive serological reaction was obtained 
between the extracts from infected leaves and antibodies raised against the carlavirus  
cowpea mild mottle virus (Brunt 1996). However, the presence of pin-wheel 
inclusions structures, at the time only observed in association with potyvirus 
infections, was also noted (Lennon, Aiton, and Harrison 1987). 

Globally, the 5 decades of sporadic search into CBSD resulted in the development 
of a substantial body of information on the disease. Unfortunately, several important 
aspects of the disease remained non elucidated: (i) the etiology was not fully 
determined, (ii) the causal viruses were not characterized, (iii) no vector was known, 
and (iv) there was little information on temporal or spatial patterns of the disease 
spread (Legg and Thresh 2003). Most of this important missing information were 
addressed during the following decades and are summarized below. 

b. Research milestones from 2000’s 

In this section we updated these works by adding the main research 
accomplishments realized up to October 30th 2022. In this line, we conducted a 
literature review  of various published references available through SCOPUS from 
2000’s up to October 30th 2022. We used the following research formula for this 
purpose: (TITLE-ABS-KEY (Cassava) AND TITLE-ABS-KEY ("brown streak 
virus”) OR TITLE-ABS-KEY ("brown streak disease") AND PUBYEAR > 2000.  

In total we could retrieve 206 documents, most of which have been published in the 
2016-2020 period (107 documents) (Figure I-13A). The main thematic covered by 
these publications deals with the aspects related to genetics and breeding for resistance 
(67 documents); disease epidemiology, surveillance and risk assessments (42 
documents), disease diagnosis and detection (31), molecular biology and virus 
evolution; as well as insect science (28 documents respectively) (Figure I-13B). 

 
Figure I-13. Literature analysis on (A) the number of scientific publications as well as (B) 

the main thematic covered by the 206 publications on cassava brown streak disease (or virus)  
retrieved through SCOPUS between 2000’s and 2022. 

Through literature exploitation identified some of the research events on CBSD 
during the aforementioned period as summarized on the figure I-14 below.  
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Figure I-14. Key events in cassava brown streak disease (CBSD) research history (2000-

2022). CP, coat protein; RT-PCR, reverse-transcription polymerase chain reaction, 
CBSD, cassava brown streak disease; CBSV, cassava brown streak virus; UCBSV, 

Ugandan cassava brown streak virus; RNAi, RNA interference; HTS, high throughput 
sequencing; CMD, cassava mosaic disease; NWG, new whole genome. 

Further details and comments regarding this summary were compiled together with 
other information from the period before 2000’s to generate brief descriptions 
presented in subsections c-g below. 

c. Etiology, structure, properties, and diversity of the CBSD-associated 

viruses 

One of the key milestone achieved in the early 2000’s was that from the 
University of Bristol’s (UK) team who adopted a molecular approach to resolve 
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the etiology of the CBSD-causing viruses by partially purifying the virus from 
CBSD-affected cassava material collected from Tanzania (W. a Monger et al. 
2001). They successfully generated a 1114 bp long partial sequence of the coat 
protein  and subsequently designed primers which were used for RT-PCR detection 
in extracts from CBSD-affected leaves. This first ever-made CBSV sequence 
finally resolved the identity of the virus to belong to the Ipomovirus genus since 
the closest identical sequence identified (43.2%) was the one from the sweet potato 
mild mottle virus, a unique member of the genus Ipomovirus at that time. 

Based on the variation in the coat protein nucleotide sequences between different 
isolates collected from Mozambique and Tanzania (Monger et al. 2001b), and on 
variable symptoms observed in different cassava cultivars (R. J. Hillocks, Raya, 
and Thresh 1999; W. A. Monger, Seal, Cotton, et al. 2001) and experimental hosts 
such as Nicotiana benthamiana (W. A. Monger, Seal, Isaac, et al. 2001), the 
occurrence of different strains of CBSD-causing viruses was suspected (J. Legg, 
Kumar, and Kanju 2015) 

The first complete characterization, and by the way, the first diversity analyze of  
CBSVs came in 2009 with very interesting information such as:  

(i) A genome characterized by a positive-sense, single-stranded RNA 
genome consisting in 9,069 nt long, with a polyprotein expression 
strategy;  

(ii) The genome is different from other Potyvidae members in that it 
lacks the HC-Pro but contained a single P1 serine protease 
involved in the RNA silencing suppression in the 5’-proximal part 
of the genome, and more importantly, contained an exceptional 
structure related to a Maf/HAM1-like sequences in the 3’-
proximal part of the genome, recombined between the NIb and the 
CP (Figure I-15); and  

(iii) two “genetically different and geographically separated 
populations” of CBSVs were involved in the aetiology of the 
disease: Cassava brown streak virus (CBSV) and Ugandan 
cassava brown streak virus (UCBSV) (genus Ipomovirus, family 
Potyviridae) (Mbanzibwa, Tian, Tugume, et al. 2009; 
Mbanzibwa, Tian, Mukasa, et al. 2009).  

It is only in 2010 that the team from (Winter et al. 2010a) finally completed the 
aetiology of CBSD through the demonstration of the Koch’s postulate and clarified 
by the way the existence of  “at least two distinct species” considering differences 
observed both in the biological behavior and in genomic and protein sequences of 
CBSVs: the first species gathering isolates from Kenya, Uganda, Malawi, and the 
Tanzanian part of the lake Victoria basin in the North-western Tanzania (UCBSV) 
whilst the second species included isolates from coastal lowland regions of 
Mozambique and Tanzania (CBSV) and shared only 70% nucleotide sequence 
identities with the first species group (Winter et al. 2010a). If these different 
species could be geographically separated at that time, their geographic repartition 
were mixed further on.  
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Among other biological characteristics, it was importantly noted that the CBSV 
was more devastating than UCBSV since it could infect all cassava lines, 
susceptible or tolerant (Winter et al. 2010a). Later in 2016 with the advent of the 
HTS technology and the raise in the number of available complete genomes, (Titus 
Alicai et al. 2016a) demonstrated that CBSV had the capacities of outsmarting the 
cassava immune system by having a faster rate of evolution compared to UCBSV, 
and by having more predominant nonsynonymous substitutions than synonymous 
substitutions .   

From an evolutionary perspective, the question of the origins of the CBSVs, as 
is the case for CMGs, remains until now not clarified. In fact, it was hypothesized 
that at its arrival in East Africa in the eighteenth century, the cassava must have 
been infected from a wild host somewhere in the region. However, no 
epidemiologically significant alternative host plants, other than the wild relative 
Manihot glaziovii, has been shown to be infected by these viruses (Mbanzibwa et 
al. 2011). 
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Figure I-15. Genome organization of representative species for various genus in the 

family Potyviridae. The figure highlight the unique features of the CBSV and UCBSV 
genome organization. This figure is a personal adaptation based on genome organization 

from the ICTV website [https://ictv.global/report/chapter/potyviridae/potyviridae] 
accessed on December 12th, 2022). 

The positive sense single-stranded RNA genome of CBSV consists of size varying 
between 8,972 bp to 9,036 bp (Genbank accession numbers HG965221.1 and 
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MF975780.1 respectively) , whereas that of UCBSV is slightly longer, consisting of 
sizes varying between  9,069 bp and 9,097 bp (Genbank accession numbers 
FJ039520.1 and KX753357.1 respectively). Their genomes express a polyprotein of 
about 2902 amino acid residues encoding 11 proteins. From the 5’ to the 3’, these are: 
the P1 (protein1 protease), which is a protein with a serine proteolytic activity 
responsible for cleavage at typically Tyr/Phe-Ser and is also a suppressor of RNA 
silencing because of the lack of the P1b protein which plays that role in other potyvirus 
genomes; a P3 (protein 3); PIPO (pretty interesting potyviridae ORF), embedded in 
the P3 ORF and expressed as the trans-frame P3N-PIPO protein; 6K1 (6-kDa protein 
1); CI (cylindrical inclusion); 6K2 (6-kDa protein 2); VPg (virus protein genome-
linked), the genome-linked virus protein covalently attached to the 5-terminal 
nucleotide represented by an aval; NIa-Pro (the second of two functional regions of 
the NIa, nuclear inclusion a protease, susceptible to being proteolytically separated 
from the VPg region), a cysteine-like proteolytic activity responsible for cleavage at 
Gln/Glu-(Ser/Gly/Ala); NIb (nuclear inclusion b), RNA-directed RNA-polymerase; 
Maf/HAM1 (a putative pyrophosphatase); and the coat protein. The protein-encoding 
region is flanked at the 5’ and 3’ ends each by an untranslated region, and the 3’ end 
finalizes with a circa 30 nucleotides poly-A tail (Mbanzibwa, Tian, Mukasa, et al. 
2009; Winter et al. 2010b).  

The arrangement of ORFS on the genome of CBSVs is particular compared to other 
potyvirid (Figure I-15): the ORFs encoding for proteins 6K1, CI, 6K2, VPg, NIa-Pro 
and NIb are similar to members of the family. However, at the 5’ end, the P1 ORF is 
functionally equivalent to the P1b protein of other ipomoviruses (the squash vein 
yellowing virus  and Cucumber vein yellowing virus) but absent in the genomes of 
CBSVs. Additionally, the Maf/HAM1 protein in the CBSV and UCBSV genomes is 
unique and previously identified only in Euphorbia ringspot virus, a member of the 
genus potyvirus, and in cassava cassava torrado-like virus, a member of the family 
Secoviridae (Mbanzibwa, Tian, Mukasa, et al. 2009; Leiva et al. 2022a). These recent 
years, this protein has been investigated to understand its role in the infection 
mechanisms and as a virulence determinant  for CBSVs. 

The Maf/HAM1 protein is a group of ubiquitous proteins expressed by all living 
organisms and involved in the reduction of mutagenic pools of non-canonical 
nucleotides (A. M. James et al. 2021). The relevance and role of this protein for 
viruses, and especially for CBSVs, is a matter of investigations since recent years. 
Investigations from (K. R. Tomlinson et al. 2019) suggested that in N. benthamiana, 
the Ham1 protein of CBSVs has a function of hydrolyzing mutagenic nucleotides as 
well as a determinant of necrosis. However, these functions have been shown to be 
distinct when it came to consider cassava, and more extensively plants from the 
Euphorbiaceae family, as the host.  

In fact, since the 3’ extremity of the ITPase from cassava had a particularity of being 
flanked with a nuclear localization signal, it has been demonstrated that cassava 
expressed its ITPase in the nucleus, leaving the cytoplasm a highly challenging 
environment for replication of RNA viruses due to a raise in the amount of non-
canonical nucleotides. Some authors suggested this over-accumulation of non-
canonical nucleotides might had a key role in the antiviral defense of the plant (Valli 
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et al. 2022). To overcome this situation, RNA viruses infecting the cassava were 
predicted to need this Maf/HAM1h protein (A. M. James et al. 2021).  

Recently, it has been validated that, in fact, CBSVs required the ITPase activity for 
infecting the cassava, but not in the model organism N. benthamiana  and that a 
fraction of the ITPase remained covalently bound to the viral RdRp to optimize viral 
fitness (Valli et al. 2022). The most important findings about the role of the HAM1h 
protein of CBSVs in the infection of cassava were brought by (Sheat and Winter 2022) 
who experimentally demonstrated that apart from being required for cassava infection, 
it was involved in the determination of pathogenicity, replication and movement, but 
also impacted on resistance and resistance breaking.  

The phylogeny aspect of CBSVs have been commonly addressed using demarcation 
cutoffs suggested by the ICTV as follows: the thresholds for species demarcation 
using nucleotide identity values for the individual coding regions range from <58% 
for the P1 coding region to <74-78% for other regions. For the coat protein, the 
optimal species demarcation criterion is <76-77% nucleotide and <80% amino acid 
identity (M. J. Adams, Antoniw, and Fauquet 2005). These criteria have early 
suggested the existence of two viral species: the CBSV and the UCBSV. 

However, with the advent of the HTS, the availability of much more complete 
genomes and the possibility of supercomputing have allowed a deep investigation and 
understanding of evolutionary mechanisms driving the CBSVs genomes. In that 
perspective, findings from (Titus Alicai et al. 2016a; Mbewe et al. 2017; Amisse et al. 
2019) supported that among the 10 genes encoded by the CBSVs genome, eight could 
support the existence of two genetically distinct clades among CBSV, distinguishable 
from UCBSV; whereas only two genes could support the existence of the known 
CBSV and UCBSV species (CP and HAM1h genes) (Figure 16). Additional 
biological data are awaited to support the existence that putative divergent species 
within the CBSV species.     
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Figure I-16A. Phylogenetic trees based on the first five genes encoded by the CBSV and 

UCBSV and showing how these genes place these viruses into three clades. The trees 
were generated using best-fit model preselected in jModel Test. The number at each 
branch represents the bootstrap value (1000 replicates) and the scale bar represents 

nucleotide substitution per site. The figures were adapted from (Amisse et al. 2019).  
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Figure I-16B. Phylogenetic trees based on the five additional genes encoded by the CBSV 

and UCBSV and showing how only the HAM and CP genes place the isolates into two 

distinct clades whereas three distinct clades could be seen using the 3 other genes as shown 

in figure 16A. The trees were generated using best-fit model preselected in jModel Test. The 

number at each branch represents the bootstrap value (1000 replicates) and the scale bar 

represents nucleotide substitution per site. The figures were adapted from (Amisse et al. 

2019).  
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d. Symptoms and diagnostic methods 

The first detailed description of the CBSD symptoms was provided by (Nichols 
1950) from the Amani station in Tanzania. Already at this first description, a key facet 
of symptoms highlighted was their extreme variation, not only from one variety to 
another (depending on the susceptibility of the cultivar), but also from season to 
season (depending on environmental conditions), and the age of the plant. Although 
symptoms could be observed on the leaves, stems, fruits, and tuberous roots; it was 
noted that in sensitive varieties, symptoms may be present on all plant parts while for 
more tolerant varieties, there may be only one symptom, commonly on leaves. 

On leaves, two types of symptoms have been recognized by Nichols (1950): a first 
type consisting in a feathery chlorosis associated with secondary and spreading to 
tertiary veins as infection progresses and coalescing to produce a more general blotchy 
chlorosis. A second symptom type, more common, consisting in a general blotchy 
chlorotic mottle lacking clear association with veins (Figure I-17). In both cases, these 
symptoms are more prominent on lower leaves, and the yellowing can be readily 
distinguished from senescence by the presence of patches of green that occur in 
symptomatic leaves of CBSD-affected plants. Distinctly to CMD, no distortion of the 
leaf lamina and no size reduction happens (Legg and Thresh 2003). 

On the green portions of stems of sensitive varieties, brown necrotic streaks occurs 
and gave the name of the disease although sometimes not consistent considering that 
stem symptoms are less frequent than either root or leaf symptoms (Figure I-17). In 
sensitive varieties, shoot dieback may occur during periods of cool dry weather with 
the upper portion of the stem becoming necrotic and then drying out. The die-back 
symptoms were particularly severe when plants were generated from infected cuttings 
and in extreme cases, the entire plant was destroyed (Legg and Thresh 2003).   

The development of dry, corky, and necrotic lesions in the root tissue is by far the 
most important symptom produced by the disease, additionally to malformations and 
constrictions that can be also observed (Figure I-17). These necrotic lesions enlarge 
and change color from yellow to sepia dark brown, becoming therefore more intense 
as the plant matures, particularly “beyond” the physiological maturity at about 12 
months after plantation (Nichols 1950; Hillocks et al. 2001). Even though radial 
constrictions or longitudinal fissures may occasionally be caused, the dry root rot 
often occur in the absence of any obvious external signs (J. Legg, Kumar, and Kanju 
2015). The time of onset of root symptoms and their overall severity as well as the 
relative importance of foliar versus root symptoms has been demonstrated to be highly 
variable between cultivars. Additionally, severely affected roots were shown to be 
susceptible to secondary infections by soil-inhabiting fungal or bacterial pathogens, 
leading ultimately the plant to the death (J. Legg, Kumar, and Kanju 2015).  

All symptoms types are more apparent during periods of cooler weather and in more 
mature plants. Additionally, the link between foliar and root symptoms has been 
clarified as being uncertain for most varieties and situations (Hillocks et al. 1996). 
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Figure I-17. Symptoms of CBSD in leaves (A-F), stem (G) and roots (H-L) of cassava 
(for leaves, symptoms in N. benthamiana are also inserted). 

(A) Natural infection of CBSV Tan_70 in cassava collected from Mlandizi, Tanzania; (B) 
cassava land race Mbongo, D.R. Congo, infected mechanically with CBSV Ke_125; (C) 
TMS 96/0529 infected mechanically with CBSV Mo_81; (D) TMS 96/0160 infected 
mechanically with CBSV Ug_23; (E) TMS 96/0304 infected mechanically with CBSV 
Ma_43; (F) TME 4 infected mechanically with CBSV Mo_83 (Winter et al. 2010b). (G) 
Stem of CBSD-affected cassava plant expressing brown streak necrosis (Munganyinka et 
al. 2018); (H) Cassava root showing necrosis restricted on outer surface of the tuber in 
Uvira (D.R. Congo) (This study) ;   (I) Necrotic root rot of cultivar Cho5_203 at Bunda in 
Tanzania (Rudolph R. Shirima et al. 2020); (J) Marked root necrosis of a cassava 
germplasm line from South-America to infections with CBSV-Mo83; (K) Roots of CBSD-
affected plant showing uncommon circular yellowish-brown necrosis in Rwanda 
(Munganyinka et al. 2018); (L) Root necrosis of a cassava plant infected by the cassava 
root necrosis disease (CRND) in Congo central, D.R. Congo (Zeyimo et al. 2020).  

This seasonality in the CBSD symptom expression combined with the fact that they 
are much less obvious, ephemeral and of variable nature make the visual inspection 
of plant not reliable and complicate the diagnosis of infection during field-based 
assessment of the disease. This necessitate more skills and attention on behalf of 
agricultural workers or researcher during field-based assessment of the disease (J. 
Legg, Kumar, and Kanju 2015).  Various symptoms guides have been published in 
order to aid in the field diagnosis of symptoms (CABI, 2014; CRS, 2014).  

e. Transmission modes, vectors, host range, and epidemiology 

After its first report in the northeast Tanzania (Amani station), the CBSD was 
reported to be endemic in all East African coastal lowland from Kenya to the border 
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between Tanzania and Mozambique (Rj Hillocks and Jennings 2003; R. J. Hillocks, 
Raya, and Thresh 1999; R. J. Hillocks et al. 2002). Early reports mentioned Uganda, 
the southern Malawi (in the inland and shores of lake Malawi), and the North-Eastern 
region of Kenya (Nichols 1950; Rj Hillocks and Jennings 2003; Patil et al. 2015)  as 
first regions where the disease has spread (Table I-4_A).  

Therefore, it was known during that period that CBSD symptoms can be expressed 
at altitudes greater than 1,000 masl when infected cuttings have been planted. This is 
what occurred in Uganda in 1934 (in Bukalasa and Serere) when infected material 
was taken from Tanzania, fortunately the disease was controlled by destroying all 
plants showing symptoms (Jameson 1964). 
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Table I-4_A. Four main events associated with the epidemiology of CBSD in Africa  
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This restriction to lowland regions abruptly changed in the early 2000s, as new 
outbreaks re-emerged in mild-altitude areas above 1000 masl in central Uganda, 
western Kenya, and north-western Tanzania (Lake Victoria zone) (T Alicai et al. 
2007). It was not clear what was the drivers of that outbreak but several hypotheses 
have been proposed including:  

• The possibility that the disease might have been present for many 
years at a low level and was not noticed,  
• The emergence of a new and more aggressive strain of CBSV: Since 

the diversity studies have identified two different virus species associated with 
the CBSD (the CBSV and UCBSV), and even though they have been initially 
detected in geographically separated regions (Tanzania and Uganda, 
respectively), the virulence studies later demonstrated that the CBSD outbreak 
at altitude higher than 1000 masl was not driven by the appearance of new 
virulent strains in the Great Lakes region (Mbanzibwa, Tian, Tugume, et al. 
2009; Winter et al. 2010a) 
• Introduction of infected material from the coastal areas of Kenya, 

Tanzania, Malawi, or Mozambique where CBSD is endemic: Before this 
outbreak, there was a general lack of scientific interest in the CBSD due, among 
other reasons, to the fact that the disease has a restricted localization to low 
altitude along the coastal eastern Africa. A greater priority was dedicated to the 
mitigation of the devastating impacts of CMD on food security and its 
prevalence across all cassava-growing areas of Africa. To help control the 
disease, CMD-resistant cultivars were distributed to areas severely affected 
(Legg and thresh, 2000). However, it was later shown that these cultivars were 
susceptible to one or both species of viruses causing the CBSD, and that the 
transportation of infected material to areas in which CBSD was previously 
absent has enabled the disease to spread over long distances from independent 
hot spots (Winter et al. 2010a; J. P. Legg et al. 2011).  
• The coincidence of the CBSD re-emergence with a massive increases 

in the whitefly Bemisia tabaci populations (superabundant populations) 
observed in these periods and that could have aided the spread of the disease (J. 
P. Legg et al. 2011; T Alicai et al. 2007). This observation is relevant 
considering the fact that the spread of the recombinant variant, EACMV-UG, 
has been associated with severe CMD pandemic that spread from Uganda to 
neighboring countries between 1988 and 2007, and was linked to unusually high 
populations of B. tabaci (Deng et al. 1997; Gibson, Legg, and Otim-Nape 1996; 
J. P. Legg 1999; Otim-Nape, Alicai, and Thresh 2001). Considering the 
transmission mode of CBSVs that have been later demonstrated to be semi-
persistent, the B. tabaci have been demonstrated to be involved in the 
transmission of CBSVs on short distances inside or on nearby fields. 

Other driving forces might have been at stake in the dissemination of CBSVs as 
hypothesized by (Vanderschuren and Rey 2017) including the contribution of 
CBSVs infection to the attraction of B. tabaci by the cassava host and notably the 
role of minimum temperature on CBSD incidence (Vanderschuren and Rey 2017).   
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Figure I-18. Status of CBSD outbreak in African countries and Comoros until 2022. 

Since the initial suspicions that B. tabaci could be the vector of viruses causing the 
CBSD (Storey 1935), experimental evidences waited until 2005 to validate the role of 
the whitefly in the transmission of CBSVs (Maruthi et al. 2005). In fact, that work 
suggested a low transmission efficiency (22%), a minimum of 5 and 30 min for AAP 
and IAP, respectively, and a maximum of 24h retention time. However, recent work 
indicated a transmission efficiency of up 60% using 20-25 viruliferous whiteflies 
given an AAP and IAP of 24 and 48 hours per plant respectively. Additionally, 
findings from this study suggested no difference between the transmission efficiency 
of CBSV and UCBSV, and importantly that the disease could spread in the field up 
to a distance of 17 m in a cropping season. These evidences definitely supported a 
semipersistent transmission by B. tabaci on short distances in the field, and 
importantly, the role of planting material movement in the spread of the disease over 
longer distances (Maruthi et al. 2017).  

More than validating the semipersistent mode of transmission, Winter (2022) has 
recently demonstrated that Bemisia tabaci was very inefficient in transmitting 
U/CBSV and that consequently, high populations of whiteflies were necessary for the 
transmission to occur in laboratory conditions whereas in field condition this could 
only be attained during seasonal upsurge of whiteflies populations. These findings 
allowed to show that the whitefly vector was not a bottleneck for U/CBSV  
maintenance and more importantly that U/CBSV populations have shaped towards 
vegetative propagation and would not probably need the whitefly transmission factors 
to sustain their life (Winter, 2022). 
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In addition to cassava, the CBSD has been reported to naturally occur on M. 
glaziovii  and the “tree” cassava, which is presumed to be a hybrid between M. 
glaziovii and M. esculenta (Storey 1936; Bock 1994) (Storey, 1936; Bock, 1994). 
However, following mechanical inoculation, various herbaceous species have been 
also experimentally infected. For instance, chlorotic or necrotic lesions were produced 
in N. debneyi, systemic and irregular chlorotic vein banding in N. benthamiana and 
N. clevelandii. Systemic chlorotic stippling with vein banding was produced in D. 
stramonium and D. ferox. Additionally, sap inoculation has been also used to 
reproduce symptoms in Solanum nigrum and Chenopodium quinoa (Bock, 1994). 

f. Economic importance 

• The various types of symptoms resulting from the CBSD infection in cassava 
causes economical losses in several ways (J. Legg, Kumar, and Kanju 2015):  
• Reduction of root yield through impairment of the growth of the plant: a study 

conducted in Tanzania (Hillocks et al. 2001) suggested losses of up to 70% in the most 
sensitive cultivars due to the impairment of growth, although a more typical level of 
loss was considered to be 30% (Rj Hillocks and Jennings 2003). 
• Spoilage of roots through the effects of severe root rot: loss due to root 

spoilage have been estimated to account for up to 24% in sensitive cultivars, and circa 
17% on average (Hillocks et al. 2001)  
• Premature harvesting by farmers in order to avoid spoilage of roots through 

rot: the reduced yield due to early harvesting has been recognized for many years as 
an important indirect consequence  CBSD infection (Childs 1957). However its 
economic cost has not been quantified yet.  
• Loss of planting material arising from premature harvesting: basically, 

cassava is commonly planted on a 12-month cycle. Therefore, stems from early 
harvested plants (7–10 months after planting) may be unusable as planting material 
by the time the normal planting season comes around.  
• Increased labor costs associated with peeling partially rotten roots. 

As highlighted above, it is clear that the main economically significant effect of 
the disease happens through the root necrosis symptoms as recognized since the 
earliest research on CBSD (Nichols 1950). The cited economic consequences are 
exacerbated by the fact that usually, farmers are not aware that their crop is affected 
until they cut open the tuberous root during harvest operations to realize it is late 
(J. Legg, Kumar, and Kanju 2015).  

Various small-scale, and sometimes country-wide assessments of the impact of 
CBSD have been realized in different affected regions and allowed the estimation 
of yield losses. For example, it was demonstrated in Tanzania that sensitive 
varieties may lose up to 70% of fresh root yield due principally to the effects of 
die-back that can be compounded by the effects of necrosis on root quality (from 
2 to 29 % additional losses), which prevent harvested roots from being marketed 
or encourage premature harvesting to avoid the most severe damage. This 
suggested that in most extreme situations, losses ranged from 72 % to 99 % 
(Hillocks et al. 2001). 



 CBSD epidemiology and cassava viruses in D.R. Congo  

 

46 

A regional survey on the economic impact of CBSD conducted from East and 
Central Africa in 2009 (Burundi, eastern DRC, Kenya, Rwanda, Tanzania and 
Uganda) estimated losses of up to 1,600,000 tons (Manyong et al., 2012). Even 
tough it is not easier to obtain a truly accurate estimation of the economic damage 
caused by CBSD; an overall loss of circa US$750 million a year has been 
estimated across Kenya, Tanzania, Uganda and Malawi (R Hillocks and Maruthi 
2015). Although CBSD has attracted an increasing amount of interest since the 
development of new outbreaks in the Great Lakes region, these loss figures, when 
compared to those of CMD (more than US$1.9 billion annually);  

Additionally, it was also observed that the relationship between leaf and root 
symptoms was ill-defined since some varieties or plants with clear leaf symptoms 
failed to show root symptoms while others, not expressing leaf symptoms, 
produced root symptoms (Legg and Thresh 2003).  

Symptoms of root necrosis and yield loss increase as the age of the crop increases 
and losses are particularly acute for local varieties in which root necrosis begins to 
increase from six months after planting, encouraging farmers to harvest 
prematurely (Nichols 1950; Hillocks et al. 2001) 

I.2.4. Control and management of CMD and CBSD 

Most of general components that are essential for the effective management of plant 
viral diseases are equally applicable to cassava. These components involve: (i) the 
detection and monitoring, (ii) the prevention of infection, and (iii) the control of 
infection. The control strategies that have been applied for CMD and CBSD have been 
extensively reviewed elsewhere (J.P. Legg et al. 2006; James P. Legg et al. 2015; 
Thresh and Cooter 2005; Vanderschuren and Rey 2017; E. B. Bisimwa 2012). Below 
I summarize and discuss some of the milestones regarding the breeding for resistant 
varieties. 

i. Management of CMD 

Two major approaches have been prioritized in the management of CMD in Africa. 
They include the maintenance of CMD-free crops through phytosanitation and the use 
of virus-resistant varieties (Thresh and Otim-Nape 1994). The phytosanitation 
involves the removal of diseased plants from the field (or roguing) to prevent further 
spread and/or the selection of CMD-free stems at the end of each growing cycle in 
order to plant new fields with “clean” material (Legg and Thresh 2003). In addition 
to virus-free planting material, the management has also included quarantine 
measures, crop hygiene , changes in cropping practices (e.g. intercropping) and the 
use of pesticides to control vectors (E. B. Bisimwa 2012; Thresh 2003) 

The use of resistant or tolerant varieties has obvious advantages in seeking to 
decrease virus-induced losses. A number of research programs with a priority of 
identifying CMD resistance sources have been prioritized in Africa. The breeding 
activities against the cassava mosaic viruses have stared at the Amani program in 
1930(Jennings 1957). The first resistant varieties, characterized by a resistance of 
CMD1 type, were obtained by crossing cassava with its wild-relative Manihot 
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glaziovii Muell.-Arg and subsequently through backcrosses to combine the resistance 
with good root yield (Jennings 1957; Hillocks and Jennings 2003). This CMD1 
resistance is of a recovery type, recessive and polygenic. The following resistance 
type, the CMD2, was later identified within a West African cassava landrace TME 3 
(Akano et al. 2002) and provided extreme resistance against all known viruses causing 
CMD (Ariyo et al. 2005; 2006; Atiri et al. 2004)  and is currently the predominant 
cassava mosaic virus resistance source. CMD2 is monogenic, has a dominant 
inheritance, and is very stable and consistent in conferring virus resistance (Rabbi et 
al. 2014; Codjia et al. 2022; Okogbenin et al. 2012). Another type of resistance, the 
CMD3, described in the elite cultivar TMS 97/2205 that was selected from crosses of 
TMS 30572 (CMD1-resistant type) and TME 6 (CMD2-resistant type) was later 
characterized (Sheat et al. 2019). This resistance type was a quantitative trait locus 
and similarly confers very high resistance against the viruses causing CMD. 

Multiple donor-funded research initiatives over the last 45 years took place to 
release, promote and disseminate planting material resistant against the CMD since 
the disease emerged as an epidemy in Africa. 

From 1986, the International fund for Agriculture Development (IFAD) funding in 
Nigeria was used to multiply and disseminate five CMD-resistant and high-yielding 
varieties from the TMS line that were released by IITA in 1977. These varieties 
remained popular up to 35 years after their release: TMS 50395, 63397, 30555, 
4(2)1425, and 30572.   

Additionally, from 1991 to 1994, the IITA introduced in Malawi cassava varieties 
tolerant to CMD and CBSD, having high yield and drought-tolerant characteristics. 
Varieties such as CH92/082, TME 6 and BA95/070 were multiplied and disseminated 
through funding from the Agency for International Development (USAID) (Benesi et 
al. 2010). 

As a response to the CMD-UG epidemic in Uganda, various initiatives have been 
initiated by several actors to promote multiplication and distribution of CMD-resistant 
TMS varieties.  

The crop crisis control project (C3P), a regional intervention implemented in six 
countries from the Great Lakes Regions and aimed at responding to CMD and banana 
wilt disease, multiplied and disseminated four CMD-resistant cassava varieties in the 
Eastern D.R. Congo: Sukisa (MM96/1666), Sawasawa (MM96/3920), Mayombe 
(MM967752) and Liyayi (MM96/0287) (C. Legg 2008). Before that period, four 
CMD-resistant cassava varieties, resulting from a research collaboration between the 
IITA and the National Agricultural Research from D.R. Congo (INERA-Nvuasi 
station), were released. These varieties are locally-known as Butamu, Disanka, 
M’vuazi and Nsasi and are also widely cultivated. 

The near-immunity of the CMD2 and CMD3 resistance locus in cassava conferred 
broad-spectrum resistance against all known cassava mosaic viruses. For that reason, 
currently the CMD is no more a critical threat to cassava cultivation in Africa. 
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ii. Management of CBSD 

The expansion of the CBSD epidemic across the Great Lakes region of East and 
Central Africa has triggered the need of rapidly developing and implementing 
effective control strategies. Several important projects were initiated following 
CBSD re-emergence, which aimed at developing research, extension and policy 
capacity in the countries affected. Key targets have been to breed or genetically 
engineer resistant cultivars, provide certified virus-clean planting material and 
improve viral surveillance and diagnosis (Legg et al., 2014). 

Research on breeding resistance initiated at the Amani station in the 1930’s 
considered both CMD and CBSD. Following the success of the interspecific 
crossing technique using M. glaziovii to introduce CMD resistance to cultivated 
cassava, a similar approach was explored for CBSD, although in this case, using 
the other wild relative M. malanobasis Muell. Arg. (Legg and Thresh 2003). 

However, the control of CBSD posed a serious challenge compared to that of the 
CMD: “all” African cassava varieties, improved against CMD or not,  were 
susceptible to the two viruses causing the disease, and while there were less 
sensitive varieties, “all” cassava eventually succumbed to the disease (Sheat et al. 
2019). 

A number of interventions, reviewed in (Vanderschuren and Rey 2017), aiming 
at mitigating the damages due to CBSD through research and development projects 
have been undertaken in various African countries mostly as regional 
interventions. Early at the re-emergence of the disease, most of these interventions 
privileged the multiplication and distribution of elite cassava varieties, initially 
bread for resistance against CMD.  

Since all of those varieties were susceptible or tolerant to CBSD and in a context 
of significant knowledge gap on the CBSD epidemiology, those interventions 
unintentionally exacerbated the risk of virus spread through susceptible germplasm 
exchanges between and within countries. The following statements, taken from a 
report resulting from a field visit of a cassava multiplication site intended for 
production of cuttings for dissemination to farmers in 2010 in Burundi  (CRS 
2012), illustrates the extent of the facts:  

 “During the field visit, clear symptoms of Cassava Brown Streak 
Disease (CBSD) were observed in all sites and on all the clones. All of the 
samples collected from the visit confirmed CBSD during lab testing. The 
clones multiplied by FAO (MH96/5280 and MH96/0287) showed 
considerably more severe symptoms than that multiplied by GLCI 
(Mh96/7204). In fact, it was agreed in 2006 that, based on the experience with 
MH96/5280 in Kenya where this variety seriously succumbed to CBSD, this 
clone would no longer be multiplied. It was continued to be multiplied by the 
Burundi Institute of Agronomic Sciences (ISABU) and FAO, perhaps 
because there had been no lab evidence of CBSD in Burundi until this visit.” 
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Breeding cassava is notoriously difficult because of the high heterozygosity and 
a challenging cross-pollination process (Ceballos et al., 2012). Additionally, 
breeding is also complicated by cultivars showing variation in CBSD resistance 
depending on the environment, which necessitates the testing of cultivars in 
different agro-ecological zones to ensure that their resistance is stable 
(Tumuhimbise et al., 2014). 

Although tolerant cultivars develop reduced symptoms, they remain susceptible 
to CBSD viruses and thereby their adoption does not remove viral inoculum from 
the field. This is why considerable efforts have been made to screen and breed 
cassava cultivars for CBSD resistance, which are able to restrict  CBSD viral 
replication and/or movement (K. R. Tomlinson et al. 2018b). 

The lack of CBSD resistance in African cassava varieties prompted researchers 
to new sources of virus resistance within the diversity of South American cassava 
germplasm accessions. From a screening of 238 accessions using bud grafting 
against various CBSVs-infected cassava plants, two breeding lines known as 
DSC167 (COL40) and DSC118 (COL2182) were identified as having a broad 
resistance spectrum against CBSV and UCBSV (Sheat et al. 2019). Because the 
CMD resistance was essentially absent from those lines, introgression of CMD 
resistance was needed to complement CBSV resistance (Sheat, Zhang, and Winter 
2022).  

Crosses of African and South American source into hybrids with dual resistance 
were initiated in 2019 and hybrids with dual resistance U/CBSV and CMD 
provided evidence that, as with CMD2, resistance against U/CBSV is a dominant 
trait.   Research are still underway and best results are expected from the 
combination of the best parental lines, COL40 and C33, combining immunity 
against all CBSV and CMD2-type resistance acting against all known CMVs 
respectively. The promising hybrid candidates have been identified and are being 
actually hardened for adaptation and virus resistance performance evaluation in 
field under high-pressure disease context (Sheat and Winter 2023). 

The benefits of selecting CBSD-free stems when replanting have been clearly 
demonstrated (Hillocks et al. 2001). Additionally, It has been estimated that the 
net value of the release of CBSD-resistant cultivars will be US$436 million for 
Western Kenya and US$790 million for Uganda over a 35-year period  starting in 
2025 (Taylor et al., 2016).  

The lack of cultivars highly resistant to CBSV makes the existence of a clean 
seed system critical for the effective management of CBSD. Clean cassava seed 
systems are non-existent in most Eastern Africa countries where CBSD is a 
problem. Previous interventions for the mitigation of CBSD using routine 
interventions of distributing tolerant cultivars or cleaning infected material has 
shown its limits as illustrated by the Great Lakes Cassava Initiative project and 
discussed in subsection 1.6.3 below (CRS 2012). 
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I.2.5. Other viruses 

Indian cassava mosaic virus (ICMV) was the first CMG to be recorded from South 
Asia (Malathi et al., 1985), followed by Sri Lankan cassava mosaic virus (SLCMV) 
several years later (Saunders et al. 2002). Although SLCMV was initially reported 
from Sri Lanka, it was subsequently shown to occur also in southern India, together 
with ICMV (Anitha, Makeshkumar, and Edison 2011; Patil et al. 2005).  

Cassava green mottle virus, Cassava virus C and Cassava Kumi virus A & B have 
been reported infecting cassava but they were not well characterized, and their 
economic significance is not known.  Cassava Ivorian bacilliform virus (CIBV) 
(genus Anulavirus; family Bromoviridae) has recently had its full genome 
characterized (Scott et al., 2014) but has only been recorded from Ivory Coast and has 
no known effect on cassava.  

Viruses reported infecting cassava in the Latin America are diverse and belong to 
virus families Alphaflexiviridae, Reoviridae, Rhabdoviridae, Secoviridae and 
Luteoviridae among the RNA viruses, and to the family Caulimoviridae among the 
DNA viruses. Unlike for Africa, no geminivirid or potyvirid species have been 
reported associated with diseases in cassava in the Americas (Calvert, Cuervo, & 
Lozano, 2012).  

The Cassava frogskin-associated virus (CsFSaV), associated with the CFSD, is the 
most economically important disease of cassava in Latin America followed by the 
cassava torrado-like virus (CsTLV). CFSD is characterized by the failure of the 
storage roots to accumulate starch and so affected roots develop a rough epidermis 
resembling the wart-like skin of toads or alligators, hence its name in Spanish (cuero 
de sapo) and in Portuguese (jacare). Only recently, it was found that complex virus 
infections are associated with root symptoms of CFSD, that several novel viruses are 
part of that complex, and that neither CsFSaV nor phytoplasma can induce CFSD 
symptoms or the associated leaf symptoms in single infections (Alvarez et al. 2009; 
Carvajal-Yepes et al. 2014). 

Cassava vein mosaic virus (CsVMV), first reported from Brazil in 1940 (Costa, 
1940), is the type species of the genus Cavemovirus (family Caulimoviridae) and is 
the only pararetrovirus of cassava so far only been reported from Brazil. The 35S 
promoter sequence derived from its genome is extensively used as a constitutive 
promoter in the genetic engineering of plants (Verdaguer et al. 1996). 

A diverse range of mechanically transmitted potexviruses have been detected in 
symptomless cassava, including Cassava virus X (CsVX) and Cassava new 
alphaflexivirus (CsNAV) (Carvajal-Yepes et al. 2014; Lennon, Aiton, and Harrison 
1987). However, because these viruses do not cause symptoms, it is difficult to 
determine their distribution or to evaluate their importance. In fact, at least four other 
potexviruses infecting cassava have been reported since the 1960s (Table I-2). 
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Figure I-19. Various virus-like symptoms on cassava leaves and roots observed out of Africa 

under greenhouse conditions: 

(A) leaf mottle and ringspot symptoms induced by CsCMV, (B) leaf symptoms induced by 
CsTLV in the variety ‘Secundina’, (C) cassava variety “Secundina” with mixed infection by 
CsCMV, CsFSaV and CsTLV (D) CFSD-root symptoms showing two different severity of 
lip-shaped fissures, or (E) root with constriction zones and lip-shaped fissures, and (F) 
severely affected root of cassava variety ‘Brasilera’ with no accumulation of starch. Images 
adapted from (Carvajal-Yepes et al. 2014; Lennon, Aiton, and Harrison 1987; James P Legg 
et al. 2015) 
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I.3. Diagnosis of viral plant diseases 

I.3.1. General consideration  

Plant viruses are a significant agricultural problem and cause major losses 
through diseases that they induce in plants. In any disease situation, it is important 
to know : which virus is causing the problem, where it comes from, and how it 
spreads, before developing control measures (Hull 2009).  

The scientific investigation on plant diseases known to be caused by viruses did 
not begin until the late nineteenth century. However, there are much earlier written 
and pictorial records of such diseases: 

The earliest known written record describing what was almost certainly a virus 
disease is a poem in Japanese written by the Empress Koken in 752 AD and 
translated by T. Inouye. The plant, identified as Eupatorium lindleyanum, has been 
found to be susceptible to TLCV, which causes a yellowing disease (Saunders et 
al. 2003). 

There are three basic situations in which the techniques for recognizing and 
identifying a virus are needed :  

• Diagnosis of a viral infection in the field to determine whether it is 
caused by a known or unknown virus 

• Characterization of a known virus, for instance by purification or by 
various manipulations. 

• Detection of a known virus: usually in an epidemiological survey or 
for quarantine or certification purpose 

I.3.2. Plant virus diagnosis 

A question often asked to plant pathologist is : “what is wrong with my plant? ”; 
followed by: “what can I do to get rid of the problem?”. It may be too late to help 
the specific plant when the question is asked, but proper diagnosis may be 
extremely important in preventing the problem on other plants or in preventing the 
problem in the future (Riley, Williamson, and Maloy 2002). 

A precise identification of the causal agent is the first step, and the most 
important for the management of viral diseases. As other plant diseases, accurate 
symptoms description are necessary to describe the disease. This is why plant 
pathologists often rely on symptoms for the identification of a disease problem. 
However, in many situations symptoms description alone are inadequate for causal 
agent identification since several unrelated viruses can cause similar symptoms 
and a single species can cause different symptoms on the same host or on different 
host species (Kumar, P. L. and Legg 2009). 
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Control measures depend on proper identification of diseases and of the causal 
agents. Therefore, diagnosis is one of the most important aspects of a plant 
pathologist's training. Without proper identification of the disease and the disease-
causing agent, disease control measures can be a waste of time and money and can 
lead to further plant losses (Riley, Williamson, and Maloy 2002). 

The terms “diagnosis” and “detection” are often used interchangeably. However, 
they do not always have the same meaning. According to the EPPO standards, the 
diagnosis is the process of detection and identification of a pest i.e. the 
interpretation of the result of a diagnostic process (EPPO 2018).  

The diagnosis can be seen as a process during which the characteristics of a 
disease are investigated and described. It involves the steps ranging from clinical 
observation (careful examination to determine underlying cause of the disease with 
unknown or unclear etiology), the description of the disease etiology (causal agent: 
detection, isolation, characterization), as well as investigations of the disease 
causation.  

Therefore, the detection is a step of the diagnosis that consists in the elucidation 
of  the presence or absence of the virus, even in the absence of visible symptoms. 
For example, cassava mosaic disease is “diagnosed” as due to cassava mosaic 
Geminiviruses (CMGs) whereas methods such as PCR are employed to “detect” 
CMGs in diseased plants.  Detection of a virus in a diseased plant not necessarily 
is a proof that its cause the disease. 

The diagnostic process of a disease include (but is not limited to) the following 
steps (Bos 1976):  

1. Observation of the disease in the field to determine affected plant 
species and cultivars, disease incidence and distribution within field (random, 
clustering, peripheral, uniform). 

2. Recording of symptoms and comparing with the literature for any 
similar descriptions on the same host in various locations. 

3. Studying infectivity and transmission tests by grafting; mechanical 
inoculation; transmission through vectors (insects, mites, nematodes or 
fungi). 

4. Inoculation (using plant sap, by grafting or vector) to a range of test 
plants and back inoculate to a parallel range of test plants to check possible 
multiple infections and to determine host range and symptoms. This step 
allow to select systemically infected host for virus propagation in the frame 
of purification purpose and virus assays. 

5. Determination of the persistence of infectivity in sap extracts (dilution 
end point, thermal inactivation point, stability and retention of infectivity 
upon storage at various temperatures and lengths of time). 

6. Examination of leaf dip preparations under electron microscope to 
detect any virus particles. 



 CBSD epidemiology and cassava viruses in D.R. Congo  

 

54 

7. Isolation of the virus and purify thereafter to determine the physico-
chemical properties 

8. Study of the cytopathology for virus inclusions and cytological 
changes in affected cells. 

9. Development of a diagnostic test for virus detection 

10. Assessment of the virus serological relationships using antiserum 
(less practiced), and inter-relationships from nucleotide sequence information 
to determine the virus genomic properties, expression strategies and virus 
taxonomic status 

11. Fulfillment of the Koch’s postulates, especially using purified virus 
or isolated virus cultures especially if purified virus preparation loses 
infectivity.  

Depending on the virus type, previous knowledge on virus or knowledge gained 
from during experimentation, laboratory facilities and expertise, the order of steps 
described can be changed or some few steps can be passed over.  

Throughout time, some steps involved in this framework have been prioritized, 
scientifically discussed and improved or sometimes changed. This is the case for 
instance the necessity of the fulfillment of the Koch’s postulate for plant viruses, 
especially in the era of High Throughput Sequencing technological revolution (A. 
Fox 2020; Massart et al. 2017). 

I.3.3 Plant virus identification 

The properties elucidated during the course of isolation, purification and diagnosis 
of the viral disease determines the virus relationships with the previously 
characterized viruses and forms a basis to identify it as a new species / an isolate of a 
known virus species / a new strain of a known virus species, and to place it into an 
appropriate taxonomic group following the actual ICTV plant virus classification.  

Through time, the criteria used by the ICTV to classify new viruses have been 
evolving (Figure I-19). 
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Figure I-20. Evolution of virus classification pipelines in the past from 1970s to 1990s (blue 

arrows), currently (green arrows) and a classification proposed for enabling both 

metagenomic sequence data and conventionally derived virus sequences to be classified (red 

arrows). Figure adapted from (Simmonds et al. 2017) 

In the past, commonly used characters for virus identification emphasized 
biological characters, physico-chemical properties, morphological characters and 
inter-relationships (Kumar, P. L. and Legg 2009): 

• Biological characters : They consist in transmission characters, host 
range, symptomatology, cross-protection and in vitro properties. 

• Physico-chemical properties consists of: they consist in the number 
of virus components, number and molecular weight of the structural proteins 
(coat protein and nucleoprotein), type of nucleic acid, number and molecular 
weight of the virus genome, sedimentation coefficient, particle buoyant 
density 

• Morphological properties: size and shape, special futures such as lipid 
membranes 

• Inter-relationships: They consists in serology-based (serological 
relationships or relationships by western immune-blotting) and nucleic acid-
based (genome organization and expression, amino acid composition, 
percent nucleic acid homology) 

These criteria evolved later to importantly accommodate information related to 
the genome or gene sequences (divergence and phylogeny).  

However, the advent of the HTS technology and the development of 
metagenomic study approaches have exponentially raised the number of 
discovered viruses to the extent that the overwhelming majority of these newly 
described viruses could not be directly linked to biological attributes (hosts, 
symptoms, etc.). In this context, it has been proposed that fundamental changes 
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had to be brought to the way new virus species had to be approved by the ICTV so 
as to include also sequences obtained through metagenomic studies (Simmonds et 
al. 2017).  

The concern that was formulated against integrating sequence assemblies 
resulting from metagenomic studies in the classification of viruses was that the 
lack of biological properties would result into a taxonomy of sequence rather than 
that of viruses (Van Regenmortel 2016). The argument raised against this concern 
consisted in reminding that the properties of a virus are largely, or entirely, 
encoded by its genome and that the classification of viruses based on sequence 
information alone is not limited primarily by the absence of biological attributes 
but by the inability to accurately extrapolate the biological information and 
robustly infer enzymatic functions from the virus genome.  

The new classification pipeline that has been proposed differed from the previous 
in that it considered that inferred biological properties obtained by bioinformatic 
analysis of virus sequences could be used together with other information from the 
previous classification pipelines.  

I.3.4. Plant virus detection methods 

Since the first steps of virology as a discipline, a number of methods have been 
used to detect the presence of viral particles (nucleic acids, proteins or virions) in 
plant extracts. Various types, specificities and applications of these methods have 
been extensively described and discussed elsewhere. In this subsection, only some 
mostly used methods are summarized in the frame of briefly showing their 
diversity and particularity. 

a. Biological  indexing 

Biological indexing have been the first methods used for virus diagnosis at early 
stages of virology. This was done through the use of host symptomatology, 
sap/graft transmission, and indicator plants (Harrison 2009). 

Since the beginning of the last century, plant virologists have used host range as 
a criterion for attempting to identify and classify viruses. In a typical experiment, 
the virus under study would be inoculated by mechanical means to a range of plant 
species that would then be observed for the development of virus-like disease 
symptoms.  

Most of the known virus hosts are plants used in agriculture or horticulture or 
are weed species that grow in cultivated areas. This is due to the fact that plant 
virologists working primarily on diseases of crop plants have been primarily 
concerned with viruses that cause economic losses in cultivated plants or other 
plant species that might act as reservoirs for the virus or its vector that affect a 
cultivated species (Hull 2009).  

The genera and species chosen for a host range study may not form a 
taxonomically balanced selection since this selection is to a great extent governed 
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by those species that are easy to grow in glasshouses and to handle for mechanical 
and insect vector inoculation. 

Many good indicator species, reacting to a wide range of viruses have been found 
in the genera Nicotiana, Solanum, Chenopodium, Cucumis, Phaseolus, Vicia, and 
Brassica. Testing large numbers of samples using indicator hosts requires 
glasshouse facilities  to keep inoculated test plants under suitable containment to 
minimize escape of the virus(es) to the outside environment. 

When symptomless infection was produced, back-inoculation to a host known to 
develop disease was envisaged. However the meaning of the term “infection” on 
which this oversimplified view of the problem was perceived was subsequently 
refined to take into account the molecular mechanisms that might make a plant a 
host or a nonhost for a particular virus. In such context, the terms “local host”  and 
“systemic host” were preferred in place of the term “host” to designate respectively 
plant species in which the virus is restrained to the inoculated leaf (subliminal 
infection), as well as plant species in which the virus spreads from the inoculated 
leaf to other (but not necessarily all) parts of the plant. 

Viruses may vary widely in their host range with at one extreme some viruses 
that are confined on only one host in the nature (e.g. BSMV) to viruses that can 
infect a considerable number of species from more than 100 botanical families 
(CMV and TSWV). Plant viral host ranges are controlled by various factors, 
including the presence/absence of virus-plant host cell receptor recognition system 
and the little host specificity in the initial uncoating process; mechanisms that 
block virus replication in the cells where the virus first gained entry; the ability of 
the virus to move from the first infected cell; and the host defense system.   

Biological indexing methods are much more time-consuming than most other 
methods now available. Nevertheless, they remain especially very important in 
phytopathology since they are require for determining the phytosanitary risks of 
newly discovered viruses. For diagnosis, in most circumstances only inoculation 
to an appropriate host species can determine whether a particular virus isolate 
causes severe or mild disease.  However, this group of methods does have a major 
drawback, especially when used on a new virus or in quarantine situations. It raises 
the possibility that the production of infected plants might be a source of infection 
for local crops even in the face of the strictest containment conditions.  

b. Electron-microscopy (EM) 

In the 20th century, the advent of electron-microscopical technology have 
revolutionized the study and understanding of viruses. The electronic microscope 
allowed revealing the size, shape, and any surface features of the virus particles. 
These are parameters have been considered for long-time as a basic requirement 
for virus identification and have been used for virus classification (Almeida 1963) 
(Figure 19). 
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Figure I-21: Schematic diagram of families an genera of viruses and of viroids that infect 

plants (Agrios 2005) 
Negative staining of crude extracts or purified preparations using stains like 

uranyl acetate, ammonium molybdate or sodium phosphotungstate is the procedure 
universally used. For stable viruses, EM can give rapid results using negative 
staining techniques. However, viruses occurring in low concentration are not easily 
seen. In such case sap from test material needs to be concentrated prior to 
observation or particles from sap can be trapped using antibody-coated grids 
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(Immuno-Sorbent Electron Microscopy, ISEM) to improve the detection 
efficiency (Kumar, P. L. and Legg 2009).  

In fact, various terms have been used to describe this process : immunosorbent 
electron microscopy (ISEM), serologically specific electron microscopy (SSEM), 
solid-phase immune electron microscopy, and electron microscope serology. 
Basically, virus particles can be trapped onto an electron microscope grid 
previously coated with an antiserum and revealed by two approaches: 

• The particles can be negatively stained and reacted with another antiserum 
that decorate particles of the virus against which the antiserum is directed.  

• After being adsorbed onto the EM grid, the virus particle are coated with a 
virus-specific antibody on which gold particles have been attached. 

Depending on size and morphology, a virus identified using this procedure may 
be tentatively assigned to a particular taxonomic group. However, two drawbacks 
or limitations arise from this procedure: 

• Some small icosahedral viruses cannot be distinguished from members of 
unrelated groups based on morphology alone 

• Differentiating virus particles from normal cell constituent when trying to 
detect virus within cells and tissues can sometimes be difficult. only large, 
enveloped viruses, plant reoviruses, and the rod-shaped viruses can usually be 
readily distinguished using this procedure because their appearance in thin 
sections generally differs from that of any normal structures.   

c. Serological-based methods or immunoassays 

Immunoassays constitute one of the most important and widely used methods 
for detection, and diagnosis of viruses. They rely on antibodies recognizing most 
often the surface properties of viral protein(s) that make up the viral coat. Different 
procedures may use the protein on the intact virus, the protein subunits from 
disrupted virus, or proteins expressed from cloned cDNA or DNA in a system such 
as E. coli or insect cells. However, non-structural proteins coded for by a virus can 
also be used in diagnosis.  

All methods that use the viral protein properties as detection strategy are based 
on the serological principle of interaction between pathogen protein(s) (termed 
antigen) with antibodies raised against them (termed antibody) in various possible 
systems (mammalian or insect cell lines, prokaryotic systems (E. coli), yeast, plant-
based systems) (Buyel, Twyman, and Fischer 2017; Carvalho et al. 2017; Hiatt, 
Cafferkey, and Bowdish 1989; Lizak et al. 2011; Spadiut et al. 2014). This explains 
the fact that these methods are often designed as serological methods. Depending 
on  which question the diagnostician is addressing, three kinds of antibodies can 
be used (Ma and O’Kennedy 2015): 

• Polyclonal antibodies : they binds multiple different structures or epitopes on 
the target organism/molecule i.e. they are polyspecific and useful in situations 
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where the desired outcome is indiscriminate detection of all viral strains or 
when the goal is to capture all strains of a virus from a sample.  

• Monoclonal antibodies: present singular-epitope specificity, hence, they are 
monospecific. They are much more specific than polyclonal antisera and can 
be used to differentiate several strains of many pathogens. This specificity can 
be a disadvantage as one or several variant(s) of the pathogen may not be 
detected. In virus diagnosis, this is useful for differentiation between different 
isolates or genotypes of a single virus, or between similar viral species within 
a genus (Cassedy, Parle-McDermott, and O’Kennedy 2021) 

• Recombinant antibodies: in the recombinant technology, monoclonal 
antibodies are produced as fragments of the whole antibody protein using 
expression hosts such as yeasts and bacteria in lieu of mammalian cell-culture 
(Jeong, Jang, and Velmurugan 2011). In situations where the targets are 
highly similar, for example similar strains of a given virus, isolating non-
cross-reactive antibodies can be challenging. To overcome this, antibodies 
can be isolated based on their ability to detect short peptide sequences. These 
peptides correspond to unique regions on the target protein, providing the 
capacity to detect strain-specific regions on an entire protein (Cassedy, Parle-
McDermott, and O’Kennedy 2021). Targeting highly specific peptides, rather 
than an entire protein with multiple epitope regions, could result in antibodies 
which are less likely to cross-react with other viruses or isolates of the viral 
species. 

The initial development of pathogen-targeting antibodies requires time to 
identify a valid disease-specific antigen, isolate suitable antibodies and validate the 
resulting antibodies and assays. However, once generated, the production of the 
antibody proteins is relatively fast. Furthermore, the advent of recombinant 
antibody technology, has made the generation of antibodies more rapid and cost-
effective due to the use of cheaper expression hosts as stated above.  

A wide variety of methods have been developed for demonstrating and 
estimating combination between antibodies and antigens including : 

C.1. Enzyme immunotests procedures [enzyme-linked immunosorbent assay 
(ELISA), and enzyme immunoassay (EIA) and] : 

All the techniques where enzymes are employed to show antigen-antibody 
reactions are generally referred to as enzymatic immunoassay method (Aydin 
2015). 

The basic principles of ELISA techniques dates back to 1941 (Coons, Creech, 
and Jones 1941). However the first practical application of the ELISA method was 
used in 1971 by (Engvall and Perlmann 1971; Van Weemen and Schuurs 1971). 
The ELISA Assay has been the most widely used method and many variations of 
the basic procedure have been described with the objective of optimizing the test 
for particular purposes: direct and indirect ELISA, sandwich, competitive ELISA.  

The ELISA offers some advantages (Hull 2009; Aydin 2015):  
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• It is very economical in the use of reactants and readily adapted to quantitative 
measurement.  

• It can be applied to viruses of various morphological types in both purified 
preparations and crude extracts  

• It is particularly convenient when large numbers of tests are needed 

• It is very sensitive, detecting concentrations as low as 1-10 ng/ml. 

The main factor limiting the number of tests that can be handled using ELISA 
procedures is the preparation of tissue extracts. 

Direct and indirect formats are similar: initially, the antigen is coated to the 
surface of the ELISA well through passive adsorption, or it may be chemically 
linked. For direct detection, a labelled, anti-target primary antibody is applied to 
the well, and subsequently detected. For indirect detection, the primary antibody 
is unlabeled, and is detected by the addition of a labelled, secondary antibody. 
These formats are suitable for measuring an antibody response against a given 
antigen. However, there are some drawbacks to direct and indirect formats when 
transitioning to detecting viruses in crude samples. In fact, for both formats, the 
suspect sample may first have to be coated onto the ELISA test well. Since for 
most biological samples, the proteins of target is always combined with other 
proteins, they will compete for the adsorption to the assay well surface, meaning 
that the target-antigen may not be accurately represented in the sample. This will 
make the quantitation challenging (He 2013). To overcome this situation, formats 
such as competitive and sandwich are used. 

Competitive assays are effective in the detection of viral-specific proteins from 
a given source. Competitive ELISA first involves the immobilization of the target 
antigen to an ELISA well, followed by the simultaneous application of the 
antibody and the suspect sample to the same well. Target-antigen in the sample 
competes for antibody-binding, leaving less antibody available for binding to the 
immobilized antigen. Therefore, in this assay format, the signal is inversely 
proportional to the amount of analyte in the sample. Competitive analysis is widely 
used for the detection of small antigens, where the binding of multiple antibodies 
may not be permitted (He 2013). This assay format is useful when considering the 
rapid-development of viral detection assays as it only requires one target-specific 
antibody. However, the use of only one antibody also has consequences in the form 
of reduced assay sensitivity and specificity if any cross-reactivity with the sample 
matrix occurs (Cassedy, Parle-McDermott, and O’Kennedy 2021). 

The employment of a sandwich formats overcomes most issues associated with 
cross-reactivity as it employs two antibodies, both specific for different regions 
(epitopes) on the target molecule. The first of these is immobilized to the well 
surface. Thereafter, the sample is applied, and specific antigen is captured by the 
immobilized antibody. Unbound entities are washed away, and the second 
antibody is applied. This second antibody can be labelled directly or detected with 
a labelled-secondary antibody. This format offers high specificity as it requires the 
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binding of two antibodies to produce a signal. This could be helpful for virus 
detection where there is a risk of cross-reactivity occurring between similar strains 
of virus. It is also considered the most sensitive and robust ELISA format (Ecker 
et al. 2013; He 2013). Sandwich assays are less-prone to cross-reactivity. Even if 
one of the antibodies in the pair has some cross-reactivity with the sample matrix, 
the likelihood is that the same cross-reactivity will not be observed with the 
alternate binding antibody. This makes this assay suitable for the detection of 
viruses directly from their sources, such as tissue samples where the matrix can be 
very complex (L. Zhang et al. 2018).  

A drawback to the sandwich assays is the complexity of design. Both antibodies 
needs to bind, unhindered by one another, to the target molecule. Finding a suitable 
binding pair can be difficult, and thorough assay validation is required to ensure 
no non-specific interaction occurs between the antibodies within the assay. 
However, the use of antibody-discovery technology, such as phage display, has led 
to the development of methods which facilitate the identification of binding pairs 
of antibodies in a rapid manner, negating the time-consuming screening associated 
with finding two separate binding pairs (Gorman et al. 2017). Alternatively, the 
previously described strategy of peptide-targeting can be employed to design 
antibodies which can detect distinct regions on the whole antigen molecule, 
facilitating sandwich detection.  

ELISA continues to remain a staple platform in virus detection  due to its 
sensitivity and robustness. However, there are drawbacks to its use. These include 
the risk of cross-reactivity  of antibodies to other co-infecting viruses, resulting in 
false positive or inaccurate quantification. This highlights the need to fully validate 
virus assays prior to use. In contrast to a potential for false-positives, ELISA, and 
other immuno-assays, may also be at risk of presenting false negative results. This 
generally occurs when testing is performed at the early window of infection. At 
this stage, the quantities of viral antigen may be present at low concentrations, 
challenging the sensitivity of the ELISA format, potentially leading to erroneous 
results (Alexander 2016). 

Further to this, ELISA procedures can take several hours to perform. This limits 
the capacity for rapid testing and results turnaround. However, the multi-well 
layout of ELISA plates facilitates multiple simultaneous tests, which is ideal for 
scenarios where high volume testing is required, such as epidemic or pandemic 
scenarios (Cassedy, Parle-McDermott, and O’Kennedy 2021)  

C.2. Immunoblotting or blotting techniques:  

They involve generally a detection of antigen on the surface of a membrane. Sap 
or insect extracts are spotted onto a membrane, allowed to dry and the membrane 
is then probed with an anti-virus antibody. Blotting techniques are useful for cheap 
detection of multiple samples, as many samples can be blotted on the same 
membrane. However, the time required to produce results is a considerable 
drawback, as the turnaround may take several hours. There are several variations 
of blotting techniques, but the most commonly used ones are:   
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• Dot immuno-blotting assay (DIA) or dot blot: its principle is similar to that of 
ELISA, except that it is performed on nitrocellulose membranes and 
precipitable substrates are used for development of positive reaction at the site 
of reaction. Chemiluminescent or radioactive substrates are also used, but in 
this case, energy (light or radiation) emitted is captured by exposing it to x-
ray film. Additionally, this method is cost-effective and offers advantages 
such as the requirement for a small sample volume, the ability to detect virus 
directly from the sample and the fact that blotted membranes can be stored for 
a number of days before testing, facilitating the testing of numerous 
membranes simultaneously (Cassedy, Parle-McDermott, and O’Kennedy 
2021). DIA is as sensitive as ELISA, but it requires optimization and it is not 
suitable for testing plant tissues which contain high amount of polyphenols 
that gives background reaction. Additionally, the results are mostly 
qualitative, requiring further instrumentation to perform quantitative analysis 
which may increase costs.  

• Tissue printing (or tissue blot or tissue print immuno-blotting or immuno-
tissue printing) : is similar to DIA, but instead of sap extracts, the whole 
infected tissue is pressed onto the nitrocellulose membrane to facilitate virus 
antigen immobilization. Subsequent detection is similar to that of DIA. This 
methods is very useful in determining virus in the tissues (Kumar, P. L. and 
Legg 2009). 

• Western immune-blotting (WIB): is another variation of DIA. In this case, 
proteins  are first separated by electrophoresis on a polyacrylamide gel in a 
medium containing sodium dodecyl sulfate (SDS-PAGE). Then the proteins 
are transferred onto nitrocellulose membrane and detected using antibodies. 
This assay is commonly used to differentiate virus strains, epitope mapping 
and also for accurate detection of virus from total protein extracts (Kumar, P. 
L. and Legg 2009). 

• Protein dot blots: resemble  Western blotting except that the constituent 
proteins in the sample are not separated. The samples are simply spotted onto 
a matrix such as a nylon or nitrocellulose and probed with an antiserum to 
which a reporter group has been attached. Reporter group can be either 
enzymes that give a colour reaction with a specific chemical or a fluorescent 
compound. Unlike ELISA, the colour product must be insoluble. Several 
commercially available kits in which the antibody is immobilized on a strip 
and the sample is diffused along the strip have been commercially made 
available for routine diagnostic of Covid-19 test, pregnancy testing, malaria 
testing, etc. (Tangpukdee et al. 2009; Jacofsky, Jacofsky, and Jacofsky 2020). 

C.3. Lateral-flow immunoassay (LFIA) or immuno-chromatographic test (ICT):  

Unlike immuno-enzymatic tests, immuno-chromatographic tests are a 
combination of chromatography (separation of components of a sample based on 
differences in their movement on a solid adsorbent pad by capillary flow) and 
immunological reactions (I. D. Watson 2000). LFIAs are extensively used for 
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detecting virus-associated protein directly from source. The assays are typically 
formatted to be read by way of a color change at a test line as a result of either 
sandwich, competitive or multiplex immunological reactions: In the sandwich 
format, a colour change at this line corresponds to a positive result. Whereas in 
competitive format, no colour change is indicative of a positive result. The 
multiplex format is used for detection of more than one target species and assay is 
performed over the strip containing test lines equal to number of target species to 
be analysed (J. a Tomlinson, Dickinson, and Boonham 2010; J. a. Tomlinson et al. 
2013). Control lines are incorporated to ensure test validity. The color change is 
facilitated by the labelling of antibodies with various molecules. Various labels 
such as gold nanoparticles, coloured latex beads, carbon nanoparticles and 
magnetic particles facilitate one-step results where a colour change can be 
observed with a naked eye, facilitating rapid diagnosis. Other labels such as 
fluorophores, quantum dots and enzymatic labels can also be employed, however 
these may require additional equipment or steps to demonstrate results which may 
be qualitative or quantitative (Mak, Beni, and Turner 2016). 

For virus detection, LFIA offer an appealing alternative to methods such as 
ELISA or blotting methods. One primary advantage is that LFIAs have a 
turnaround time of minutes, rather than hours. LFIAs are also cost-effective, 
requiring minimal sample volumes to prepare and facilitating diagnosis with naked 
eye. The limit of this is that it offers only the possibility of qualitative data. To 
achieve quantitative results, several commercially available optical readers that are 
based on reflectance or fluorescence principles have been developed for lateral 
flow tests (Mak, Beni, and Turner 2016).  

Another advantage of LFIA is their ease-to-use, which makes the technology 
accessible to a wide range of users, even those less-skilled (Byzova et al. 2018). 
This is helpful in scenarios where a high volume of testing is required, as non-
specialists can be quickly trained to perform assays. While they may not always 
offers the same sensitivity as nucleic acid detection methods, particularly at early 
stages of infection, they come with the advantage of a reduced cost, reduced 
complexity and higher utility for use by untrained personnel. These factors are 
exemplified by the LFIA which can be produced cheaply, has no need for 
additional equipment and requires little to no training to use (Cassedy, Parle-
McDermott, and O’Kennedy 2021). 

d. Molecular or nucleic acid-based methods 

The sequence of a viral nucleic acid, whether double or single-stranded DNA or 
RNA in a single or several segments is fundamental for allocating an unknown 
virus to a particular family or group and to determine its species, representing an 
interesting target for specific detection. For detection and diagnosis, nucleic acids 
that make-up the genomes of viruses can be analyzed following four approaches:  

1. The cleavage pattern of  DNA: The procedures are based on the principle that 
any DNA or cDNA of RNA genomes can be cleaved by restriction enzymes to 
produce fragments of various sizes that can be used for differentiating viruses of 
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a particular group (Saraswathy and Ramalingam 2011). This procedure is known 
as the restriction fragment length polymorphism (RFLP), invented in 1984 by 
Alec jeffreys (Chaudhary and Maurya 2019) and widely used for instance to 
distinguish isolates of cassava begomoviruses (Borah and Dasgupta 2012). 

2. Hybridization procedures: All molecular hybridization procedures mimics the 
interaction of base-pairing  principle that involve hydrogen bonds between 
complementary bases, resulting in the double-stranded structure of the DNA 
(WATSON and CRICK 1953). For diagnosis of viruses by hybridization, a known 
nucleic acid termed “probe” comprising sequences complementary to an unknown 
nucleic acid termed the “target” and to which a reporter system is attached to 
reveal when hybridization has taken place, are used. Various hybridization 
formats exists and include for instance:  

• Southern blotting: Based on the principle of separation of DNA fragments, 
generally obtained through RFLP. The gel electrophoresis is used to separate 
those fragments, followed by the revelation of the target-fragment using 
labelled probe hybridization after a transfer on a nylon membrane (Southern 
1975).  

• Dot blot hybridization (DBH) : resemble the southern blotting except that the 
specific sequence of DNA or RNA is not separated by electrophoresis. One 
version of the DBH is known as the NASH (virus-specific nucleic acid spot 
hybridization :NASH), and consist in spoting the sap extracts directly on 
membrane where the hybridization and revelation are directly conducted. This 
method has the advantage of testing several samples from different sources in 
a single run and can simplify virus detection and eliminates the drudgery of 
sample collection and nucleic acid extraction. However, it has been 
demonstrated that some unexpected cross-hybridization can occur. The 
NASH has been tested particularly for the detection of CBSVs in cassava 
tissues but , unfortunately proved unsuccessful due to interference of latex in 
cassava tissue, secondary structures or low virus titer (CRS 2012).    

• Tissue print hybridization: the basic principle of tissue printing is that most of 
the cell contents, especially on the surface of a freshly cut tissue section, can 
be transferred to an adhesive or absorptive surface with little or no diffusion, 
by simple contact, with excellent preservation of anatomical details (Ding et 
al. 2017). It is similar to the immune-tissue printing, where a cut surface of a 
leaf or stem (or any other plant organ) is applied to a nitrocellulose membrane 
and the presence of target nucleotide sequence is revealed using a labeled 
nucleic acid probe. This method is practical in studying the distribution and 
localization of target nucleotide sequences in tissue sections of organisms and 
has been of special use for detecting viroïds that do not have proteins that 
cannot be detected immunologically (Kaponi, Sano, and Kyriakopoulou 
2022). 

• In situ hybridization (ISH) : In this technique, a biological sample consisting 
of tissue sections, cells or chromosomes from an individual is affixed to a 
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glass slide and then exposed to a labelled probe. The location of the bound 
probe can then be seen with the use of a microscope (Baumgart, Schad, and 
Grabenbauer 2001). 

3. Polymerase chain reaction (PCR) : formulated by (Mullis et al. 1986), it is an 
in vitro enzymatic method of amplifying DNA sequences, spanning between two 
synthetic complementary oligonucleotide primers that hybridize to a target 
genome region, by repetitive synthesis using a heat-stable DNA polymerase. PCR 
utilize multiple stepwise temperature cycles comprised with 3 main steps: 
melting, annealing and extension. During these steps, the sequences between the 
primers are doubled so that after n  cycles, a 2n amplification should be obtained. 
The wide applicability of the PCR has made it a powerful tool from which 
revolution in the detection and diagnosis of plant pathogens, increasingly viruses, 
have been accomplished. Several variants of this technique exists, each one 
adapted for a specific context. For instance:  

• Reverse-transcription PCR (RT-PCR): for amplifying RNA sequences from 
an intermediate complementary DNA (cDNA) synthesized through a 
preliminary step of reverse transcription before the PCR. 

• Immuno capture PCR (IC-PCR or IC-RT-PCR): the PCR is coupled with an 
initial step of immune-capturing viral particles using antibodies (Ding et al. 
2017). This technique is widely used for diagnosing episomal infection of 
certain viruses, notably the banana streak virus (BSV) (Harper et al. 1999). 

• Multiplex PCR: in which primers are designed to distinguish between strains, 
isolates or sometimes species of one organism or several species of an 
organism in the same reaction tube.   

Gel electrophoresis is considered as a standard method of analyzing amplified 
DNA products. However, there are other nucleic acid detection methods that uses 
alternative post-amplification strategies and that deserves special attention. These 
methods are the following:  

a. Real-time quantitative (RT)-PCR (qPCR): this method monitor the 
amplification process using fluorescently-labelled probes or DNA 
intercalating dyes such as SYBR®green. To use these dyes, the primers 
must be highly optimized and produce no non-specific amplicons as these 
non-specific products will also produce signal, skewing amplification. 
The level of fluorescence in the PCR sample is directly proportional to 
the initial concentration of the target in the sample and is measured to 
allow its quantification. One advantage of the qPCR is the promise of 
high specificity when using probes such as hydrolysis or hybridization 
probes, as both the primers and the probe must bind the target sequence 
to achieve signal. When the time-pressure is an issue, an assay which 
produces highly specific, quantitative results over the course of a few 
hours is very desirable. Another desirable trait of this method is its 
capacity of high throughput testing owned to the fact that it is typically 
used in a 96-well assay format (Eigner et al. 2019). This high-throughput 
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feasibility is complemented by the possibility of performing multiplexed 
reactions where multiple pairs of specific primers and suitable probes, 
targeting different viruses which may be found in the same sample, 
facilitates testing for panels of viruses (Ou et al. 2020).  However, sample 
preparation, which is generally required, can be a delaying factor. Several 
commercially-available kits can facilitate a rapid isolation of DNA or 
RNA, however they come with the disadvantage of added costs (Clark, 
Zhang, and Anderson 2016). This in conjunction with the initial cost of 
the qPCR equipment itself, could make detection methods like qPCR 
inaccessible or difficult to run on full potential in developing regions. 
Another drawback to qPCR include the high cost of equipment and 
reagents, the need for strictly controlled temperature cycling, and the 
necessity for trained staff to run testing (Cassedy, Parle-McDermott, and 
O’Kennedy 2021).  

b. Loop-Mediated Isothermal amplification (LAMP): developed by 
(Notomi et al. 2000), this method rely on the use of multiple primers, at 
minimum four, to initiate the polymerase-driven extension of the gene 
sequence. The amplification is facilitated by the formation of stem-loop 
structures created by the primers. The sequence is then amplified by a 
strand-displacing polymerase to generate a copious amounts of dsDNA 
following a repetitive polymerization. Unlike PCR techniques that uses 
a stepwise temperature cycles, the LAMP method is performed at a stable 
temperature that can be comprised between 57°C and 67°C with an 
optimum of 65°C (Francois et al. 2011). The reaction can be performed 
on a range of time varying between 10 to 60 minutes according to several 
possibilities of optimization of the reaction conditions (Estrela et al. 
2019). When the target is RNA-based, a reverse transcriptase can be 
incorporated directly into the LAMP reaction (RT-LAMP). The 
amplicons generated from the LAMP reaction can be detected through 
various possibilities:  

1. Use of intercalating dyes : dyes such as SYBR®green can be 
either added to an end-point reaction (for a rapid qualitative 
result), or added prior to the reaction to measure the real-time 
increase in fluorescence (X. Zhang, Lowe, and Gooding 2014). 
However it is recommended to assess the most suitable dye before 
validating a new assay since some dyes may have inhibitory 
effects on the LAMP  reaction (Quyen et al. 2019).  

2. Use of fluorescently labelled probes :due to the use of a 
strand-displacing polymerase in the LAMP assay, the probes that 
are used in qPCR cannot be used. Alternative probe-based 
methods are proposed, including quenching of unincorporated 
amplification signal reporters (QUASR), detection of 
amplification by release of quenching (DARQ) or mediator 
displacement probes that makes it possible also for multiplexing 
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reactions (Tanner, Zhang, and Evans 2012; Ball et al. 2016; 
Becherer et al. 2018). 

3. Use of gold nanoparticles (Au-NPs)-labelled with DNA 
complementary to a sequence on the target (Arunrut et al. 2016). 

4. Measure of the reaction turbidity : Here the turbidity of a 
reaction is measured real time using a turbidimeter which 
facilitates quantitative analysis of target DNA by comparing an 
unknown sample to a standard curve. A successful LAMP reaction 
generate large amounts of magnesium pyrophosphate precipitate 
as a by-product (and can be qualitatively observed by naked 
eyes)  (X. Zhang, Lowe, and Gooding 2014) 

LAMP offers a highly sensitive and rapid alternative to classic PCR, or qPCR 
since the method does not require sophisticated apparatus as the reaction is 
maintained at a single temperature. This temperature, however, does means that 
some heating apparatus is required, and various types have been proposed 
(Papadakis et al. 2022; Uddin et al. 2021; García‐Bernalt Diego et al. 2022; DHSC 
2020).  

The use of multiple primers make the LAMP a highly specific detection method 
since the primers must bind to six regions on the sequence in order for the assay to 
function. However, even aided with available software, design of LAMP primers 
is complicated since they must be designed to have specific distance between their 
target regions and amplify a 300 bp size of product. This is further exacerbated by 
the variation in viral gene sequences across different strains, which may make the 
identification of conserved and suitable primer-binding sites difficult (Parida et al. 
2008). Additionally, as a consequence of its high sensitivity,  the LAMP is faced 
with a challenge of carryover contamination, usually caused by products from 
previous experiments carrying over via environment, researcher’s clothing, or lab 
equipment (Hsieh et al. 2014).  

LAMP can be combined with a lateral flow device for onsite detection. This is 
made possible by labelling loop (FP and BP) or inner primers (FIP and BIP) at 
their 5′ end with biotin/digoxigenin (H. E. James et al. 2010; Bhat, Aman, and 
Mahfouz 2022). 

The LAMP, followed by detection using LFD,  has been successfully used for 
detection of cassava viruses, notably the cassava brown streak ipomoviruses, the 
African cassava mosaic virus and the cassava witches’ broom phytoplasma (J. a. 
Tomlinson et al. 2013; Uke et al. 2022; Okereke et al. 2013; Vu et al. 2016; J. a 
Tomlinson, Dickinson, and Boonham 2010). 

c. Recombinase-polymerase amplification (RPA): Proposed by 
(Piepenburg et al. 2006), this method is an isothermal procedure that 
requires a single temperature for target amplification and an enzyme (the 
recombinase) to separate the strands of double-stranded (ds)DNA to 
achieve primer binding at the target region on the template. At the 
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beginning of the RPA reaction, the recombinase protein integrates with 
the primers to form a recombinase-primer complex that identifies the 
complementary sequence on the template and allows the primer to anneal 
after the separation of the dsDNA strands (X. Zhang, Lowe, and Gooding 
2014). After the primer annealing, the recombinase separates from the 
complex, leaving the 3′ end available to the DNA polymerase to extend 
the chain. The separated DNA strands are then stabilized by single-
stranded binding protein (SSB) as the DNA polymerase extends the 
chain, forming a new dsDNA that acts as a template for further 
amplification (Bhat, Aman, and Mahfouz 2022). Although manufacturers 
recommended the used of primers 30-35 nt long, it has been demonstrated 
that standard PCR primers can also be successfully used (Lobato and 
O’Sullivan 2018)(Lobato and O’Sullivan 2018). The template for RPA 
can be dsDNA, single-stranded ssDNA, or cDNA. However, 
amplification of RNA can be achieved via the addition of a reverse 
transcriptase directly to the RPA mixture (RT-RPA), making the reaction 
time-friendly (Cassedy, Parle-McDermott, and O’Kennedy 2021). 
Alternatively, the RNA template can be converted into cDNA separately 
and then used for RPA (Bhat, Aman, and Mahfouz 2022).  

RPA offers a range of advantages : a simple primer design process with no need 
to consider the annealing temperature (Boyle et al. 2014), the possibility to perform 
it on crude samples and a less sensibility to contamination compared to 
conventional PCR assays (Rojas et al. 2017). Additionally, RPA can be performed 
in a simple incubator, dry bath, or at room temperature without the need for a 
thermocycler and reagents can be supplied in lyophilized form without the need 
for a cold chain substantiation. These features make RPA suitable for use onsite or 
in a laboratory with minimum facilities.  

RPA can be combined with a lateral flow immunoassay, through a sandwich 
format termed “nucleic acid lateral flow immunoassay (NAFLIA)”. During this 
process, the amplicon is labelled with two different antigenic labels throughout the 
amplification. These labels are then captured by label-specific antibodies on a 
lateral flow strip making this approach suitable for the onsite detection of viruses 
in only 15–30 min (Powell et al. 2018).  

RPA and RT-RPA has been widely used for the diagnosis of RNA and DNA 
viruses, as well as viroïds as illustrated by (Bhat, Aman, and Mahfouz 2022).  

d.Helicase-dependent amplification (HDA): employs a DNA-helicase 
to unwind double-stranded DNA rather than heat-separation as is the case 
for standard PCR-based reactions. Flanking primers (of 30 bp long) 
anneal to the strands, where a polymerase amplifies the target region. The 
process is repeated to exponentially amplify the target (Cassedy, Parle-
McDermott, and O’Kennedy 2021). This method has undergone 
improvement that allowed to raise the working temperature initially set 
to 37°C, to higher temperatures between 60 and 65°C (Teo et al. 2015). 
An RT enzyme can be added directly to the HDA reaction in a one-step 
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protocol to facilitate the direct amplification of RNA viruses (Goldmeyer, 
Kong, and Tang 2007). The amplified product can be detected through 
the use of fluorescent dyes and lateral flow-based detection (Kolm et al. 
2019). Molecular probes commonly used in qPCR are also usable for 
HDA, indicating a possibility to transit from qPCR assays to HAD easily, 
with the advantage of providing a low-cost isothermal alternative to 
traditional PCR. 

Since HDA only requires two primers and a few number of proteins to function, 
it offers a more simplistic assay design when compared to other isothermal 
reactions such as LAMP. However, this simplicity of design does come at the cost 
of reduced specificity, as issues with non-specific primer annealing can occur 
(Barreda-García et al. 2018). This non-specificity can however be overcome by the 
application of molecular probes. As for other isothermal assays, only a simple 
heating apparatus is required for running HDA, and it can also be used alongside 
crude samples, without the need for DNA or RNA extraction (Jevšnik et al. 2020). 

e. Rolling-circle amplification (RCA): Its mimics the natural process by 
which circular DNA is replicated, and is therefore adapted for use in the 
amplification of circular DNA sequences, making it unique from 
previously described methods which amplify linear DNA. Four various 
formats of RCA exists: 

• The standard, basic format requiring only one primer from 
which a strand-displacing polymerase initiates replication, 
providing a linear amplicon product that consists of repeat 
sequences of the circular DNA template. However, this method does 
not facilitate exponential (Mohsen and Kool 2016). 

• To facilitate a rapid exponential amplification, the hyper-
branched RCA is proposed, and consists in the use of two primers: 
the first binds to the circular target-DNA, while the second is 
complementary for a separate region on the single-stranded product. 
AS the circular DNA is replicated multiple times, this second primer 
continuously binds repeat regions, creating a branched amplicon 
(X.-H. Li et al. 2019). 

• The possibility of using multiple primer through a multiply-
primed RCA: each primer anneals to a specific on the circular DNA 
template and elongation is initiated. Amplified strands are displaced 
by the polymerase, and a secondary primer-binding can occur on the 
displaced strands, creating large quantities of amplified product 
(Fux et al. 2018). 

• Through the use of specific probes, the padlock probe-based 
RCA provide the possibility to act when the desired target is a 
single-stranded linear DNA. The padlock probe features two regions 
that are complementary to two regions on the target. Upon 
hybridization, the probe and the target are joined via a ligase-
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mediated reaction, creating a circular template on which  RCA can 
act (Mezger et al. 2014). 

The RCA reaction can be performed at a range of temperatures between 30 and 
65°C and generate products that can be detected in real-time through the use of 
intercalating dyes, fluorescently-labelled probes, or molecular beacons. Lateral 
flow technology can also be used to detect labelled, amplified products (Liu et al. 
2019). 

RCA is a rapid, sensitive and specific technique that offer advantages 
considering its simplicity since no target denaturation is required apart from when 
linear targets are to be amplified through padlock probes (Cassedy, Parle-
McDermott, and O’Kennedy 2021). 

f. CRISPR-Cas-based nucleic acid detection: Cas proteins are a 
category of effector proteins which play an integral role in the clustered 
regularly interspaced short palindromic repeats (CRISPR)-Cas system 
(Cassedy, Parle-McDermott, and O’Kennedy 2021). This category of 
proteins have the ability to cleave DNA or RNA, by the help of guide-
RNAs which direct the Cas proteins to the correct cutting site on the target 
nucleic acid. However, some Cas proteins have the possibility to also 
cause an off-target cleavage, known as collateral cleavage, while having 
a normal cleaving activity. The applicability of the Cas system to nucleic 
acid detection lies in the possibility of modifying the guide RNA to 
facilitate targeting of specific sequence (Bhattacharyya, Thakku, and 
Hung 2018). Additionally, the naturally-occurring collateral cleaving 
activity of some Cas proteins can be also repurposed for nucleic acid 
detection.  

In fact, to facilitate Cas-mediated nucleic acid detection, the target nucleic 
acid is first amplified via an isothermal reaction, usually RPA. Thereafter, 
the CRISPR-Cas system is introduced, featuring a guide RNA specific for a 
location on the target DNA. Binding of the guide RNA induces target 
cleavage, and at the same time, collateral cleavage also occurs. The addition 
of fluorophore probes which are cleaved by the collateral activity of the Cas 
protein provide a measurable fluorescence signal of the assay (Batista and 
Pacheco 2018). Commonly used  fluorescent measurement apparatus can be 
valued for the detection of amplified and cleaved products, or, for a simpler 
alternative, a lateral flow strip can also be used (Gootenberg et al. 2018; 
Myhrvold et al. 2018; Broughton et al. 2020).  

Three primary Cas systems are mostly proposed for nucleic acid detection, 
named SHERLOCK (specific high-sensitivity enzymatic reporter 
unlocking), DETECTR (DNA endonuclease targeted CRISPR trans reporter) 
and HOLMES (one hour low-cost multipurpose highly efficient system). 
SHERLOCK uses Cas13a to detect RNA, while DETECTR and HOLMES 
uses the Cas12a for DNA recognition (Gootenberg et al. 2018; S.-Y. Li et al. 
2018; Chen et al. 2018). 
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The dual use of isothermal amplification and CRISPR-Cas proteins provides 
a rapid assay with an added specificity safety net (Cassedy, Parle-
McDermott, and O’Kennedy 2021). This is due to the two-step processes of 
product amplification through the binding of primer sets in the initial phase, 
followed by the signal generation through the detection of a specific 
sequence on the generated products by the guide RNA. This dual mechanism 
can help alleviating issues associated with the non-specific primer binding 
sometimes observed in isothermal amplification. Additionally, the fact that 
both amplification and Cas-cleavage can be performed in a single reaction 
helps reducing the risk of contamination and requires less hands-on time 
(Cassedy, Parle-McDermott, and O’Kennedy 2021). 

4. DNA microarray or DNA chips : The principle is hybridization of fluorescently 
labeled target sequences to probe sequences spotted onto a solid surface, usually 
a glass microscope slide. Total RNA from the infected plant is converted to DNA 
by RT-PCR, and the cDNA is labeled by reaction with a fluorescent dye. Probes 
to many different viruses or variants can be spotted onto the glass slide, and 
hybridization can reveal joint infections with more than one virus (Govindarajan 
et al. 2012). 

Among the various techniques detailed above, the ELISA and PCR have been the 
most popular in the detection of plant viruses in general and particularly for viruses 
infecting the cassava plant.  
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Table I-4_B : Summary of the advantages, disadvantages and example application of 

mostly-used conventional approaches for virus detection 
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I.4. Sequencing technologies 

I.4.1. The advent of sequencing technologies 

Since the discovery that DNA was the genetic material in which information is 
stored and that controls the characteristics of all organisms, the race for unravelling 
its structure and composition became a challenge of highest importance for the science 
because it would result in better understanding of life’s secrets (Masoudi-Nejad, 
Narimani, and Hosseinkhan 2013).  

After several scientific findings have paved the way to the discovery  of the DNA 
structure (Demidov 2003; Tsongalis and Silverman 2006; WATSON and CRICK 
1953), Frederick Sanger and Allan Maxam and Walter Gilbert facilitated a historic 
breakthrough by independently inventing the first technologies that allowed to know 
about the order (sequence) of nucleotides in DNA (Sanger et al. 1977; Maxam and 
Gilbert 1977).  

Knowing about the genome of viruses was particularly of high importance because 
of their atypical morphology lacking normal cellular-type structure and the 
concentration of all information necessary for their functioning onto the genome. As 
more information regarding genomes of viruses were obtained using the sequencing 
technologies, their detection, characterization, diversity, classification, functioning 
and evolution were progressively resolved. Over years, the genome sequencing of 
living organisms and particularly viruses, become one of the essential tool for 
biological researches. 

I.4.2. First generation of DNA sequencers 

These technologies allowed to sequence the first organism, which was a virus : the 
bacteriophage Phi X174 in 1977; and the first plant viruses: the DNA of the CaMV in 
1980 and the RNA of the TMV in 1982 (Sanger et al. 1977; Hull 2009).  

a. Sanger sequencing technology 

Also termed the “chain termination” or the “dideoxy method”, the principle used in 
Sanger technology is known as the sequencing by synthesis method. The sequencing 
reaction is performed in the presence of the single-stranded DNA template, DNA 
primers, DNA polymerase, four normal DNA nucleotides, and four fluorescently 
labelled nucleotides that have been modified by removing the 3’-OH group required 
for extension (ddATP, ddTTP, ddGTP, ddCTP). The DNA template is initially 
divided into four separate sequencing reactions containing primers, polymerase, 
normal nucleotides, and a small amount of only one of four modified nucleotides 
which will randomly incorporate into the growing strand when the reaction is started, 
terminating therefore the elongation and resulting in DNA fragments of various 
lengths.  

Each of the four reaction run is then charged into individual lanes of a 
polyacrylamide gel and a high-resolution capillary electrophoresis is then launched to 
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separate the DNA fragments according to their sizes. DNA bands corresponding to 
DNA fragments with differing lengths are then visualized using UV light or X-ray 
autoradiography, and the order of nucleotides can be determined according to the 
relative positions of DNA bands among four different lanes (Masoudi-Nejad, 
Narimani, and Hosseinkhan 2013). 

This method was gradually improved by the replacement of radio-labelling with 
fluorescent labeling of nucleotides (Smith et al. 1986), slab gel with capillary 
electrophoresis systems (Marsh et al. 1997) and later automated (in 1987 the first 
sequencing machine was the Applied Biosystem’s AB370 machine) to constitute the 
method used in the first generation of DNA sequencers. It could deliver 96 or 384 
sample sequences per instrument with a read length ranging from 600 to over 1,000 
nucleotides (nt). As a result of its lesser technical complexity and lesser amount of 
toxic chemical used, the Sanger sequencing technology has been the most popular 
method for DNA sequencing for approximately 15 years and therefore used for large-
scale sequencing projects, including the sequencing of the human genome and plant 
viruses. The method is still actually in use for specific applications.  

The main limitations of the sanger technique has been (Masoudi-Nejad, Narimani, 
and Hosseinkhan 2013) : 

• The short size of fragments to be sequenced: only DNA fragments of sizes 
varying between 100 and 1,000 base pairs could be produced due to 
limitations in the power of discrimination during capillary electrophoresis. 
Larger sequences must first be fragmented into smaller pieces and amplified 
to obtain large number of copies for each individual fragment that must be 
reassembled into the original sequence after sequencing. 

• The needs for amplification and fragment assembly steps: the generation of 
DNA fragment templates was carried out through bacterial cloning steps (both 
in the map-based sequencing and in the shotgun sequencing) which were 
tedious and time-consuming since high coverage of each fragment was 
required to obtain high-quality sequence. The algorithms and computing 
resources required for the assembly of DNA fragments into larger contigs, as 
well as the subsequent filtering and gap-filling steps were not advanced 
enough to address these problems and to produce good results in the expected 
amount of time. 

• Problems with parallelization: even though the automated sequencing through 
parallelization was a significant advance made at that period, the number of 
samples that could be processed remained of great limitation for massive 
sequencing projects such as those involved in the sequencing of mammals 
(±3.2x109 base pairs for the human genome) which would be too time-
consuming. 

• The cost: After three decade of gradual reductions in cost, the costs of the 
Sanger sequencing method remained too high to be practical for many 
important projects. Costs of up to 0.5$ could be generated per kilobase 
(Canadian Agency for Drugs and Technologies in Health 2014). 
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• The need for complete automation: the bacterial cloning steps used initially 
to generate populations of DNA fragments to be sequenced could not be done 
automatically. An improved method to significantly advance automation was 
required.  

 

b.The Maxam-Gilbert sequencing technology 

This technique is based on the degradation of DNA by successive cleaving of 
nucleotides by chemicals. The procedure determines the nucleotide sequence of a 
terminally labelled DNA molecule (the 3’ normal phosphate backbone is replaced by 
the radioactive 32P using the alkaline phosphatase and the polynucleotide kinase) by 
breaking it using chemical reagents having specific cleavage activity (the dimethyl 
sulfate and the hydrazine as purine and pyrimidine-specific reagents respectively, then 
diluted acid and piperidine to separate A to G and T to C respectively). This process 
is run in four separate successive reactions then the PAGE is used to resolve the 
fragments.  An autoradiograph allows to read the sizes of radioactive molecules 
cleaved in each of the four reaction mixtures (Maxam and Gilbert 1977).  

As a consequence of its less ergonomical feasibility and the extensive use of toxic 
chemicals, the Maxam-Gilbert method has become obsolete (Masoudi-Nejad, 
Narimani, and Hosseinkhan 2013). 

I.4.3. Second generation of DNA sequencers or “High 

throughput sequencing” 

The first-generation of DNA technology underwent an unprecedent changes, paving 
the way for the arrival of the second and third-generation sequencing technologies, 
which are generally referred to as “High throughput sequencing (HTS)” technology, 
a term used to designate methodologies used to generate millions to trillions of 
nucleotide sequences in a single instrument run (Villamor et al. 2019).   

The need for a considerable reduction in the cost of sequencing methods was 
reflected by the National Human Genome Research Institute (NHGRI) in 2004 
through a prize to be granted to a group or individuals who could “significantly 
advances automated DNA sequencing” (Masoudi-Nejad, Narimani, and Hosseinkhan 
2013). Since then, several HTS technologies, here designated as HTS platforms, have 
been released.  

These platforms shares three common steps in the first process of generating DNA 
template for sequencing : (i) DNA fragmentation to create the library, (ii) 
addition/ligation of synthetic DNA adapters to individual fragments (for transforming 
the sample nucleic acids into a format compatible with the sequencing platform) and 
(iii) sequencing of (millions) individual fragments.  

The complexity of additional steps vary not only according to platforms types but 
also according to the type of starting material used. For instance, when RNA is used 
as starting material, RNA selection is performed prior to library construction and the 
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fragmented RNA is first reverse transcribed to create a cDNA library. Three 
commonly used selection methods are: (i) ribosomal RNA depletion, (ii) enrichment 
for polyadenylated RNAs, and the small RNA selection.  

The limitation of host nucleic acid in the HTS technologies is critical to boosting 
virus signals toward the detection threshold since extremely low titer viruses may be 
missed (Kreuze et al. 2009). For that purpose, some strategies allowing the enrichment 
in viral particles are privileged before sequencing. For instance, the ribosomal RNA 
depletion is the most commonly employed selection method as it allows the detection 
of virtually all viruses present in the sample whereas polyadenylated RNA selection 
is particularly suited if the target virus contains of a poly-A tail in the 3’ terminal end 
of its genome (Villamor et al. 2019). The small RNA selection method on the other 
hand, has been also widely used since the demonstration that the virus or viroïds-
derived small-interfering RNAs (siRNAs) produced by the plant silencing machinery 
during the infection process could be used to detect both known and previously 
uncharacterized plant viruses and viroïds within infected plants (Kreuze et al. 2009; 
Donaire et al. 2009; Massart et al. 2019). This method starts with total RNA isolation 
followed by the isolation or separation of the low molecular weight RNA species 
(LMW RNA), containing the sRNAs (Rosas-Cárdenas et al. 2011). 

Four parameters can be used to categorize the different existing HTS platforms, 
notably (i) the method used to detect the nucleotide sequences, (ii) the proximate 
source of the nucleotide (the mostly used criteria for the categorization of sequencing 
strategies), (iii) the sequencing chemistry employed, and (iv) the length of the read 
produced (Levy and Myers 2016; Villamor et al. 2019; Masoudi-Nejad, Narimani, 
and Hosseinkhan 2013). To allow focusing on sequencing technologies and protocols 
that have been centered on the study of plant viruses and their detection, and more 
notably to avoid referring to sequencing technologies that no longer exist, the above-
mentioned parameters will be detailed only for the Illumina (the most popular) and 
the Oxford Nanopore Technology (ONT, in expansion) that have shown a real 
potential for plant viruses study. The ONT is provided by  the consortium Oxford 
Nanopore (Oxford, UK), Quantapore Inc. (San Francisco, CA, USA) and Stratos 
(Roche, USA) 

1. The method used to detect the nucleotide sequences 

The Illumina uses an optical fluorescence detection method for identifying the base 
that have been incorporated or hybridized. In most Illumina platforms, each dNTP is 
bound to a single fluorophore that is specific to that base type and therefore requires 
four different imaging channels, however in other Illumina platforms like the NextSeq 
and Mini-Seq systems, a two-fluorophore system is used (Quer et al. 2022).  

The ONT on the other side detects directly the DNA composition of a native ssDNA 
molecule. In this platform a motor protein is used to translocate a DNA template 
through a protein pore in which a current is also concomitantly passed. Shifts in 
voltage resulting from the blockade of the current when a particular nucleotide 
occupies the pore is temporally traced (squiggle space) and is used to characterize the 
particular DNA sequence in the pore, which can then be interpreted as a K-mer (Quer 
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et al. 2022). The ONT MinION uses a leader-hairpin library structure that allows the 
forward DNA strand to pass through the pore, followed by a hairpin that links the two 
strands, and finally, the reverse strand.   

2. The proximate source of the nucleotide: 

This parameter is the mostly used for the categorization of sequencing strategies. In 
fact, having many thousands of identical copies of a nucleic acids fragment in a 
defined area of a sequencing platform ensures that the signal can be distinguished 
from background noise. The Illumina platform realize this by performing a clonal 
amplification of DNA to generate a library of reads for sequencing. A solid-state 
amplification following a Bridge strategy is employed by the Illumina to realize this 
clonal amplification. A forward and reverse primers covalently bound to a slide 
surface, either randomly or on a patterned slide, provide complementary ends  to 
which ssDNA templates cab binds. The distal ends of hybridized templates interact 
with nearby primers by forming a kind of bridge between these primers, then 
amplification can take place. 

The ONT on the other side uses reads originating directly from a single molecule 
previously prepared for sequencing.  

According to the purpose of the sequencing, various library preparation strategies, 
adapted to the type of starting material (nucleic acid template) can be used to realize 
the clonal amplification in the frame of the HTS. Most of these approaches has been 
borrowed from the metagenomic studies and particularly adapted to be suitable for 
studies of viruses . Most important strategies of library preparation used for the study 
of viruses includes (but is not restricted to): 

• Total RNA:  This approach has been privileged in recent years for the 
characterization of CBSVs diversity, distribution and evolution (Titus Alicai 
et al. 2016b; Ndunguru et al. 2015; Amisse et al. 2019).   

• Small interfering RNA (siRNA): Whenever dsRNA occurs within a plant cell, 
such as occurs during the replication of RNA viruses, it is processed by Dicer-
like proteins to produce siRNAs of sizes varying between 21 and 24 
nucleotides. This mechanism is derived from the antiviral adaptive immune 
system of plants, a component of a more general sequence-dependent system 
that allows controlling gene expression (RNA silencing) (Baulcombe 2004). 
Various studies have used the virus-derived siRNAs to detect a variety of 
plant-infecting RNA viruses (Potyviridae, Closteroviridae, Tymoviridae, 
Luteoviridae, Betaflexiviridae, and Alphaflexiviridae); and surprisingly 
circular dsDNA viruses (Geminiviridae, and Caulimoviridae) (Roossinck 
2015).  

The reason why circular dsDNA viruses can also be detected using this strategy 
could be due to the fact that both coding and non-coding regions of these viruses are 
transcribed in both orientations in the nucleus to generate dsRNA precursors of viral 
siRNAs (Seguin et al. 2014). Apart from its sensitivity in detecting known and 
unknown viruses within single plants, this approach can also be used to detect 
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integrated endogenous elements if transcribed. The main disadvantages of this 
approach is that siRNA extraction might involve cumbersome Trizol and CTAB-
based protocols, and may be  problematic when used to detect viruses that either do 
not trigger silencing responses or that produce silencing suppressors. This is the case 
for some viruses that keeps their dsRNA genome encapsidated and never expose it to 
the cytoplasm of the cell. These viruses only extrude a ssRNA from the capsid and 
used it as mRNA and pregenomic RNA that is packaged prior to second strand 
replication (Safari and Roossinck 2014). This mechanism is used by many persistent 
plant viruses that are found in meristem of plants where most other viruses are 
controlled by silencing (Baulcombe 2004). 

• Double-stranded RNA (dsRNA): RNA viruses often form dsRNA either as 
their encapsidated genome or during the process of replication. Although 
dsRNA is largely unique to viruses, they can be abundantly found in plants. 
For the purpose of dsRNA analyses, several protocols exists. For some of 
them, the nucleic acids are first purified through a 
phenol:chloroform  extraction and the resulting mix of total DNA and RNA 
is enriched for dsRNA either by LiCl fractionation (Diaz-ruiz and Kaper 
1978) or the use of long polymer cellulose chromatography (Dodd et al. 
1984). The use of this approach allowed the discovery of fungal viruses (M.J. 
Roossink 2014) and allowed also to show that in uncultivated plants, 
persistent viruses are the dominant types of plant viruses (Marilyn J Roossink 
2012). The main shortcomings of this approach are that it is labor intensive, 
it is not effective for the detection of (-) sense ssRNA viruses (they do not 
accumulate large dsRNA amounts during replication), and it cannot be used 
for the detection of DNA viruses (Roossinck, Martin, and Roumagnac 2015). 
Various studies using this approach allowed to identify for the first time 
viruses from the family Secoviridae, Tombusviridae, and Tymoviridae 
(Thapa, 2012; Scheets 2011; Min 2012).   

• Virion-associated nucleic acids (VANA): this approach is based on the 
enrichment of virus-like particles (VLPs) by removing the host nucleic acids 
to maximize the proportions of virus sequence reads obtained from NGS runs. 
Up to four steps are generally used to achieve this: (i) VLP isolation through 
CsCl gradient or filtration-based techniques, (ii) RNAse and DNAse 
treatments to remove nonencapsidated nucleic acids after virion purification, 
(iii) ultracentrifugation for harvesting any virions present in the sample, and 
(iv) extraction of VLPs protected within capsids followed by the sequencing 
(R. J. Hall et al. 2014). The advantage of this approach is that it allows a 
simultaneous detection of both RNA and DNA viruses due to the fact that it 
combines a reverse-transcriptase priming and a Klenow fragment 
polymerization in initial step (Candresse et al. 2014). The main drawback of 
this approach is that it most of the times reported as cumbersome, it may not 
detect unencapsidated viruses or those with unstable particles. Additionally, 
this approach cannot effectively recover viruses from plants having high 
levels of either phenolic compounds or highly viscous polysaccharides 
(Roossinck, Martin, and Roumagnac 2015).  
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Two nucleic acid preparation approaches can also be combined together to allow 
bridging the detection gaps of each approach and to solve ancient or emerging 
etiologic enigma as illustrated by studies from (Candresse et al. 2014; Wylie et al. 
2014), who have combined siRNA with VANA and total RNA with dsRNA 
respectively. 

3. The sequencing chemistry employed: 

The Illumina platform utilize the polymerase to drive a sequencing by synthesis 
reaction (SBS) following a cyclic reversible termination (CRT) approach. The CRT 
approach is defined by its use of a terminator molecule that is similar to that used in 
Sanger sequencing, in which the ribose 3’ -OH group is blocked, thus preventing 
elongation (Guo et al. 2008). This strategy is the one used by the Illumina CRT 
system, accounting for the largest market share for sequencing instruments.  

On the other side, the ONT directly determine DNA sequence as it passes through 
a nanopore (Quer et al. 2022). 

4. The length of the read produced: 

The Illumina generate short reads of sizes that can vary up to 300 bp. This read size 
can be suitable for genome sequencing or the transcriptomic applications through 
RNA sequencing (RNA-seq). For this reason, the Illumina is categorized as a Short 
read sequencing (SRS) platform.  

The Illumina dominates the short-read sequencing industry owing to its high level 
of cross-platform compatibility and its wide range of platforms primarily resulting 
from its maturity as a technology (Goodwin, McPherson, and McCombie 2016). In 
addition, platforms relying on the CRT approach are much more precise in resolving 
homopolymer regions than those using the single nucleotide addition (SNA) 
approach. The standard limitation of platforms using the SRS strategy is their 
incapacity to resolve the long repetitive elements of genomes. Additional 
shortcomings of SRS platforms are the following : 

• They restrict the possibility of identifying structural variants,  

• The large deletions or insertions settle repetitive elements and/or sequences 
with extreme guanine-cytosine (GC) content,  

• Identifying whether different mutations are associated inside the same 
genome is difficult.  On the other side, even though third-generation 
sequencing could provide large and extremely large reads in one single read 
(60 K-2 M bp), their main drawbacks are the systematic higher sequencing 
error rates. These errors are the consequences of problems on the consistency 
of the electric signals, difficulties in obtaining multiple overlapping reads, the 
large amount of genetic material required for direct sequencing, and the low 
throughput (Quer et al. 2022).  

 On the opposite, the ONT platform is categorized as a Long read sequencing 
technology due to its capacity of delivering reads in excess of several kilobases, 
allowing for the resolution of large structural futures among those constituted by long 
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repetitive elements for which SRS technology is insufficient to resolve. The approach 
used by the ONT for constructing the long read is often called a “Single-molecule 
long-read sequencing” approach in the opposite of other approaches known as 
“synthetic long-read sequencing” approaches. The main difference is that single-
molecule methods do not rely on a clonal population of amplified DNA fragments to 
generate a detectable signal, nor do they require chemical cycling for each dNTP 
added. In contrast, the synthetic approaches generate long-reads following an in silico 
computational assembly of a larger fragment after using the barcode approach for 
library preparation (Goodwin, McPherson, and McCombie 2016). 

One of the major achievements of these technologies has been to resolve the 20-
year-old barrier that has hidden the 8% of the human genome and to finally release 
the complete human genome, telomere-to-telomere (T2T) (Nurk et al. 2022). 

Within its series of instruments, the ONT offers an advantageous option in term of 
practicability: the ONT MinION; a small USB-based device that runs on a personal 
computer, giving it the smallest footprint of any current sequencing platform. 
Although the device require substantial adjunct equipment for library preparation 
(thermocycler for instance), it is highly portable, cost effective, provide real-time 
results if no large datasets are needed, and is  very useful for diagnosis in isolated 
locations.  

However, ONT MinION has some limitations, namely : large error rate (5-25%), 
errors due to modified bases (they alter the typical voltage shift for a given k-mer), 
and indel errors in the homopolymers causing frameshift errors during gene calling 
(M. Watson and Warr 2019; Delahaye and Nicolas 2021; Jain et al. 2015). However, 
the high error rate have been recently significantly decreased to 0.0041%  by using an 
approach copied from the synthetic long-read sequencing approach, of 
Metabarcoding: the unique molecular identifiers (UMI) (Karst et al. 2021). In this 
approach, each molecule within a given sample library is labelled with a unique 
barcode before PCR amplification so that bioinformatics software can filter out 
duplicate reads and PCR errors with a high level of accuracy (Goodwin, McPherson, 
and McCombie 2016). 

I.4.4. Conclusion: comparison of various sequencing 

strategies and performances in the detection of plant 

viruses 

While the HTS technologies have the theoretical capacity to target any viral nucleic 
acid in any host plant or vector, the available protocols present distinct advantages 
and limitations as reviewed previously (Roossinck, Martin, and Roumagnac 2015; 
Maclot 2021) (Table I-5). 

The selection of the target nucleic acid s population is critical as it defines the types 
of viral sequences that will be detected, including total RNA/DNA, RNA-Seq, Virion-
Associated Nucleic Acids (VANA), dsRNA, small RNA, Circular ssDNA or 
amplification of targeted PCR products using generic primers. 



 Chapter I. General introduction 

83 

The various limitations mentioned suggests a careful a priori  evaluation of the 
viruses and viroids potentially infecting the plants in the study area. However, neither 
the viruses, nor their (genomic) characteristics are a priori all known. Therefore 
protocol selection may be strongly influenced by information about the virus that are 
common in the study area or are most interesting given the question(s) addressed. The 
research question and the objectives of the study are therefore key for protocol 
selection, along with a proper sampling strategy (Maclot 2021). 

In the sequencing phase, proper read length selection is of key consideration. For 
small RNA sequencing for example, the very short length of small RNAs (21-24 nt) 
complicates sequence assembly and annotation, and makes genome reconstruction 
and strain identification more difficult (Massart et al. 2019; 2017). 

Sequencing depth is directly correlated with an improved ability to detect viruses 
present at low concentrations/abundance as previously demonstrated (Massart et al. 
2019). However, a higher sequencing depth increases the probability of false positive 
detection due to potential contamination problems (i.e. the likelihood of sequencing 
contaminants is higher) and increases the sequencing price per sample (Massart et al. 
2014) 

Protocols allowing an enrichment of viral sequences, such as VANA or dsRNA will 
significantly improve the sensitivity of virus detection for a given sequencing depth 
(Arnaud G. Blouin et al. 2016; Essowè Palanga et al. 2016). 

Protocols that necessitate intensive labor work or cumbersome steps such as dsRNA 
and small RNA sometimes favor contaminations that can affect seriously sequencing 
results.  
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Table I-5: Advantages and drawbacks of different sample preparations for HTS-based 
detection of plant viruses. The type of protocols used to detect a specific nucleotide is 
used as the categorization criteria (Maclot 2021). 
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I.5. Decision-making for selecting a diagnostic test 

From a historical perspective, new virus detection has been often the output of 
etiological investigations (virus identification and characterization) of 
economically important virus and virus-like diseases of agricultural crops 
(Villamor et al. 2019). These etiological investigations are considered as the 
spearhead for the development of reliable detection methods necessary for the 
application of a successful disease management program.  

The wide possibility of applying biological, physical and molecular techniques 
has given a large “tool-kit” for the diagnosis of plant viruses. In addition, the range 
of available techniques been further expanded these last years as a consequence of 
technological innovation with the advent of high throughput sequencing 
technologies. Despite this innovation, two key elements to consider when it comes 
to choose which method(s) is/are the most suitable for diagnosing or detecting 
viruses are important to define : (i) which question is to be addressed ? (i.e. what 
is the scope/purpose of the test ?) , and (ii) which performance criteria to use for 
identifying the best-suited method ?. 

For the first question, the purposes of a test include the good knowledge of the 
organism, the matrix, and the method, e.g. detection and/or identification of 
organism X in matrix Y by method Z (EPPO 2021).  The purpose of a test can 
consist in (Massart et al. 2022)  : 

• Determining the presence of plant virus in a pre-  or post-entry quarantine, 
phytosanitary certification and overall movement of planting materials across 
the globe.  

• Verifying the suspected presence of a virus on a diseased plant 

• A targeted routine surveillance of plant pathogens, whether in 
epidemiological purposes 

Fulfill a specific research purpose: for instance studying viral genetic diversity, 
investigating the unknown etiology of symptoms, characterizing the virome or the 
microbiome of an entity, breeding for resistance, study of gene expression 
etc.  Because each specific test has a broad range of applications, the importance 
of defining clearly the scope of the test lies in the fact that it will allow targeting 
the suited application(s) necessary for addressing correctly the investigated 
question (Massart et al. 2022).  

In certain contexts, ones does not necessarily need a sophisticated technique that 
identifies strains of a virus while in other contexts it is very useful to have an 
understanding of the range of variation of the virus, the population of viruses or 
interestingly the microbiome of an ecosystem. 

International guidelines, drawn up by expert panels to assist in the choice of the 
safest and simplest tests for ensuring that plant propagules do not contain the 
viruses that are of quarantine purpose,  have been elaborated previously and used 
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extensively for the diagnostic using herein described traditional methods 
(Diekmann et al. 1994; IPPC 2021; Kumar, P. L. and Legg 2009).  However, the 
growing interest brought about by the application of HTS technologies in 
diagnosing plant health has triggered the development of new guidelines and/or 
the adaptation of previously existing rules and procedures among states and 
countries to reflect the changes that HTS can brings into the certification pipelines 
(Benedicte Lebas et al. 2022; B Lebas et al. 2020; Massart et al. 2014; P. L. Kumar 
et al. 2021; Olmos et al. 2018). 

On the other hand, the various possible tests does not have the same 
performances. The important performance criteria to consider while assessing for 
the suited test are the following (Massart et al. 2022; EPPO 2021; 2018; Hull 
2009):  

• Analytical sensitivity : correspond to the smallest amount of target that can be 
detected reliably (it is sometimes referred to as “limit of detection”). 

• Analytical specificity: Comprises inclusivity and exclusivity: 

o Inclusivity: Correspond to the performance of a test with a range of 
target organisms covering genetic diversity, different geographical 
origin and hosts. 

o Exclusivity: Correspond to the performance of a test with regards to 
cross-reaction with a range of non-targets (e.g. closely related 
organisms, contaminants). 

• Selectivity: Correspond to the extent to which variations in the matrix affect 
the test performance (matrix effect). 

• Repeatability: is defined as the level of agreement between replicates of a 
sample tested under the same conditions. 

• Reproducibility: Is the ability of a test to provide consistent results when 
applied to aliquots of the same sample tested under different conditions (e.g. 
time, persons, equipment, location). 

• Diagnostic sensitivity: Correspond to the proportion of infected/infested 
samples testing positive compared with results from an alternative test (or 
combination of tests). It is calculated as : Diagnostic sensitivity= True 
positives/(True positives + False negatives). 

• Diagnostic specificity and false discovery rate (FDR): The diagnostic 
specificity correspond to the proportion of of uninfected/uninfested samples 
(true negatives) testing negative compared with results from an alternative test 
(or combination of tests). Diagnostic specificity = true negative/(True 
negatives + false positives). For HTS tests, the FDR is the most suitable way 
to compute the diagnostic specificity as the number of potential targets is often 
unknown, making the determination of true negatives questionable (Massart 
et al. 2022)  
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Overall, for making the decision when selecting the best or appropriated 
diagnostic technique, the following points have to be taken into account:  

• The sampling protocol and the reliability of the technique:  

The choice of the diagnostic test can be significantly affected by the sampling 
plan and sampling procedure that are intended to be used in an  assay. They will 
be important in determining the speed of operations, the cost of equipment, the 
consumable supply and the labor needed. 

The sampling procedure as well as the samples handling are therefore important 
when it come to specify which test will be suitable because they will clearly detail 
the: 

o Matrix: plant, seed, cuttings, leaf, fruit, flower, stem, roots, purified 
cultures, soil, water, insects, etc. 

o Type of material: which zone or part (eg. lower leaves) ? age ? depth? 

o Type of sample:  random ? pooled ? symptomatic or not ? 

o Minimum amount for each sample 

o Number of samples: per field, per location, per batch, per grid 

o Season of sampling 

o Handling, sample preservation, labelling, packaging, storage and 
transportation procedures and conditions 

o The target substance necessary for the test: crude extracts ? purified 
extracts ? genome ? 

These information can impact significantly the reliability of a test in two ways: 
causing false negative results if for instance the part of the plant sampled did not 
contained the virus, the inhibition of the reaction by a plant constituent or the 
limitation in the reagents being used (e.g. primers for PCR etc.); or false positives 
results that can be due to poor traceability of samples, cross-contamination or low 
specificity of the test. 

Additionally, this information can guide in choosing which test is suitable 
according to the entity of target during the reaction: viral particles, viral proteins, 
viral genome. In this perspective, the methods involving the use of crude or/and 
slightly purified plant extracts will necessitate less steps than methods targeting 
the viral genome since the latter will require additional steps necessary for the 
isolation of good quality nucleic acid (without inhibitors) and in sufficient quantity 
required by the test (sensitivity). 

In certain contexts, samples collected in certain matrix can naturally result in a 
low yield of the target genome and would necessitate the use of an extra-step for 
raising its concentration so that the sensitivity of the technic could be guaranteed. 
This is done through enrichment of viral particles for which protocols varies 
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according to the type of target genome (ssRNA, ds-RNA, total RNA, circular 
DNA), its physical properties (naked RNA of viroïds, encapsidated RNA/DNA) 
and the type of matrix considered (plants, soils, etc.) (EPPO standard PM7/98 
2021). For instance, the ultracentrifugation, the ribosomal RNA depletion, the 
cellulose affinity chromatography or the rolling-circle amplification are applied for 
improving the detection of plant viruses by HTS technologies. 

• The performance criteria of the test   

Diagnostic tests have different performances for detecting a virus. These 
performances in return, can be influenced by various contextual factors that are 
highly recommended to consider before taking a decision on the test to use. 
Generally, assessing diagnostic tests includes taking into consideration their 
capacity to deliver reliable test results. The (EPPO standard PM7/98 2021) 
suggested criteria that need to be considered while assessing the performance of a 
particular test as presented above. The inherent capacity of a test to perform better 
an analysis (analytical specificity and analytical sensitivity) should be envisaged 
together with its capacity to guarantee a better assay or diagnosis (the selectivity: 
diagnostic specificity and diagnostic sensitivity) (Saah and Hoover 1997).  

Analytical sensitivity represents the smallest amount of substance in a sample 
that can accurately be measured by an assay while analytical specificity refers to 
the ability of an assay to measure one particular organism or substance, rather than 
others, in a sample. On the other hand, the diagnostic sensitivity is the percentage 
of samples known as infected by a particular disease and who are diagnosed by the 
assay as positive to that disease while the diagnosis specificity is the percentage of 
samples that are not infected by a disease who are identified by the assay as 
negative for that disease.  Other criteria such as the repeatability, the 
reproducibility and the robustness need also to be considered. 

There have been much discussion about the sensitivity of various detection tests. 
However, the sensitivity of many of the serological and nucleic acid-based tests is 
adequate for most purposes. Generally, the ease, the speed of operation, and the 
low cost favours procedures based on immunological or nucleotide hybridization 
techniques such as LAMP, LFD, ELISA, dot blots (J. A. Tomlinson et al. 2013). 
However, the sensitivity of the PCR supersedes that of ELISA or blotting. 
Additionally, the specificity of the PCR test depend on the used primers. This fact 
offers another advantage to the PCR  over immunological  tests since primers can 
be easily improved whereas antibodies are difficult to change. 

• Laboratory facilities, equipment and information technology infrastructure 

The importance of the laboratory facilities in generating reliable results is 
increasingly its capacity to avoid contaminations during diagnosis. For simpler 
diagnostic procedures such as immunological or nucleotide hybridization 
techniques, the level of requirements make them adapted to a wide range of 
conditions. However, for complex methods involving multiple handling steps and 
the use of many different reagents, as is the case for some molecular and HTS 
techniques, the possibility of contamination become a serious problem. The 
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sources of contaminations and how they can be avoided/reduced have been 
previously discussed and insightful recommendations could be accessed through 
(EPPO standard PM7/98 2021; Massart et al. 2019). For instance, the possibility 
to apply a forward workflow with dedicated areas for non-compatible steps such 
as nucleic acid extraction and amplification (Benedicte Lebas et al. 2022). 

The HTS technology requires significant investment in terms of information 
technology for both data storage (number of samples, volume of data per sample, 
data backup and maintenance etc.),  and computing capacity (operating system 
environment, computing power or server, level of expertise etc.) that makes it 
suitable only in particular environments (Lebas et al. 2022). For instance, all 
sequencing platforms are regularly updated and one would consider monitoring 
these updates and envisage the capacity of the laboratory to access them and 
evaluate their potential impacts on the results. 

• Expertise available and personnel requirements 

Most of the basic diagnostic techniques (ELISA, PCR and blotting techniques) 
are relatively easy to learn, but it is important that they are learned properly so that 
potential sources of error can be recognized. Several resources and protocols have 
been optimized previously for the diagnosis of cassava viral disease and are 
available (Kumar, P. L. and Legg 2009; Girma et al. 2017; Diekmann et al. 1994).  

Some diagnostic techniques such as those described for immunological and 
hybridization can be conducted by basic technicians well trained. Others, such as 
molecular diagnostic tests, require that only qualified and trained personnel should 
process the samples. Requirements becomes of great concern for HTS techniques 
for which additional expertise in IT bioinformatic for sequence analysis, as well as 
a relevant scientific expertise is needed for the choice of biologically specific 
settings and parameters, for appropriate interpretation of the data and for 
evaluating their biological relevance are required. The capacity to run 
bioinformatic pipelines includes installation, development, validation, routine use 
and regular update of the software and database  (Lebas et al. 2022). 

Even though some specific expertise can be outsourced when considering 
adopting the HTS diagnosis, routine methods for diagnosis using immunological 
and hybridization methods are less demanding in term of personnel expertise.   

I.6. Cassava seed systems and mitigation of disease 

outbreaks in Africa 

I.6.1. The seed systems paradigm and farmer’s 

perceptions on the value of seeds in Africa 

The term ‘seed system’ is understood in various ways. It is often understood as 
referring to the organized, formal mechanisms through which farmers obtain seed and 
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through which seed quality can be guaranteed. This “formal” conception draws seed 
systems as a chain of interlinked activities, starting from genetic resource 
management, breeding research and crop improvement, through seed multiplication, 
marketing and distribution, to the use of the seed by farmers (Louwaars, Le Coent, 
and Osborn 2010).  

In the reality, and parallel to this formal approach, seeds can travel through distinct 
routes, especially when they are produced and/or exchanged by farmers following 
pathways that they entertain themselves (local), sometimes since a long time ago 
(traditional). The importance of these ‘informal’ systems varies according to the type 
of crops and environments, being most prominent for Root Tubers, Banana (RTB) and 
other vegetatively propagated crops (VPCs), in developing countries (Louwaars, Le 
Coent, and Osborn 2010). 

The basic expectations from (or purpose of) seed systems, no matter how formal or 
informal they are, are to better address farmers’ demand for varietal traits (good 
quality planting material) and improve the distribution schemes to reach farmers better 
(accessibility) (Bentley et al. 2017). The advantages and limits of each of the formal 
and informal seed systems have been discussed previously (McGuire and Sperling 
2016) and most arguments advocated for an approach favouring the integration of 
both systems so that the advantages of one can alleviate the limitations of the other.  

More than consisting in formal and informal sectors, seed systems can operate on 
different geographical scales and levels, and integrate sub-systems like project-based 
seed systems (Gibson 2013; Rachkara et al. 2017). 

Many studies on seed systems distinguish between formal and informal systems, 
with the former following more or less the model of an industrial supply chain, while 
the latter entail a range of mostly farmer-managed activities, for example in saving, 
using, exchanging and selling seed in local networks and markets (McGuire and 
Sperling 2016). However, the division of seed system actors and components into 
formal and informal categories appears problematic since there is a growing degree 
of overlap between both systems allowing, for example, varieties originally developed 
by the formal sector to enter the informal and vice versa (Christinck, Rattunde, 
Kergna, Mulinge, and Weltzien 2018). 

Niekerk and Wynberg (2017) elucidated the various reasons, perceptions and 
attributes that farmers dedicated to seeds in South African context (Table I-6). He 
showed that these attributes could be summarized in Physical, financial, social and 
cultural (Table I-6).  

Table I-6. Farmer’s perceptions of the value of seeds for traditional crops (van Niekerk and 

Wynberg 2017) 
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I.6.2. Cassava seed systems in D.R. Congo 

As is the case in many African countries, the formal and the informal seed systems 
characterize the seed system in D.R. Congo (Figure I-22). The informal system, where 
the farmer acquires and multiplies seeds himself, is the most predominant. On the 
other side there is the formal system, where both public and private institutions 
intervene, and that is based on: (i) varieties establishment by the research institutions, 
(ii) seed multiplication and dissemination following established regulatory conditions, 
(i) strict control of multiplication and dissemination activities by a public institution.  

 

Attribute Farmer's perceptions

Crops grown from traditional seeds are hardier than shop-bought crops

Traditional seeds last a long time in storage without chemical applications

 Saving seed means seed does not have to be bought every season

Exchanging seed precludes the need to pay for seed

Historical ties – seeds are passed on from one generation to the next

Seed saving encourages self-sufficiency

Sharing traditional seed enhances social cohesion

Seeds were being taken care of on behalf of the ancestors

Seed from the household of a person in mourning cannot be removed until 

certain rituals have been performed and a specific period of time has passed
Seeds are associated with marriage rituals: seed either accompanied newly 

married women to their husband’s family home (Lindizwe) or were not allowed to 

travel with a newly married woman to her in-laws’ homestead

Financial

Social

Cultural

Physical
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Figure I-22. Schematic representation of the organizational framework of seed system in 

D.R. Congo and it particularity in relation to cassava multiplication scheme. 
 This figure was elaborated using information collected from (A. N. Frangoie, Bidiaka, and 
Mahungu 2019b; Mahungu et al. 2014; N. Frangoie, Bidiaka, and Mahungu 2012).  

Four main components, led by five main actors, are involved in the production 
of six categories of seeds that flows inside the formal seed sector. These actors can 
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be separated into public or private actors, but importantly their intervention can be 
categorized into direct or indirect:  

Direct actors are those intervening in the:  

• Research: This component is at the first level of the seed sector and 
is in charge of developing novel and improved varieties designated as 
“foundation seeds” (pre-basic, G0) that serves as the starting point for 
subsequent categories of seeds. Before being approved and added to the 
national catalog of varieties, its quality is first assessed following the DHS 
(Distinction, Homogeneity and Stability) and VATE (Agronomic, 
Technological and Environmental Value) tests. If evaluations of the 
foundation seed are successful, it will be added to the national varietal catalog 
that will detail information regarding the morphological, agronomic and 
technological traits of approved varieties as well as the regions where they 
can be grown. This national catalog of varieties serves therefore as a working 
document tool for seed producers as well as for the seed inspectors. The last 
version of the national variety catalog (2019) contained 214 approved 
varieties among which 35 of cassava (see Table I-6). The research also 
assumes the multiplication of the foundation seed into basic seeds (G1), using 
the In vitro propagation technic for cassava,  and ensure their varietal identity 
is maintained throughout various cycles of multiplication and dissemination. 
Over the years, the research component has been exclusively assumed by the 
INERA but the whole formal seed sector has benefited from several supports 
made up of donor-assisted projects. In that way, since 1972, the INERA has 
been strongly supported by the IITA and CIAT, especially in the cassava seed 
sector where it has been appointed by the D.R. Congo government to mitigate 
the spread of cassava bacterial blight disease. Since then, the IITA has 
initiated various projects in collaboration with the INERA in various sectorial 
programs of the ministry of agriculture such as the “Programme national 
Maïs (PNM)”, the “Programme National Legumineuses (PNL)”, and 
importantly the “Programme National Manioc (PRONAM)”. These various 
programs resulted in the creation of the project entitled the “Projet de 
Recherche Agronomique Appliqué et Vulgarisation (RAV)” which resulted 
in the development of improved and resistant varieties including cassava 
varieties resistant to cassava mosaic disease (Table I-6).  
• Multiplication: Once approved and included in the national seed 

catalog, the G1 varieties go through a process of multiplication in order to 
generate large seed quantities necessary for satisfying farmer’s needs. The 
stages consist in multiplying pre-basic seeds into basic seeds (G2), then into 
two generations of certified seed (R1 & R2 seeds, both the G3 stage), quality 
declared as well as standard seeds. Various actors intervene in this 
component, starting from the INERA again, which act as a true seed 
enterprise, and extend to individual seed multipliers often regrouped into 
cooperatives of seed multipliers. For cassava, the  multiplication scheme is 
done following a “cascade” model that ends at the second generation of 
certified seeds (R2 stage). The various stages in the multiplication of cassava 
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consists into the primary (Pre-basic to basic), secondary (basic to certified 
R1), and tertiary multiplications (certified R1 to certified R2). Certified R2 
seeds are those dedicated for use by farmers.      
• Control : The aim of the control is to guarantee that the seed quality 

is maintained through the various multiplication and dissemination process 
so that the seeds that have been admitted to the catalog can reach the end 
users (farmers) with their fully declared potential.  This control process is 
disrupted for a variety when it is removed from the varietal catalogue. The 
control component has been long time under the responsibility of the ministry 
of agriculture through its specialized official control service termed 
“SENASEM” (Service National des Semences). Through its network of 
inspectors and analysts, this service conduct a routine monitoring and control 
of all seed multiplication activities starting from the pre-basic to the standard 
seeds. This control is conducted on various levels of the seed sector, starting 
from the field (during the crop vegetative cycle) to laboratories (tests 
analyzes are conducted on samples collected on various products in storage 
pending commercialization or distribution). They deliver a “certificate of 
conformity” to seeds that have been multiplied, packaged, stored and 
disseminated under required conditions. This service is competent in 
controlling and certifying seeds from the pre-basic level (G1) to the standard 
level (G5). These conditions are described in a special document as described 
below.  

On the other side, indirect actors serve as the support to the seed sector and are 
constituted by :  

❖ Dissemination: Various local and international organizations 
specialized in development or extension: they support  seed multipliers and 
various public sector in their activities of multiplication and control.  
❖ Commercialization organizations: they are specialized in the 

packaging, the storage, the distribution and the sale of seeds. 

The research and development of new cultivars is a core process necessary for 
maintaining and improving the crop productivity. There have been nearly 30 years 
of varietal releases from the National Cassava Program (PRONAM) managed by 
the INERA with strong linkages to IITA and CIAT. PRONAM’S main cassava 
breeding program is located at MVUAZI in the Bas-Congo with a major secondary 
station at Kiyaka in Bandundu. This program provided breeder level and certified 
clonal planting material for bulking by a range of international and national NGOs, 
FAO, multilateral, and donors projects, certified seed multipliers, and commercial 
farms. The core process is the breeding and release of higher productivity clones 
with good pests and disease tolerance that are adapted to the domestic market.   

Within the 35 cassava varieties actually approved for multiplication and 
dissemination in the national catalog of varieties, most of them are of sweet type 
(25) but we can also note biofortified varieties (4) breeded in collaboration 
between the INERA with the HARVESTPLUS and IITA. The oldest introduced 
varieties that are still maintained in the catalog date from the 1998 (MVUAZI and 
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RAV), whereas the recently introduced one date from 2019 (MUKOLESHI). Most 
of the varieties were locally bred by the INERA (18) whereas introductions of 
some varieties from Uganda (6) and Nigeria (9) by the IITA are also registered. 
The variety maintenance is done by the various INERA stations that are 
disseminated throughout the regions where the variety is widespread. It seems like 
in D.R. Congo, the cassava breeding program has been importantly influenced by 
the cassava mosaic disease as most varieties (26) are identified as having a “very 
good” level of resistance against the disease. This is not the case for the CBSD as 
only certain varieties are reported as having a “very good” level of resistance (4 
varieties) or “tolerant” (9 varieties) (SENASEM 2019) (see Table I-7. Below).    

Table I-7. Cassava varieties approved in the national catalog of varieties in 2019 

(SENASEM 2019). For further varietal characteristics, refer to the catalog. 

 
1The name correspond to that used by extension services. Sweet varieties are highlighted in 

orange, bitter varieties in green, and biofortified varieties in blue. IITA: International Institute 

of Tropical Agriculture, CMD: Cassava mosaic disease, CBSD: cassava brown streak disease, 

CBB: cassava bacterial blight, CAD: cassava anthracnose disease. 

N° Code Name1 Year of 

introduction

Geographic 

origin
Genetic origin Resistance to diseases

1 M98/115 BOMENGO 2013 D.R. Congo IITA Good against CMD, CBB and CBSD; tolerant against CAD

2 MVZ 99/0395 BUTAMU 2004 D.R. Congo INERA M'VUAZI Tolerant against CMD, CAD and CBB

3  MVZ 2008/223 GIMBI 2016 D.R. Congo -  Very good against CMD, CBB and CAD

4 GKA 006/033 KAMANA NZALA 2006 D.R. Congo INERA NDANDAJIKA Very good against CMD, tolerant against CBB and CAD

5 - KIZIMBANI 2014 Tanzania - Mild to CMD, CBB, CAD, and CBSD

6 MVZ 2006/114 LITOY 2013 D.R. Congo IITA Very good against CMD, CBB and CBSD; tolerant against CAD

7 EARNET, MM96/0287 LIYAYI 2001 Ouganda IITA Mild against CAD and CMD

8 MVZ 2008/0305 LONGO-LONGO 2006 D.R. Congo -  Very good against CMD, CBB and CAD

9 1004/024 LUBILANJI 2001 D.R. Congo INERA M'VUAZI  Very good against CMD, CBB, CBSD and CAD

10 MVZ 92/298 MAHUNGU 2000 D.R. Congo INERA M'VUAZI Tolerant to CBB and CMD, mild against CAD

11 MM 96/7752 MAYOMBE 2004 Ouganda IITA  Tolerant to CMD, CBB and CAD

12 I92/0067 MBAKANA 2008 Nigeria INERA M'VUAZI  Very good against CMD, CBB and CAD

13 MM 97/2015 MUGOLI 2008 Ouganda IITA Very good against CMD, tolerant to CBSD, CBB and CAD

14 I 92/326 MUTIENE 2013 Nigeria IITA Very good against CMD, tolerant to CBB,  CAD and CBSD

15 2006/073 MUZURI 2013 R.D. Congo IITA Very good against CMD, CBB and CBSD;  tolerant to CAD

16 MM 96/4653 NABANA 2008 Ouganda IITA Very good against CMD, tolerant to CBSD, CBB and CAD

17 MM 96/7204 NAMALE 2008 Ouganda IITA Very good against CMD, tolerant to CBSD, CBB and CAD

18 MVZ 99/150 NGANDAJIKA 2008 D.R. Congo INERA M'VUAZI Very good against CMD, tolerant to CBSD, CBB and CAD

19 I96/0160 NSANSI 2000 Nigeria IITA Tolerant to CMD and CAD

20 MVZ 2010/061 NZOAZUZU 2017 D.R. Congo INERA M'VUAZI Very good against CMD, CBB and CAD

21 TME 419 OBAMA 2008 Nigeria INERA M'VUAZI Very good against CMD, tolerant to CBB and CAD

22 2001/014 OBAMA 2 2015 Nigeria INERA M'VUAZI Very good against CMD, CBB, CAD and CBSD

23 MVZ 85/297 RAV 1998 D.R. Congo INERA M'VUAZI Tolerant to CAD and CBB

24 MM 96/3920 SAWASAWA 2003 Ouganda INERA MULUNGU mild to CMD and CAD

25 MVZ 99/038 ZIZILA 2003 D.R. Congo - Very good against CMD

26 I 96/0211 DISANKA 2004 Nigeria IITA Very good against CMD, CBB and CAD

27 MVZ 2007/126 ILONA 2013 D.R. Congo IITA Very good against CMD, tolerant to CBB, CAD and CBSD

28 MVZ 2007/102 KANSAKAKO 2015 D.R. Congo IITA Very good against CMD, CBB,CAD and CBSD

29 - MVUAZI 1998 - IITA (I95/0528) Very good against CMD, CBB and CAD

30  I 94/0330 VUVU 2008 Nigeria INERA M'VUAZI Very good against CMD, CBB and CAD; tolerant to CBSD

31 2001/1229 WINA 2008 Nigeria IITA  Very good against CMD, and CBB, tolerant to CAD and CBSD

32 GKA (2012/149) LUMONU 2012 D.R. Congo INERA NGANDAJIKA Very good against CMD

33 MVZ 2011B/0360 VIMPI 2019 D.R. Congo INERA M'VUAZI Very good against CMD, tolerant to CBB and CAD

34 I 2001/1661 KINDISA 2008 Nigeria IITA Very good against CMD, CBB and CAD; tolerant to CBSD

35 GKA 2011/274 MUKOLESHI 2019 D.R. Congo INERA NGANDAJIKA Very good against CMD, tolerant to CBB and CAD
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The standards and conditions that govern the production and the control activities 
within the seed system in D.R. Congo are contained within a special document: the 
“règlement technique de la production, du contrôle et de la certification des semences 
et plants” (translated as “the technical regulations for production, control and 
certification of seeds and seedlings”). Four different versions of this document have 
been issued since 1997, and the last one date from 2019. It is only within this last 
version that the phytosanitary standards related to the CBSD and the CRND have been 
integrated for consideration among the conditions to be fulfilled by a multiplication 
field  (Table I-8).  

Table I-8. Technical regulations for production, control and certification of seeds and 

seedlings of cassava. Edition 2019. Excerpt of the phytosanitary conditions regarding 

diseases and pests 

 

In fact, it is suggested that following the inspection of 100 plants within a 
multiplication field, the limit in the incidence of root necrosis symptoms due to CBSD 
should not exceed 4% for the pre-basic and basic seeds and 10% for the first and the 
second generations of certified seeds (R1 and R2). There is no criterion related to the 
diagnosis of CBSD symptoms on above-ground parts (stems and leaves), suggesting 
that multiplication fields should stay longtime enough in the field until roots are 
developed to allow symptoms diagnosis. 

As the phytosanitary status has to be controlled not only during the seed 
multiplication process, but also during the varietal maintenance, the In vitro culture 
strategy is the sanitation method envisaged for cassava especially for regenerating 
plant material previously infected by viral disease (Figure I-23). Apart from the visual 
diagnosis of CBSD symptoms on below-ground parts of the plant, the technical 
regulation scheme does not mention an additional diagnostic or detection method to 
be further conducted to ensure the phytosanitary status of multiplied plants is safe of 
viral diseases.  

Pre-basic Basic Certified (R1 & R2)

9 Cassava mosaic disease (CMD) 0.1 0.1 0.5

10 Cassava bacterial blight 0.1 0.1 0.5

11 Cassava anthracnose disease (CAD) 10 10 10

12 Cassava brown streak disease (CBSD) 4 4 10

13 Cassava root necrosis disease (CRND) 10 10 20

14 Cassava green mites (CGM) 10 10 10

15 Cassava mealybugs (CM) 10 10 10

16 Cassava roots and tubers mealybug (CRTM) 10 10 10

17 Thrips 10 10 10

Seeds categories

Phytosanitary status for pests (maximum 

incidence % and damage severity=3)

Phytosanitary status for diseases (maximum 

incidence % allowed)
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Figure I-23. Cassava variety maintenance scheme in D.R. Congo 

Additionally, the technical regulation scheme suggests a number of operations 
to conduct in case putative plants are detected as being not conform to 
phytosanitary standards. These operation are collectively designated as “normes 
d’épuration du manioc”. They are highlighted as below:  

❖ Uprooting of plants infected by viral, bacterial and fungal diseases as 
soon as the symptoms appear; 
❖ The uprooting must be complete and the plant debris immediately 

removed from the field; 
❖ Efficiently getting rid of weeds, especially during the first four 

months of plant growth; 
❖ Discard diseased plants as well as those not well developed within the 

mini-cutting nursery  

The necessary steps for the approval and the registration of novel varieties in the 
national catalog of varieties are detailed within a special manual: the “Manuel des 
procédures administratives et techniques de prestation des services du 
SENASEM” (translated as: “manual of administrative and technical procedures for 
the SENASEM service provisions”) edited in three volumes. This manual was 
adapted from that used by the Southern African Development Community (SADC) 
and allow that varieties approved in D.R. Congo can be also easily approved within 
the SADC countries.  

We have presented above a brief summary of the formal seed system as 
organized by the D.R. Congo regulations. However, as highlighted in the 
introduction of this subsection, in the reality the formal seed industry in the country 
coexist in parallel with the informal seed system. Whereas the formal seed sector 
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is focused on the selection and evaluation of improved varieties as well as the 
production and trade of certified seeds, the informal seed sector is thought to be 
governed by traditional knowledge and norms and little information is available 
about its performance. The importance of this informal seed sector lies in the fact 
that a vast majority of farmers depends on it for various reasons including a limited 
knowledge, a restricted varietal diversity, a lack of resources to afford certified 
seeds as well as the lack of accessibility.  

Farmer self-propagation and exchange of cassava cuttings is the primary form of 
cassava propagation by smallholders and commercial farmers in the informal seed 
sector. However, many projects and programs have worked with farmer 
demonstration groups to train them in careful selection of vigorous, disease-free 
planting material. Some producers groups and NGOs have cassava multiplication 
fields  and serve as independent or contract growers producing planting material.  

I.6.3. Understanding interventions in cassava seed 

system in a context of viral diseases burden: a brief 

analyse of the Great Lakes Cassava Initiative (GLCI) 

experience. 

Various types of interventions have been directed for improving the functionality of 
seed systems of various crops across the world. For RTB particularly, several authors 
have suggested that most of the interventions directed to seed systems of these crops 
did not reach their full potential for various reasons. The most prominent one was 
shown to be a neglected rigor when it came to focusing on understanding issues 
resulting from the adequation between the type of the work or intervention, the type 
of actors, the specificities of the environment (where) and the underlining reason or 
motivation supporting these interventions (Almekinders et al. 2019) 

In the past, an interesting intervention specific to the seed system of cassava has 
been regionally implemented to mitigate the burden of viral disease (CMD and CBSD) 
in the African context. This project, known as the GLCI, has generated a number of 
lessons that we considered here as important to document in the specific frame of 
understanding the challenges posed by cassava seed system interventions in the 
context of disease burden. This simple analytical case study was carried out by 
exploiting available documentation related to the project itself and only some key 
features, considered as relevant in the context of this work, will be presented. 

a. Introduction 

Maybe one of the most important interventions ever realized so far on cassava seed 
systems in the context of an existing and emerging viral diseases (CMD and CBSD 
respectively), the Great Lakes Cassava Initiative was a project aiming at distributing 
clean planting material of disease-tolerant or resistant varieties to 1.15 million farmers 
across six countries in the great lakes region: Burundi, D.R. Congo, Kenya, Rwanda, 
Tanzania and Uganda.  
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Implemented for a period of 57 months (from 12/1/2009 to 8/31/2012), with a 
23,876,316 U.S. $ grant from the Bill and Melinda Gates foundation (BMGF), this 
project was implemented by the Catholic Relief Service (CRS) with research and 
technical support from the Africa-based International Institute of Tropical Agriculture 
(IITA) and the UK-based Food and Environment Research Agency (FERA).   

Before the GLCI, the CRS had already gained experience in managing regional 
interventions in seed systems of RTB in the Great Lakes Region of Africa. Several 
important results from its two years-USAID funded C3P project (Crop Crisis Control 
Project, 2006-2008), multiplied and disseminated CMD resistant varieties and 
developed various strategies and tools to intervene in seed systems: the use of 
vouchers for dissemination of planting material, the development and use of a quality 
management protocol, and dissemination planning to promote participatory and 
transparent dissemination at community multiplication sites. 

b. Organization of the project 

The sustainability of interventions in cassava seed system was envisaged at three 
levels (Figure I-24): (i) research, (ii) development and (iii) program management. At 
the research level, the project conducted various epidemiological studies to identify 
the best growing places as well as the best mechanisms of delivery of clean seeds. In 
addition, the research aspect of the project provided tools necessary for diagnosing 
the disease and detecting viruses so that best decisions on the phytosanitary status of 
seeds could be taken.  

The development aspect of the project was organized around the identification of 
disease resistant clones, their multiplication and dissemination, as well as the 
awareness raising about the disease.  

 
Figure I-24: The GLCI operating framework 

c. Seed system innovations within the GLCI and its challenges 

The GLCI multiplication and dissemination system was organized in a 
hierarchical manner: small number of primary sites feeding a larger number of 



 CBSD epidemiology and cassava viruses in D.R. Congo  

 

100 

district-level secondary sites and providing planting material for thousands of 
community level multiplication sites, referred to as tertiary sites.  

With the advent of the GLCI project, CRS capitalized on the achievements from 
the C3P and build up a set of four inter-dependent innovative approaches to 
intervene in cassava seed system: (i) decentralized production and dissemination, 
(ii) quality management protocols, (3) targeted dissemination and traceability in 
the seed system, and (iv) mitigation against CBSD through surveillance, sampling 
and testing. 

• The decentralized production and dissemination approach consisted in 
establishing many small multiplication plots (from ¼ to 1 ha), as opposed to fewer 
larger plots, spatially allocated in target areas (10 km apart in the intervention 
zone). Additionally, the approach involved allocating small amounts of planting 
material (20-25 full stems corresponding to 100-150 cuttings, each having 3 to 5 
nodes) per farmer, enough to have a demonstration effect at farm level.  

This approach, also called the “small is beautiful” had the main benefit of: 
effective strategy in moving planting material quickly into target zones and to 
gain geo-spatial saturation, making access easier for farmers, effectivity in 
supporting training and having the production site serving as a classroom, thus 
raising the demonstration effect of planting material, reducing the loss of planting 
material which occurs between harvest and planting, and reducing production 
costs at multiplication sites. Additionally, smaller more decentralized fields 
promoted the transport of planting material in full stems on farmers heads in a 
single bundle as opposed to cuttings or mini-stems in bags loaded on vehicles.  

The main challenge of this approach was that it was predicted that most material 
was disease resistant (against CMD, the most prevalent disease at the time of 
project inception). Nevertheless, the germplasm resistance to CBSD was not clear 
and, in CBSD endemic zones, this approach became inappropriate as 
multiplication sites would require field isolation and quarantine against CBSD 
viruses. Additionally, this decentralization increased cost of monitoring 
production sites, bringing the cost per direct stem recipient to 16,80 US $ during 
the period of project implementation.  
• Quality Management Protocol (QMP): The aim of QMP was to apply a seed 

quality standard for cassava which was relevant to farmer conditions and could 
be conducted at field level visually and at low cost. It represented an opportunity 
for public sector engagement in setting of standard. QMP is based on visual 
assessment of varietal purity, scoring for pest and disease, and estimating the total 
stems to be harvested. One hundred plants per field were involved in the 
inspection and a subsample of 10 plants are taken for root symptoms assessment 

In the context of GLCI, the utility if the QMP have been limited and challenged 
by the knowledge gaps in the epidemiology of CBSD. In addition, various factors 
prevented the application of the QMP approach at large scale: multipliers not 
wanting to sacrifice ten plants for CBSD assessment, GLCI partners not being 
trained in QMP, GLCI multipliers not being required to do QMP, and a general 
low level of sensitization and buy-in from local government. 
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Additionally to this, a central challenge in all GLCI countries remained the 
capacity of NPPOs to promote and coordinate the application of minimal 
phytosanitary standards since they lack the resources, staff and capacity to support 
even a rudimentary framework to oversee inspections of cassava stem production 
fields. This economic basis and the costs to implement certification and quality 
control should be significantly lower than the cost of no standard and the benefits 
of functioning standards. Even with a strong economic argument to justify public 
sector investment in QMP, it remained highly unlikely to continue in any form 
without significant donor funding.. 
• Targeted dissemination and traceability: This approach was required since an 

efficient and well targeted dissemination of disease tolerant planting material 
necessitated a special care because disease tolerant cassava planting material was 
highly sought in areas impacted by disease. Additionally, given the role of cassava 
as a food crop for vulnerable farmers, explicit efforts to reach disease-affected 
vulnerable farmers with tolerant planting material deserved to be made. 
Therefore, systematic processes for identifying communities and farmers to be 
served with planting material and having a seed supply chain that recorded  the 
origin of material was developed.   

The dissemination process was underpinned with three values: 
i. Accountability: included being capable of demonstrating to partners, 
governments and donors who received planting materials, when, how 
much and from where the material is received and how far the recipients 
travel to receive the material.  
ii. Transparency: referred to having clear and documented processes for 
allocating material and ensuring that the processes are well understood 
and practiced at partner level and with all sites of multiplication. 

iii. Participation : referred to having strong community engagement in 
decisions on allocating planting material and involving local government, 
civil society leaders and the multipliers in discussions on who Is targeted 
to receive planting material. 

Dissemination plans were used for allowing a transparent discussion with local 
authorities on the amount of planting material to be disseminated, the target 
villages, and criteria for beneficiary selection. Furthermore, dissemination reports 
documented the extent to which marginal groups were served by the project. The 
use of a voucher system allowed farmers to access to cuttings in an ordered 
manner during seed dissemination.  

The main challenges of this seed dissemination and traceability strategy relied 
on the uncertainty of its adaptability since to replicate them by governments or 
other donors require a certain level of awareness of some best practices and 
approaches. 

• Mitigating against CBSD using surveillance, sampling and testing: The main 
threat for the GLCI multiplication system was the spread of viruses that cause 
CBSD. The CBSD risk assessment mitigation in GLCI involved surveillance and 
testing which was donor mandated and not based on farmer cost-benefit analysis. 
To minimize the risk of spreading CBSVs through the GLCI multiplication 
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scheme, primary sites and most secondary sites in CBSD-threatened areas were 
tested using RT-PCR tests. CBSD threatened areas were determined by 
surveillance activities undertaken through disease annual surveys conducted by 
IITA. The most known “zero tolerance approach” consisting in using only source 
sites having no positive virus test results for secondary or tertiary sites was used. 

While the process of linking surveillance to testing was unique and had a number 
of benefits, the investment cost of the GLCI CBSD risk mitigation process was not 
linked to any demonstratable economic benefits. For example, the estimated total 
cost of all the 45,000 RT-PCR reactions conducted throughout the project was 
$300-400,000. Additionally, the annual disease surveys did not provide results fast 
enough to support the early decision-making on CBSD-threatened or epidemic 
zones. Even with the advent of cheap and accurate diagnostic testing suitable for 
field application (LAMP, NASH), the necessity of having a systematic process to 
apply these detection methods remained the most important limiting factor. This 
systematic process had to combine some surveillance or disease reconnaissance to 
justify the testing scope, some analysis of the cost-benefit ratio to ensure that seed 
producers and seed consumers have economic incentives to support the system, 
and some buy in and backstopping from public sector actors in each country 
(NPPOs and National Seed Certification Associations). 

d. Learning from the GLCI project implementation and 
coordination 

The implementation of the project was envisaged around five main axes : the 
partnership, the disease, the training, the seed and the farmer groups.   

Owing to its character of a regionally implemented project (6 countries), the 
partnership strategy adopted by the GLCI could be seen as a “wide machinery” 
considering the number and the complexity of stakeholders and partners involved 
more than (200 partner’s staff globally). This partnership involved local (55 local 
partners), national (NARS and NPPOs), regional (IITA),  and international (FERA)  
actors.  

The Figure I-25 shows the typical organizational model through which the system 
was coordinated and the respective roles and responsibilities attributed to each partner. 
Through various events (meetings, workshops and conferences, trainings, exchange 
visits and end-of-project events), these partners were bring together for sharing 
information, comparing experiences, reviewing and planning activities.  
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Figure I-25: Horizontal and vertical organizational web of GLCI partners (A) linked to 

their corresponding roles and responsibilities. Source: GLCI Final report, 2012.   

In that model, crucial research studies as well as disease diagnostics were conducted 
by IITA and FERA  research institutions at the top of the organizational web. Results 
and recommendations generated through their studies were channelled to NARS and 
NPPOs via the CRS regional team and country programs to assist them in making 
decisions on multiplication, cleaning and disseminating planting materials. Research 
institutions were also responsible of conducting training for NARS and NPPOS. IITA 
collaborated with NARS by providing with them necessary training and technical 
backstopping. In return, IITA relied on NARS to carry out the work in the field, 
particularly for implementing annual surveys and lab-testing of samples. FERA 
coordinated the NPPOs to develop the regional  Pest Risk Assessment (PRA) 
necessary for developing individual country-based PRAs. 

The roles of NPPOs were not as broad as those of the NARS since the first were 
limited to developing PRA and the associated guidelines for planting material 
movements within the framework of risk analysis while the NARS were considered 
as a bridge between research and development. In fact, apart from the collaborations 
with the IITA, the NARS had the responsibility of (i) coordinating, training and 
supervising partners and farmers groups to conduct participatory Varietal Selection 
(PVS) and integrated Crop Management (ICM) trials, and (ii) providing and 
multiplying foundation material from their primary fields to start the multiplication 
chain. 

The local implementing partners (55) were considered as the engine of the project 
implementation in the field and the key to success. They were responsible of (i) 
conducting secondary multiplication sites, (ii)implementing PVS and ICM trials, (iii) 
establishing and training farmers groups, (iv) supervising tertiary sites managed by 
the farmers groups, (v) organizing dissemination of planting material, and (vi) 
collecting and entering data.     

The farmers groups (3,048) were considered as the delivery channel and the pivotal 
point to reaching scale. They managed the 5,500 tertiary multiplication sites necessary 
for reach the 1.35 million beneficiaries. 

Significance of the GLCI partnership strategy to reaching its goal: how partners 
evaluated the roles of each others within the partnership set up by GLCI 
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Through the project implementation, all actors interacted together to reach the goal 
assigned to the project. They are therefore the key informers who can reflect on the 
consistency of the partnership strategy adopted through the perceptions that they had 
on the roles played by each partner in the consortium. The importance of this 
evaluation lies the fact that there can be demarcation between what the project has 
assigned as role before the implementation and what really happened during the 
implementation. The summary of the views that various GLCI’s partners had about 
their mutual relationships within the partnership consortium as well as the challenges 
encountered and recommendations for moving forward is presented in the table I-9.  
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Table I-9. Partners views on the importance of each others in the implementation of the 

project and institutional benefit gained through the GLCI project 
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Briefly, the information provided within the table I-9 shows that globally partners 
assessed the presence of other partners as important within the consortium. A sort of 
complementarity between the actors emerged as the main reason supporting the 
existence of the partnership. At one side there are international institutions considered 
as knowledge/technology providers but they needed implementors at national level 
and ultimately local partners as interface with farmers. The value of the national 
institutions was perceived as more related to the national contexts in that the NARS 
identified the national priority while the NPPOs provided the policy and regulatory 
environment. However, this complementarity was not fully supported at national level 
since it appeared that NARS institutions disregarded the role of NPPOs by judging 
their role as “not necessary” and by being more critical regarding the local partner’s 
technical ability to conduct participatory varietal selection (PVS) and integrated crop 
management (ICM) trials.  

Additionally, international institutions have seen in the GLCI’s partnership an 
opportunity to broader their interventions and to further their reputation in cassava 
research development and risk evaluation. Local partners on their side, have gained 
through the GLCI the opportunity of capacity building as well as technical material 
development.   

The following comments from the partners sum up the significance of the GLCI 
partnership to reaching its goal : ”These partnerships provided a platform for 
integrated research and development, from which many innovations were developed. 
These innovations established a rigorous seed system within the context of diseases, 
built a model to manage the large scale of field staff and farmer groups, and developed 
ana ambitious field-based M&E system”. 

Constraints of the GLCI’s partnership strategy in the management of disease  

The complexity of the GLCI project, owed particularly to its regional character, 
prompted it to collaborate with a consistent number of actors. As a consequence, the 
disease management approach adopted by the project was also regional. Surely this 
approach had its merits and advantages in addressing the disease issues “across the 
borders”. However, still this approach had some repercussions on the project 
performance.  

The important role of local partners within the partnership, as recognized by other 
actors, was related to their direct contact with farmers. We, therefore, considered them 
as the best point to assess relevancy of the GLCI partnership strategy. We found 
within the project document reports, a table that supports our arguments (Table I-10). 
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Table I-10: The mechanism of the working relationship between local partners and other 

partners involved in the GLCI project. Assessment by local partners themselves 

 

Results presented in that table reflect two aspects: 

✓ National institutions did not played their roles as stated in the framework: a 
very low percentage of local partners suggested they worked directly with NARS 
and NPPOs  (26% and 18% respectively).We see a kind of contradiction between 
what the project has planned as attributions and what have been implemented. This 
situation pointed to putative issues in the coordination of the partnerships which 
resulted into unclear definition of roles and responsibilities.  
✓ An overall “lower” percentage of local partners could “use” the results 

obtained from their collaboration with various partners, increasingly with national 
institutions. 

This information suggested that the partnership was not sufficiently effective in 
strengthening relationships at national level, including linkages between NARS 
and NPPOs, and between NARS and local partners. This is reflected by some of 
these facts retrieved in the final document report: “Though the local partners are 
more directly linked to the NARS, they seem to look more on IITA for scientific 
guidance”. Additionally, the low usage of results could have originated from the 
combined weaker synergy between national actors and the lack of clarity in the 
definition of roles and responsibilities. This is exemplified by the following 
comment retrieved through the project documentation : “Some partners felt that 
there was no meaningful follow up on the PVS trials, which indicated a lack of 
clear definition of whose responsibility it was to follow up”   
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Chapter II. Research gap, objectives and thesis 

structure 

II.1. Research gap 

II.1.1. The epidemiology of plant diseases for seedborne 

pathogens 

Pathogens, hosts and their environment have been the three traditional components 
used by plant pathologists to investigate plant diseases (Agrios 2005). The interaction 
of these components, initially known as the “disease triangle”, allowed the 
understanding of complex causes underlining the existence of plant diseases in 
ecosystems (Figure II-1) (Horsfall and Dimond 1960). 

 
Figure II-1. Various factors of host, pathogen and environment involved in epidemic (Haq, 

Khan, and Sarwar 2022) 

This “disease triangle” concept was adapted in an epidemiological perspective to 
timeline those interrelationships by adding a fourth component, the time. The concept 
of “disease tetrahedron” or “disease pyramid” therefore emerged (Agrios 2005; Francl 
2001) (Figure II-2).  
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In fact, the progress in the understanding of plant diseases has revealed that 
interrelationships between the various disease components are variable according to 
the specificities of each component involved.  For example, since the first elucidation 
that plant viruses could be “transmitted” by the intermediate of vectors, notably 
insects (Takami 1901), their role in the epidemiology of viral diseases was recognized 
and as to accommodate the traditional “disease triangle”,  the concept “ecological 
trinity” of viruses, hosts, and vectors also termed the “virus disease triangle” mostly 
used in plant virus ecology and epidemiology emerged (W. Carter 1939).  

Epidemiology and ecology of plant viruses are two important concepts in plant 
virology that have been confused for a long time as they were both based on the 
ecological trinity concept: virus epidemiology investigates diseases and factors 
influencing their spread and population dynamics, whereas virus ecology extends the 
focus to include understanding patterns of virus distribution and dynamics within a 
given environment, their effects on community and ecosystem properties, and the 
reciprocal effects of the environment on virus dynamics and evolution (Lefeuvre et 
al. 2019; Maclot 2021)  

The changing social and environmental context that have marked the beginning  of 
the 20th century has been accompanied by several issues that were scientifically not 
addressed until then. In fact, The increasing industrialization, the increase of 
demography, world trade, globalization; the movement of populations, global 
warming are practical examples of what became the new challenges for the plant 
epidemiology in the new era.  

As the practical consequence of this changing environment, many reports of new 
outbreaks of diseases caused by fungi (Alternaria, Colletotrichum, Erysiphe, 
Fusarium, Rhizoctonia, Septoria and Verticillium), bacteria (Clavibacter, 
Xanthomonas), along with viral disorders emerged in the early 1900’s (Smith 1909; 
Allard 1915; Kreitlow et al. 1961).  

These reports triggered the concern over the role of seeds in the transmission of 
plant pathogens since all these pathogens were demonstrated to be seedborne and the 
corresponding outbreaks coincided with: (i) the birth and growth of the seed industry, 
(ii) the increasing seed movement worldwide and (iii) the recognition of the potential 
role that seeds play in epidemics of plant diseases (Elmer 2001).  

II.1.2. The role of seed systems in the epidemiology of 

viral diseases: the need for a new paradigm in Africa 

The association between seeds and pathogens is presumed to be an ancient one since 
for as long as humans have collected and moved seeds to new sites, they have 
unknowingly transported plant pathogens. In such a way, this association helped the 
dissemination of plant pathogens and importantly the regulation of plant pathogen 
populations (Elmer 2001).  

We used these various theories borrowed from the scientific community to propose 
the fact that human factors and by far the socio-cultural system that shapes his 
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behavior, have the potential to impact the epidemiology of plant diseases (Figure II-
2). 

 
Figure II-2. The framework adopted in this study for investigating the epidemiology of a 

cutting-borne viral disease as is the case for the CBSD. 

(A) Disease triangle suggesting the disease as resulting from the impact of three factors 
(Horsfall and Dimond 1960). (B) The viral disease triangle in the concept of the “ecological 
trinity” (W. Carter 1939; Thresh and Fargette 2001). (C) The disease tetrahedron involving 
time as a fourth component (Agrios 2005; Francl 2001). (D) The disease tetrahedron involving 
humans as the fifth factor: host, pathogen, and environment are each represented by one of the 
sides of the triangle. Time is represented as the perpendicular line arising from the center of 
the triangle and humans as the peak of the tetrahedron whose base is the triangle and height is 
the length of time. In this way, humans interact with and influence each of the other four 
components of an epidemic, thereby increasing or decreasing the magnitude of the epidemic 
(Agrios 2005). (E) Five basic seed system functions (center), embedded in a larger socio-
cultural and agro-ecological contexts as proposed by (Christinck, Rattunde, Kergna, Mulinge, 
Weltzien, et al. 2018). 

We supports that all the mechanisms, processes or schemes for accessing and 
disseminating seeds, known as seed systems, could be of key importance in the 
mitigation of the spread of seedborne pathogens responsible of major epidemies at 
various scales as demonstrated by potato seed systems in Europe and America 
(Vanderschuren and Rey 2017). 

For this to be effective, we considered the following postulates as underlining 
our study context:  

1. Seed systems are conceptualized as a human activity system, 
established and maintained by human actors motivated by individual or 
collective purposes and who have relationships with- and contribution to- the 
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larger environment  in which they are embedded (Banathy 1996; Christinck, 
Rattunde, Kergna, Mulinge, and Weltzien 2018; Checkland 1981).  

2. Many studies on seed systems distinguish between formal and 
informal systems, with the former following more or less the model of an 
industrial supply chain, while the latter entail a range of mostly farmer-
managed activities, for example in saving, using, exchanging and selling seed 
in local networks and markets (McGuire and Sperling 2016). However, the 
division of seed system actors and components into formal and informal 
categories appears problematic since there is a growing degree of overlap 
between both systems allowing, for example, varieties originally developed 
by the formal sector to enter the informal and vice versa (Christinck, 
Rattunde, Kergna, Mulinge, and Weltzien 2018). 

3. Despite the importance of cassava in developing countries, the 
majority of casava growers are subsistence or small-scale farmers and the 
crop has received relatively little attention in the period preceding the last 
twenty years  when compared with maize, rice and wheat (Varshney et al. 
2012). This favored informal seed system to be the most predominant, and, 
as a consequence, favored the accumulation and dissemination of viruses 
since phytosanitary measures were rarely applied. It appeared therefore that 
informal seed systems of cassava could be particularly prone to the spread of 
cutting-borne viral diseases than formal seed system. 

4. To date, CBSD viruses are only found in East and Central Africa. 
However, the risk for being disseminated to other cassava-growing areas of 
Africa, Latin America and Asia could increase if infected planting material 
is introduced in those areas, which would result in huge economic losses and 
food insecurity (J. Legg et al. 2014). Additionally, the Western Africa is a 
belt which has globally leading cassava producing countries and fortunately, 
CBSD is not yet there. The D.R.Congo is the Western frontier of CBSD 
spread, and plays a key role in the risk of CBSD spread in West Africa which 
could result in great concern for global cassava production and food 
insecurity. Unfortunately, recent reports on the epidemiology of this disease 
in D.R. Congo showed a global westward expansion at rapid speed, moving 
from one province in which the disease was reported in 2012 to 5 provinces 
actually (Muhindo et al. 2020; Mulimbi, Phemba, and Assumani 2012). 
Based on this, we argue that the research methods that are used to investigate 
the main factors underpinning the epidemiology of CBSD in the seed system 
are not yielding context-specific information necessary for a tailored strategy 
for mitigating the disease spread. 

5. Early at the revolution of the HTS methods, various protocols for 
library preparation and for processing and analyzing mass-generated data 
have been developed. They are still constantly evolving with new tools 
regularly created for the purpose of improving the detection and the 
characterization of viral sequences present in the generated data. Currently, 
some of these tools, when used to re-analyze data that have been generated 
since several years, allow identifying some previously unidentified 
and/unknown viruses. 
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6. Despite the availability of this technology, various authors 
highlighted that the current knowledge about plant virus diversity is 
underestimated and biased : underestimated because a significant proportion 
of virus-derived sequences have no similarity to anything in public databases 
(dark matter) (Roossinck 2015), and biased because most studies about virus 
diversity focused on pathogenic viruses in cultivated plants and ornamentals, 
putting aside the asymptomatic wild vegetation (Roossinck, Martin, and 
Roumagnac 2015) 

II.2. Research hypothesis and objectives 

In line with what has been depicted above, we align the hypothesis of this work 
as follows: 

I. We first suggest that research methods for investigating the 
epidemiology of the CBSD, a seed-borne disease, need to take into account 
the intrinsic characteristics of the African agriculture and the specificities of 
seed systems of cassava, a vegetatively-propagated crop, and we call for a 
more inclusive assessment method that consider both the ecological as well 
as socio-cultural aspects in the study of disease epidemiology. We support 
this based on the concept brought by (Banathy 1996; Christinck, Rattunde, 
Kergna, Mulinge, and Weltzien 2018; Christinck, Rattunde, Kergna, 
Mulinge, Weltzien, et al. 2018; Checkland 1981). We therefore propose that 
intensive surveys of epidemic areas following (using) multidisciplinary 
approaches could be suitable (adapted) in identifying context-specific 
drivers of the epidemiology of cassava brown streak disease instead of 
routine extensive surveys that are focused only on traditional disease 
components, providing only a snapshot of the real context necessary for 
the implementation of sustainable and clean seed system. 
II. Many different management strategies, mainly borrowed from the 
long experience gained with the CMD, to tackle the dissemination of CBSD 
in Africa have been both proposed and imposed as to control the disease early 
at its re-emergence and used by a number of interventions aiming at 
mitigating its spread. As the epidemiology of the CBSD was only partially 
elucidated, yet not now it is fully, the success of the proposed strategies met 
with mixed success (McQuaid et al. 2016) and sometimes resulted in 
unexpected non intentional spread of the disease. As investigations were 
pursued to fully elucidate the infection mechanisms and virulence 
determinants of CBSD these last 10 years, various reports of uncommon root 
symptoms features and negative molecular detection of cassava samples 
showing CBSD-like symptoms emerged (Munganyinka et al. 2018; Zeyimo 
et al. 2020).  Even though this situation could be due to various factors, we 
anticipate that the viral diversity of viruses infecting cassava, involved or 
not in the CBSD etiology, could be underestimated and a better sampling 
strategy linked to the use of a cutting-edge detection technology could 
allow contributing to the elucidation of this situation.    
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In order to investigate on these hypothesis, we have drawn the following 
objectives : 

i. Objective 1: Proposing an integrated, multidisciplinary framework h for 
assessing the epidemiology of CBSD that consider both the socio-cultural, 
geographical, agroecological contexts together with the traditional 
components of disease epidemiology. 

ii. Objective 2: Testing the efficiency of this approach at a local level by 
surveying a high disease-pressure region  in order to capturing the farmer’s 
seed sourcing practices that can act as potential factors impacting the 
dissemination of CBSD through various seed pathways. These factors will be 
considered as metrics useful for seed actors and policy makers to enable 
informed decisions and interventions to tackle the dissemination of CBSD in 
the local cassava seed systems. 

iii. Objective 3: Building an efficient sampling framework that, combined to a 
cutting-edge technology of virus detection (HTS), can allow elucidating the 
diversity of viruses infecting cassava in the surveyed area. 

II.3. Thesis structure  

 

Figure II-3. General organization of the thesis 

After the first two chapters presenting the state of the art and the objectives in 
relation with this study, the third chapter will be dedicated on investigations related to 
the first and the second objectives while the fourth and the fifth chapters will be 
dedicated on investigations related to the third objective. In the last chapter of this 
thesis (sixth), the various results obtained are discussed in the view of the established 
hypotheses and global perspectives are established. Chapters 3, 4 and 5 have been 
organized as manuscripts and have been published or submitted in peer-reviewed 
journals (the chapter 5 is still under review). 
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“Most of the issues that vex humanity daily,…, can be solved only by 

integrating knowledge from the natural sciences with that from the social 

sciences and humanities” (Wilson 1998)
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Preliminaries 

The problem of cassava viral diseases is a concern of the whole agricultural system 
and  it necessitates the intervention of various key stakeholders to be efficiently 
addressed. For the effectiveness of this intervention, these key stakeholders need 
to collaboratively work together for accurately assessing the critical issues on 
which specific actions are needed. This collaboration implies the use of a tool that 
bring these partners on the same ground, in order to assess the problem with the 
same objective but according to various angles of view. Unfortunately, such tool 
that allows this multidisciplinary work to be effective and that allows decision 
makers to definitely design and coordinate intervention strategies suited to local 
contexts, is not documented. 

In this chapter, reflexions and investigations have been undertaken to design a 
framework that could serve as a tool to generate accurate, context-specific and 
action-driven information regarding the epidemiology of the CBSD with the aim 
of strengthening the resilience of the cassava seed production system against the 
CBSD. Additionally, the designed framework was tested within a strategic pilot 
area, the Uvira territory, in order to assess its relevance especially in the view of 
highlighting the role played by farmer’s seed-sourcing practices in the CBSD 
dissemination. For example, a specific question that is investigated consisted in 
knowing which cutting pathway had less risk of delivering infected planting 
material? This central question and additional ones are investigated within this 
chapter 3. 
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III.1. Abstract 

Vegetatively propagated crops are particularly prone to disease dissemination 
through their seed systems.  Strict phytosanitary measures are important to limit the 
impact of diseases as illustrated by the potato seed system in Europe. Cassava brown 
streak disease (CBSD) is a devastating disease caused by two viral species collectively 
named cassava brown streak viruses (CBSVs). CBSD can cause substantial root yield 
losses of up to 100 % in the worst affected areas  and is easily transmitted through 
stem cuttings. In Eastern and Central Africa, the epidemiology of CBSVs in the local 
socio-economical context of production remains poorly known while a better 
understanding would be an asset to properly manage the disease. This lack of 
information explains partially the limited efficiency of current regulatory schemes in 
increasing the availability of quality seed to smallholders and mitigating the spread of 
pests and diseases. This study surveyed the epidemiology of CBSVs in Uvira territory, 
Eastern D.R. Congo, and its drivers using a multivariate approach combining farmer’s 
interview, field observation, sampling and molecular detection of CBSVs. 
Investigation on the epidemiology of CBSD revealed that three clusters in the study 
area could be identified using five most significant factors: (i) symptoms incidence, 
(ii) number of whiteflies, (iii) types of foliar symptoms, (iv) cutting’s pathways and 
(v) plant age. Among the three clusters identified, one proved to be potentially 
interesting for seed multiplication activities since the disease pressure was the lowest. 
Through risk assessment, we also  identified several key socio-economic determinants 
on disease epidemy:  (i) factors related to farmer’s knowledge and awareness 
(knowledge of cassava pests and diseases, knowledge of management practices, 
support from extension services and management strategies applied), (ii) factors 
related to the geographical location of farmer’s fields (proximity to borders, proximity 
to town, distance to acquire cuttings), as well as (iii) the pathways used to acquire 
cuttings. 
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III.2. Introduction 

Cassava (Manihot esculenta Crantz) is the tenth most important crop in the world 
in terms of global annual production (303 Million tons) (FAO 2020). In Africa, its 
importance in the livelihood of populations has long been demonstrated: it is ranked 
the first most important food crop in terms of global annual production (192 Million 
tons in 2019), the first in terms of source of food (76 Million tons) and the fourth in 
terms of source of calories (167 Kcal/person/day) after wheat, maize and rice (FAO 
2021a). It is the most important food crop (occupying approximately 40% of 
agricultural land dedicated to food crops) and the largest non-cereal carbohydrate 
source for more than 70% of people in D.R. Congo (Mahungu et al. 2014). According 
to statistics from 2019, this country is ranked the second in Africa in term of 
production (40 Million tons) after Nigeria (59 Million tons) (FAO 2021a).  

One of the crucial factors to increase agricultural productivity is the planting 
material: in this paper stem cuttings used for the propagation of cassava are referred 
to as seed (McEwan et al. 2021). Farmers often use different approaches to obtain 
seeds of a crop. Because of their variability and local specificity to needs and 
preferences, local approaches (e.g. household stocks, markets and social exchange 
networks) provide usually most of the seeds that small farmers use (Sperling and 
Cooper 2003). Common figures suggest that the local seed system provides 80-90 
percent of the planting material to farmers (DANAGRO 1988; Rabobank 1994). On 
the other hand, under established, controlled and optimized seed systems, farmers can 
access affordable and high-quality seeds (Buddenhagen et al. 2017).  

Seed systems of root, tuber, banana and other vegetatively propagated crops (VPC) 
are predominantly informal or managed at local levels by farmers themselves without 
major public or private sector involvement in the production, supply, or quality control 
of planting materials. The quality of seeds is often signaled through trust and 
reputation while the vegetative mode of seed multiplication increase the risk of 
pathogens, including viruses, building up over multiple cycles of propagation (Jarvis 
et al. 2012; Campo, Hyman, and Bellotti 2011; Almekinders et al. 2019; McEwan et 
al. 2021). In practice, most farmers in low-income countries save seed from the 
previous season for replanting (Devaux, Kromann, and Ortiz 2014). 

Cassava cultivation is suffering significant losses due to biotic stresses 
(Vanderschuren and Rey 2017; Lozano and Booth 1974; Reddy 2015b; Kwibuka et 
al. 2022) among which two viral diseases, cassava brown streak disease (CBSD) and 
cassava mosaic disease (CMD) are of major economic importance in sub-Saharan 
Africa (Vanderschuren and Rey 2017). In Africa, previous estimates indicated overall 
incidences of 50% to 60% with estimated annual losses of $1.2-2.4 billion for CMD 
(Thresh et al. 1997; J.P. Legg et al. 2006), while annual economic losses of up to US 
$ 726 million were associated to CBSD with incidences of up to 100% being recorded 
(Maruthi 2015). The situation is far from being controlled as future CBSD pressure is 
projected to increase by at least 2% in D.R. Congo by 2030 (Jarvis et al. 2012). 
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CBSD is associated with two Ipomovirus species (collectively named CBSVs), 
named cassava brown streak virus (CBSV) and Uganda cassava brown streak virus 
(UCBV). (Lozano and Booth 1974; Reddy 2015a)(E. B. Bisimwa 2012)This disease 
is considered as endemic to low-altitude and coastal zones of Kenya, Tanzania and 
Mozambique (Storey 1936; Nichols 1950). New outbreaks into areas 1200 meters 
above sea level of Uganda and D.R. Congo (Mulimbi, Phemba, and Assumani 2012; 
T Alicai et al. 2007; K. R. Tomlinson et al. 2018a) indicated later a significant shift in 
its epidemiology and a westward progression to areas previously not at risk. 

Recently, several studies tried to elucidate the components of pathogens and 
arthropod pest invasion risk. Factors such as climatic conditions (Kroschel, Sporleder, 
and Carhuapoma 2016), structure of trade routes (Bebber, Holmes, and Gurr 2014) as 
well as habitat (cropland) connectivity (Xing et al. 2020) have been reported to play 
a major role in pest and disease dissemination. However, these studies have addressed 
these aspects from a global point of view and specific analysis of cassava crop is still 
missing. Additionally, network studies (Shaw and Pautasso 2014) improved the 
understanding of the pathways of pathogens spreads. Such study can facilitate the 
reduction of the disease inoculum flow in exchanged plant materials by identifying 
likely ways to find the best sites to monitor as warning sites. The risk that pathogens 
can move through particular pathways of a seed system network is a key component 
of disease risk, along with other risk factors such as potential transmission by vectors 
or wind dispersal (Buddenhagen et al. 2017).  

Pathways (sources) by which farmers obtain cassava seeds (cuttings) are of key 
importance in the mitigation of plant diseases. Accumulation and spread of viruses in 
planting material of vegetatively propagated crops provide the primary inoculum on 
field and are a key factor in the development of disease epidemics. This impact is 
particularly important when cuttings of susceptible cultivars used by farmers come 
from pathways without any sanitation measure (A. N. Frangoie, Bidiaka, and 
Mahungu 2019a). Therefore, understanding in a timely manner which cutting 
pathway/source has a high risk of pathogen dissemination in a seed network is a 
milestone for mitigation measures to be implemented.  

Previous research has identified four factors impacting the spread of cassava viral 
diseases in most of  affected areas in Africa: education and access to information, lack 
of plant health and extension services, weak access to improved varieties (FAO 
2021b) and social factors, exemplified by kinship systems (Delêtre et al. 2021). 

The international Plant Protection Convention (IPPC) has proposed a standardized 
approach for assessing and managing the phytosanitary risk of a pest and/or of a 
pathway [(Pest Risk Assessment (PRA)] (IPPC 2021). This study focuses on a 
component of PRA related to the probability of spread of an established pest (CBSV) 
through pathways used by farmers to access planting material of a vegetatively 
propagated crop. It aimed at (i) establishing the epidemic profile of CBSD in Uvira 
territory by identifying the viruses occurring and describing their spatial distribution 
and (ii)  identifying multidisciplinary factors underpinning the spread of CBSD and 
that can be useful in generating necessary knowledge for seed quality assurance, clean 
seed use and ultimately better CBSD control. 
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III.3. Material and methods 

III.3.1. Conceptual framework 

Two sets of factors that can play a role in the outcome of CBSV infection were 
included within the model adopted in this study (Figure III-1).  The first set 
(considered here as independent variables) is related to cutting pathways (diversity 
and characteristics) used by farmers and the second set (considered as intermediate 
variables) is related to human-mediated (Bebber, Holmes, and Gurr 2014; Delêtre et 
al. 2021; FAO 2021b) and environmental factors (Kroschel, Sporleder, and 
Carhuapoma 2016; Xing et al. 2020; Buddenhagen et al. 2017). Risk factors are those 
associated positively and significantly to the increase of the number of diseased plants 
and therefore to a significant increase in the probability of CBSD infection.  

 
Figure III-1. Illustration of the conceptual framework adopted in this study 

Among other factors, human-mediated factors included (i) farmer’s 
demographic factors (sex, age, marital status, size of household, household 
headship and relation to the head of household), (ii) knowledge based factors 
(education level, access to training, experience in cassava farming, knowledge of 
cassava pests and diseases, knowledge of management practices against cassava 
pests, access to extension services, membership to cooperatives), (iii) economic-
based factors (land size, land ownership, livestock ownership, access to inputs, 
main sources of income, labor type and availability)  and, (iv) farming practices 
(type of farming system, field hygiene and rotation, planting and harvesting 
periods, use of disease-free planting material, use of resistant/improved varieties). 
Environmental factors included the (i) geographical location of fields (proximity 
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with country borders, roads, main cities, markets, research centers, crop diversity 
around cassava field etc.), (ii) ecological factors (altitude, topography) and (iii) 
epidemiology (incidence, severity, type of symptoms, vectors, hosts etc.). etc. 

III.3.2. Study area 

This study was conducted in Uvira territory, one of the eight administrative 
entities composing the South Kivu province in the Eastern D.R. Congo (Figure 2). 
This territory is composed of two ecological regions located in tropical zone of 
low altitude (climate type AW1-3, altitude lower than 1000 m, rainfall < 1300 
mm/year and annual mean temperature > 24°C) and in tropical zone of mild and 
high altitude (climate type Am, altitude between 1000 and 1800 m, rainfall < 1600 
mm/year and annual mean temperature < 23°C) respectively (E. B. Bisimwa 2012). 
This territory is ranked among the top cassava producers of the province (IPA 
2020). 

 
Figure III-2. Geographic map of the Study area showing subdivision into 5 sites. Red dots 

represent surveyed fields 

III.3.3. Farmers and fields selection 

The design adopted in this study consisted into a multistage approach to select 
farmers and fields to survey. In the first stage, a purposive sampling strategy was used 
to select villages to be surveyed. In fact, from an initial sampling frame constituted by 
the total number of villages in the territory (226), sixty-five villages were retained 
after discarding villages where cassava productivity was marginal. A preliminary 
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survey as well as literature review allowed to document the main socio-economic and 
ecological parameters susceptible to play a role in the local epidemiology of CBSD 
and impacting the way farmers access cuttings. However, some parameters were 
voluntary ignored because considered as potentially leading to conflicts or 
inappropriate by the local administrators (village chiefs, local agricultural officers). 
According to these harmonized parameters (table III-1), the 65 villages were clustered 
into 5 study sites: the North (site1), the South (site 2), the center (site 3), the East (site 
4) and the West (site 5) (Figure III-2). Using official production statistics from 2019 
(IPA 2020) related to the amount of cassava produced, a typology of villages was 
established and consisted of villages with high intensity of production (annual cassava 
production > 1,000 tons) as well as those of low intensity (annual cassava production 
< 1,000 tons).  

In the second stage, a simple random sampling strategy was used to select farmers 
and fields in each village. Four farmers and their corresponding fields were surveyed 
within each village belonging to the first category while at least 2 fields surveyed 
within villages belonging to the second category. These numbers of fields were 
determined according to the time and resources assigned to this work. Random 
numbers generated in Microsoft excel and assigned to the list of cassava producers for 
each village allowed to select fields to visit. These fields were identified under the 
lead of local agricultural officers. Fields were distant of at least 2 km and sown with  
cassava plants of more than 6 months old. An official authorization letter to conduct 
this study was delivered by the authorities of the Université Catholique de Bukavu 
and served as the official communication to local administrative chiefs who, in return 
granted authorization to undertake the study in entities under their responsibility.  

Table III-1. Characteristics of the 5 sites 

 

Denomination 

Locatio

n 

Main villages 

Characteristics 

Site 1 North 

Kamanyola, 

Luvungi, Bwegera, 

Kiringye, Katogota, 

Ndolera, Lubarika 

Share border with both Rwandan and Burundian Republics 

Distant from the administrative seat of the territory (Uvira, 

70 Km) 

The topography is mixed (plain and mountains) 

Site 2 South 

Rutemba, Muhungu, 

Kavimvira, 

Kalungwe, Sango 

Close to the Uvira city (the administrative main town of the 

territory) 

The topography is dominated by mountains 

Site 3 Center 

Kitemesho, Luberizi, 

Mutarule, 

Nyakabere, Sange, 

Runingu   

Most of villages are close to the main national road NR1 

Located entirely in the low altitude zone (uniform 

topography) 

Villages are easily accessible 

Site 4 East 

Rwenena, Ndunda, 

Rusabagi, Sasira, 

Kigurwe, Rurimbi, 

Ruzia, Mwaba 

Located on the border close to Republic of Burundi  

Distant from the national road 1 crossing the territory. 

Located entirely in the low altitude zone (uniform 

topography). 

Site 5 West 

Rubanga, Langala, 

Lemera, 

Mushegereza, 

Mulenge, Lusheke, 

Mugaja, Kanga 

Located completely in mid or high altitude and dominated 

by mountains  

The area is poorly accessible 

Population density is lower compared to other sites  

Most agro-ecological characteristics differs from other sites  

 1 
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III.3.4. Farmer interviews 

The survey consisted into semi-structured interviews using mobile-recorded 
questionnaires using the Open Data Kit platform (Hartung et al. 2010) and was 
conducted directly on field site (except for some cases when the farmer could not be 
present on field). This strategy allowed to perform field inspections directly after 
interviews and to record information regarding the epidemiology of CBSD. Before 
starting interviews and performing sampling, a voluntary agreement of farmers was 
required through an explanation of the purposes of this study. In return, the farmer 
had to give an oral consent and additional explanations regarding confidentiality of 
collected data were also provided if required by the farmer. 

III.3.5. Epidemic survey 

Epidemic parameters that were observed and recorded consisted in symptoms 
incidence, symptom types, symptoms severity on leaves, stems and roots as well as 
whitefly number. These observations were conducted on randomly selected plants, 
symptomatic or not. (Rj Hillocks and Jennings 2003)(R. J. Hillocks, Raya, and Thresh 
1999)(Munthali 1992)(G. M. Rwegasira and Rey 2012)(Rj Hillocks and Jennings 
2003)(R Hillocks and Thresh 2000)Symptoms incidence observation was conducted 
on 30 cassava plants encountered following diagonals and medians through the field 
(including 5 plants on each of the four outer sides and 5 plants on each of the two 
inner diagonals) (R. J. Hillocks 2004; G. Rwegasira and Rey 2012). This parameter 
was then recorded as the number of plants that showed CBSD-like symptoms out of 
the 30 observed. Symptoms severity on aerial plant parts was assessed using the 5 
levels scoring-scale from (Titus Alicai et al. 2016b). (Kaweesi et al. 2014)The number 
of whiteflies was counted on the top five youngest leaves of cassava plants selected 
for observation. The type of symptoms were categorized based on distribution of leaf 
chlorosis and stem lesions on the plant; systemic and on the whole plant (SW), 
systemic on leaf or stem parts but localized (SL), only on lower leaves (LL) (Titus 
Alicai et al. 2016b). 

III.3.6. Sample collection: leaves and stem cuttings 

In each field, among the 30 plants inspected, 10 plants were randomly selected for 
sample collection irrespective to symptoms presence.  From the top of the plant 
canopy downwards, 400 - 600 mg of the third fully expanded leaf on the major stem 
were collected, silica gel-dried and stored into sealed plastic tubes pending RNA 
extraction. Young leaves were preferred as content of polysaccharides and 
polyphenols, interfering with the molecular detection of the viruses, are lower 
(Heikrujam, Kishor, and Behari 2020; Orek 2018; J. Zhang and Stewart 2016; Shankar 
et al. 2010). A total of 2,400 leaf samples were therefore collected from cassava  fields 
of at least 6 months old. Two stem cuttings having at least 6 node buds were also 
sampled in the middle part of each selected plant using a pair of shear. The stem 
cuttings were labelled and stored pending re-plantation in an experimental field. A 
total of 480 stem cuttings were therefore collected. 



 Chapter 3 : Risk factors associated with cassava brown streak disease 

dissemination through seed pathways in Eastern D.R. Congo 

127 

III.3.7. Molecular analysis 

RNA extraction 

Total nucleic acid was extracted from all of the silica gel-dried leaf samples shipped 
to Belgium using a modified CTAB protocol (Chang, Puryear, and Cairney 1993; 
Moreno, Gruissem, and Vanderschuren 2011).   

The 10 separate tubes containing silica gel-dried leaf-tissues from unique fields 
were pooled (50 mg for each sample) and transferred into a thick-gauged plastic 
grinding bag. 2ml of CTAB extraction buffer (2% CTAB, 2% PVP, 100mM Tris-HCl 
pH 8.0, 25 mM EDTA, 2M NaCl and 2% β-Mercaptoethanol added before use) was 
added and the leaf tissues were thoroughly grounded using a hand-held ball bearing 
sample grinder. 1 ml of the lysate was transferred to a 2 ml Eppendorf tube, 
homogenized and incubated at 60°C for 30 min with periodic vortexing at 10 min 
interval. 600 μl of chloroform: IAA (24:1) was added and the mix homogenized by 
inverting the tube. Phases were separated by centrifugation at maximum speed for 10 
min at 4°C and the supernatant (upper aqueous phase) thoroughly transferred to a 1.5 
ml Eppendorf tube. This Chloroform-IAA treatment was repeated once and 0.6 
volumes of ice-cold Isopropanol (-20 °C) was then added. Samples were allowed to 
stand for 2 hours at -20°C then centrifuged for 30 min at 4°C to pellet the nucleic acid. 
Supernatant was removed and 0.5 ml of 70% Ethanol added to wash the pellet by 
centrifugation at 4°C for 5 min at maximum speed. Supernatant was removed, the 
pellet air-dried, re-suspended in 100 μl of TE buffer and stored on ice. Samples were 
DNase-treated using Amplification Grade DNASE I (Invitrogen®, USA) according 
to the manufacturer’s instructions and the quality of RNA tested using a Nanodrop 
2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Samples 
were aliquoted and stored at -80 °C prior to testing. 

CBSV and UCBSV detection by RT-PCR 

All samples were tested for CBSV and UCBSV using a two-step RT-PCR assay. 
cDNA synthesis was carried out with Tetro™ reverse transcriptase (Meridian 
Bioscience®) according to manufacturer’s instructions. Random hexamers primers 
were used for generating the first strand cDNA. Amplification of cDNA was done 
using Mangotaq™ DNA polymerase (Meridian Bioscience®).  

Degenerated primer pair targeting the coat protein genes of both CBSV and UCBSV  
was used [CBSVs-F (5´-CCTCCATCWCATGCTATAGACA-3´) and CBSDD-R 
(5´-GGATATGGAGAAAGRKCTCC-3´)] (Anjanappa et al. 2016).  

These primer pair amplified a product of ~703 bp in the presence of CBSV and a 
product of ~800 bp in the presence of UCBSV. A 10 µl PCR mixture containing 5.8 
µl nuclease free water, 2 µl PCR buffer (5X), 0.40 µl MgCl2 (50 mM), 0.20 µl dNTPs 
(10 mM), 0.20 µl of each primer (10 mM), 0.4 µl Mango taq DNA polymerase 
(Meridian Bioscience®) and 1.0 µl of cDNA. The temperature profile of PCR 
consisted of 95°C for 2 min followed by 30 cycles of 94°C (30 s), 56°C (30 s) and 
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72°C (50 s) for denaturation, annealing and extension, respectively. A final elongation 
of 72°C for 5 min was also included to terminate the amplification.  

The cassava PP2A gene was used as internal control gene in parallel reactions with 
the following primer pair  (PP2A-F: 5´-TGCAAGGCTCACACTTTCATC-3’ and 
PP2A-R: 5´-CTGAGCGTAAAGCAGGGAAG-3´) (Moreno, Gruissem, and 
Vanderschuren 2011). The PP2A primer pair generates an ~187-bp amplicon from 
cassava cDNA samples. PCR products were analyzed by electrophoresis in TAE 
buffer (1X) on a 1% agarose gel stained with Gel red® (Biotium), visualized under 
UV light and photographed using a gel documentation system (E-Box CX5 Edge, 
Vilber/Fisher Biotech). 

III.3.8. Data analysis 

Data collected from surveys were CSV-formatted and resulting files were loaded 
into R Software version 4.1.1 for analysis.  

Descriptive statistics 

Factors related to sites and clusters served as grouping factors to average the 
epidemic parameters (field symptom incidence, molecular detection incidence and 
severity score). The averaging of symptoms incidence and severity in cassava fields 
included both symptomatic and asymptomatic plants.  

To get information about the CBSD incidence with regards to clusters, a generalized 
linear regression with logit link was applied (Dodge 2008; Agresti 2002), namely 
logit(p)=ln(p/(1-p)). The regression equation used was therefore written as:  

𝑙𝑜𝑔𝑖𝑡(𝑝) = ln(𝑝 (1 − 𝑝)⁄ ) = 𝛽0 + 𝛽1 ∗ 𝐶𝑙𝑢𝑠𝑡𝑒𝑟 + 𝐸𝑟𝑟𝑜𝑟 

Where p is the probability of the dependent variable [0;1], βn the regression 
coefficients, and “Cluster” an explanatory variable with 3 levels. The model 
parameters were estimated using the maximum likelihood method (Everitt 2006), with 
Chi-squared test for significance, and the least-squared means comparison by the 
“lsmeans” package (Lenth 2016) of the R software (when statistical difference was 
significant).(de Mendiburu and Yassen 2020). Additional univariate and bivariate 
descriptive statistics included the calculation of frequencies and percentages, standard 
deviation, minimum and maximum values and were used to describe the main 
socioeconomic characteristics as well as the parameters for disease epidemics in the 
field.  

Multivariate statistics 

A multivariate analysis was performed using a factorial method (Factor Analysis of 
Mixed Data) to analyze the association between epidemic parameters, detection 
results and the main seed systems parameters. Hierarchical Clustering on Principal 
Component (HCPC) method was used to identify groups (or clusters) of fields 
showing similar characteristics within the study area according to relevant epidemic 
parameters, detection results and seed systems parameters. For the analysis, the Ward 
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clustering algorithm and the Euclidian distance were used (Hartigan 1975; 
Kassambara 2017).  

The “Test Value” criterion (VT) was used to select variables considered as relevant 
for the characterization of groups/clusters from HCPC analysis. For continuous 
variables, the VT was used to rank/sort variables according to their relevance in order 
to distinguish the variables that play an essential role in the interpretation of the 
groups. For discrete variables, the VT was used to highlight the category which 
characterizes the better the group/cluster of observations (Lebart, Morineau, and Piron 
1995; TANAGRA 2009) 

Risk factors/determinants of CBSVs 

Binary logistic regression (Hosmer and Lemeshow 2000; Collet 2003) was used to 
identify seed system risk factors (determinants) associated with the absence (negative 
detection) of CBSVs infection in cassava fields.  

The probability p(x) of a field to be infected by a particular form of CBSVs (Y=1) 
given a modality x1 of the predictor variable X (1) was estimated by comparing the 
Odd Ratio (OR) of that modality x1 to the reference x0 (2). The possible outcomes of 
this comparison were interpreted as indicated in the table III-2.  

 

𝑝(𝑥) = 𝑃(𝑌 = 1|𝑋 = 𝑥). (1) 

(𝑥1, 𝑥0) =
𝑜𝑑𝑑𝑠(𝑥1)

𝑜𝑑𝑑𝑠(𝑥0)
=

𝑝(𝑥1)

1−𝑝(𝑥1)

𝑝(𝑥0)

1−𝑝(𝑥0)

. (2) 

 

Rules for interpretation of OR (Rn) are presented in the table III-2.  

Table III-2. Rules (Rn) for interpretation of odd ratios  

R1 OR(𝑥1, 𝑥0) > 1 ➔ p(𝑥1) > p (𝑥0) 

R2 OR(𝑥1, 𝑥0) = 1 ➔ p(𝑥1) = p (𝑥0) 

R3 OR(𝑥1, 𝑥0) < 1 ➔ p(𝑥1) < p (𝑥0) 

 

They could be summarized as follow: 

R1: When OR>1, the risk of having an infected field is higher (more probable) in the 
case X= x1 compared to the reference case X= x0.  

R2: When OR=1, the risk of having an infected field in the case X= x1 is equal to that 
of the reference case X= x0.  

R3: When OR<1, the risk of having an infected field is lower (less probable) in the 
case X= x1 compared to the reference case X= x0. 

 



 CBSD epidemiology and cassava viruses in D.R. Congo 

130 

Model building process 

Upon completion of the bivariate analysis (univariable model), all variables whose 
univariate test had a p-value <0.05 were included in the initial multivariate model 
along with all variables that were relevant for explaining the studied questions 
(Mickey and Greenland 1989; Hosmer and Lemeshow 2000).  

Subsequent models were fitted by sequentially including or excluding variables 
from that initial model based on statistical criteria using forward and backward 
stepwise procedures (Chambers 1992; Venables and Ripley 2002). Before running the 
stepwise algorithm, multicollinear variables were visually identified using correlation 
matrix for predictor variables and ensured they were effectively suppressed from the 
fitted model after running the stepwise procedure. The likelihood ratio test (LRT or 
deviance adequation test) was used to assess the fitness of these second-order models 
compared to the initial one (Hastie and Pregibon 1992; Hosmer and Lemeshow 2000). 
Additionally, all candidate models were assessed for their goodness-of-fit using the 
Hosmer and Lemeshow test implemented using the “ResourceSelection” package in 
R and for their stability, sensitivity and specificity using the mplot. The AIC (Akaike 
Informative Criterion) was used to select the optimal model among the best fitted. All 
else being equal, the model with the lower AIC was considered as optimal and the 
corresponding significant predictors were considered as determinant risk factors 
(Sakamoto, Ishiguro, and Kitagawa 1986).  

The VIF (Variance Inflation Factor) was used to detect the presence of 
multicollinearity within the predictors for the best-fitted model and therefore to assess 
the suitability of the coefficients for the interpretation (J. Fox and Weisberg 2019) . 
Odd Ratios and confidence intervals were computed using Wald method. 

Geographical maps were elaborated using Quantum GIS Software version 2.14.0 
Essen by interpolating values of disease incidence using the Inverse Distance Weight 
method (IDW) (QGIS Development Team 2021). 
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III.4. Results and interpretations 

III.4.1. Identification of clusters within the study area 

An HCPC analysis was carried out based on the results of the survey (farmer 
interview and symptoms observation) (see the questionnaires in supplementary 
materials 1, 2 and 3) and of the molecular detection of both viruses (see next chapter). 
The nine most important parameters that optimally characterize the studied area were 
identified with the HCPC analysis. Using those selected parameters (see table III-3 
for categorical variables and table III-4 for quantitative variables), the study area was 
separated into three clusters each with a similar number of fields (Figure III-3) 

 

Figure III-3. (A) Cluster dendogram showing the repartition of the data into three clusters 

using the Hierarchical Clustering on Principal Component method. (B) Mapping of the 

clusters identified by HCPC in the study area. Each color category is associated to a cluster:  

Green for cluster 1, yellow for cluster 2 and red for cluster 3. 
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Table III-3. Categorical variables associated with the description of clusters from HCPC 

analysis  

 

1: Percentage of individuals showing the characteristic (variable=modality) who belongs to 

the cluster. 
2: Percentage of individuals of from that cluster showing the characteristic 

(variable=modality). 
3: Percentage of individuals showing the characteristic (variable=modality) in the whole 

population (n=246). 
4: Pearson’s Chi squared test; Fisher’s exact test. It assess the strength of the link between 

a modality and a cluster. The p-value of a modality is less than 5% when that modality is 

significantly linked to the cluster that is being interpreted. Only modalities with p-values 

less than 5% are shown.  
5: Test value: transformation of the p-value into a quantile of the normal law. When the V-

test is negative, it means that the modality is significantly less present (under-expressed) 

in that cluster  compared to the presence of this modality in the whole dataset (these 

modalities were not included in the table). However, if the v-test is positive, the 

corresponding modality is significantly more present (over-expressed) in that cluster 

(Husson, Lê, and Pagès 2011).  

The cluster 1  is characterized by the presence of a consistent number of fields (91%) 
that were grown using cuttings that farmers obtained from 2 pathways (i.e. their own 
fields and the social organizations to which they belong to). In these fields, farmers 
combined monocropping and crop association farming systems to grow cassava and 
majority of the plants from this cluster (69%) did not display CBSD symptoms. Fields 

Cluster 1 (n=80; 33%) 
Cla.Mod

1 
Mod.Cla2 Global3 p.value4 v.test5 

Cutting pathways=Local fields, Communautary 

groups 
91 39 14 0 7,66 

Types of foliar symptoms=No symptoms 69 51 24 0 6,73 

Farming system=Monocropping + polycropping 100 15 5 0 4,94 

Number of whiteflies="No whiteflies" 53 38 23 0 3,58 

Presence of weeds=No 38 70 60 0,02 2,27 

Cluster 2 (n=85; 35%)           

Number of whiteflies= "1-10" 62 86 48 0 8,89 

Land tenure=rented 65 69 37 0 7,61 

Types of foliar symptoms=Systemic and localized 67 66 34 0 7,55 

Cutting pathways=Neighbour countries 100 29 10 0 7,35 

Cluster 3 (n=81, 33%)           

Types of foliar symptoms=Systemic and on the whole 

plant 
96 63 22 0 11,16 

Land tenure=Owner 50 96 63 0 8,26 

Cutting pathways=Local fields 42 86 67 0 4,67 

Number of whiteflies="11-20" 56 33 20 0 3,69 

Presence of weeds=yes 43 53 40 0 2,84 

Infection status=UCBSV 52 21 13 0,02 2,35 

Farming system=Monocropping 37 81 72 0,02 2,26 

 1 



 Chapter 3 : Risk factors associated with cassava brown streak disease 

dissemination through seed pathways in Eastern D.R. Congo 

133 

from cluster 1 were 11-month-old at the time of survey and had CBSD mean 
symptoms incidence of 25%, significantly lower than the other clusters (table III-4). 
This cluster also includes high number of fields characterized by the absence of weeds 
(38%) or whiteflies (53%). 

Table III-4. Continuous (quantitative) variables associated with the description of 

clusters from HCPC analysis  

 
1: Statistics of continuous variables in the cluster 2: Statistics of continuous variables in 

the whole subpopulation 
3: Standard deviation 
4: Test Value: transformation of the p-value into a quantile of the normal law. When the V-

test is negative, it means that the modality is significantly less present (under-expressed) 

in that cluster  compared to the presence of this modality in the whole dataset (these 

modalities were not included in the table). However, if the v-test is positive, the 

corresponding modality is significantly more present (over-expressed) in that cluster 

(Husson, Lê, and Pagès 2011). 

The ten cassava fields in which farmers used cuttings obtained from neighbor 

countries are grouped in the cluster 2. These fields are mainly held by the farmers  

in a tenancy mode (65%). The abundance of whitefly varied between 1 and 10 in 

most of the fields (62%). Most cassava plants from cluster 2 (67%) displayed 

CBSD symptoms localized on leaves and/or on the stem. 

The cluster 3 is characterized by the presence of CBSD symptoms on both leaves 

and stems in nearly all fields (96%). Additionally, around 50% of cassava fields 

are held by farmers in a private ownership. Cassava is grown in monocropping in 

37% of the field using cuttings that farmers obtained exclusively from their own 

fields. The absence of weed was recorded in 57% of the fields while the number 

  In cluster1 Overall2 

p. 

value 
v. test4 

  

Mea

n sd3 Mean Sd3 

Cluster 1 (80 fields)             

Plant age [months] 11.2 9.6 3 2.7 

2.7e-

08 5.6 

Mean symptoms 

incidence (in %) 25 48 14 28 

2.1e-

15 7.9 

Cluster 2 (85 fields)             

Mean symptoms 

incidence (in %) 42 48 22 28 0.012 2.5 

Cluster 3 (81 fields)             

Mean symptoms 

incidence (in %) 74 48 22 28 

1.3e-

24 10.2 

Plant age [months] 8.6 9.7 3 2.7 

6.8e-

06 4.5 

 1 
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of observed whiteflies was higher (11-20) than cluster 2 in 56% of the fields. The 

average age of cassava plants at the time of survey was 8.5 months. Most of fields 

from this cluster (52%) were found to be infected by UCBSV and had a mean 

symptoms incidence higher than what was reported in the two previous clusters 

(74%). 

The spatial arrangement of the above-described clusters is shown on the figure III-
3. Fields initially classified as belonging to the site 2 (South) are entirely included in 
the cluster 1 as it is the case for the majority of fields initially defined as belonging to 
the site 5 (West). However, there is not a clear spatial demarcation between areas 
occupied by clusters 2 and 3 despite the fact that much more fields belonging to the 
cluster 3 presented a tendency to aggregate on the northern part of the border with 
Burundi. Additionally, the clusters 2 and 3 occupied the areas initially defined as sites 
1 (North), 3 (Center) and 4 (East).  

III.4.2. CBSVs detection and symptom incidence within the study area and 

the clusters 

The molecular detection of CBSVs in the region and per cluster is shown in the table 
III-5. Overall, samples from 77 fields (31.3 %) out of the 246 were tested positive for 
CBSVs (supplementary material 4). The geographical localization is shown in 
supplementary material 5. Fields infected by CBSV alone were evenly distributed 
along the survey area while fields infected by UCBSV or by both species were 
concentrated in the Northern and central parts or in the Eastern part of the surveyed 
area respectively. Among infected samples, UCBSV in single infection was the most 
prevalent (42.9%) followed by single infection with CBSV (35.1%) and mixed 
infection with CBSV and UCBSV (22,1%).  

Table III-5. Percentages of CBSVs detection and of symptom incidence according to 

clusters of the study area 

 

Characteristic 

Cluster 1,  

[80]1 

Cluster 2,  

[85] 

Cluster 3,  

[81] 

Overall,  

[246] 

p-

value2 

Infection status (molecular incidence) 0.021 

CBSV 15%  7% 11% 11%   

CBSV+UCBS

V 
6% 8% 6% 7%   

UCBSV 5% 14% 21% 13%   

Negative 74%  71% 62% 68%   

Mean symptom 

s incidence (%) 
25 c 42 b 74 a 47  

SD 15 22 22 20  

Min 3 7 17 9  

Max 67 83 100 83  
1 [n] : Numbers in brackets represents the number of fields 
2 Pearson's Chi-squared test  

 1 
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In addition, the CBSVs’ detection percentage varied significantly across clusters (P-
value = 0,021.  Infection by CBSV was most prevalent within the cluster 1 (15%) 
while the mixed infection was most present within the cluster 2 (8%). The cluster 3 
was characterized by the higher prevalence of UCBSV (21%). 

According to the symptoms incidence results (table III-5), the first cluster was 
characterized by an average incidence (25%) significantly lower than the cluster 2 
(42%) which was also significantly lower than cluster 3 (74%). The number of fields 
for each level of symptoms severity score across the three clusters as well as the 
number of fields according to symptom types is shown in the table III-6 
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Table III-6. Types and severity of foliar symptoms observed on surveyed plants across 

clusters. 
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Results suggested that most fields belonging to the cluster 1 had typical CBSD 
symptoms located on lower leaves (41 plants out of 80). This was not the case for the 
two other clusters where symptoms were rather absent in most fields (cluster 2: 56 
fields out of 85) or scattered on the whole plant (systemic-like symptoms, on both 
leaves and stems) in the cluster 3. Results further suggests that differences in 
proportions of fields for each modality of foliar symptoms across clusters are 
statistically significant (p-value Pearson’s Chi-squared test = 0,001). Symptom 
severity score of 1, 2 and 3 included most fields in the survey (82%) with significant 
differences between clusters. For example, eighty two percent of the fields presented 
a severity score of 1 or 2 for the cluster 1 while they represented 63% and 27% of the 
fields for cluster 2 and 3 respectively. Cluster 3 was characterized by a higher 
proportion of field with severe symptoms (4 and 5 scores): 33% compared to 10% and 
9 % for cluster 1 and 2 respectively. 

III.4.3. Pathways of cuttings used by farmers 

Cuttings used for planting cassava fields were obtained from diverse pathways 
(table III 7). Pathways that required no or less charges and located in the closest 
farmer’s environment (representing no or low charges, without travelling long 
distances and involving actors closely related to the farmer) were the most used. These 
corresponded to cuttings provided by the farmer himself (obtained from own fields 
grown with cassava or fields from the neighbors) as well as cuttings obtained from 
cooperatives to which the farmer belongs or could access (associations, cooperatives, 
Non-governmental Organization-NGO-, peasant local associations etc.). Unless the 
fact that some farmers used cuttings from only one pathway (cuttings originated rather 
exclusively from farmer’s own production: 22% or exclusively from cooperatives: 
3%), most of farmers used a combination of different pathways to access cuttings 
(75%). In fact, the situation in the surveyed area suggested that most of farmers used 
a combination of 2 or 3 pathways to obtain cuttings 
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Table III-7. Proportion of fields grown by types of cassava varieties from different 

pathways. 

 
The table presented in supplementary material 6 summarizes the proportion of fields 

grown with cuttings obtained from each category of pathways identified as well as the 
means used by farmers to obtain cuttings across clusters. Globally, 103 surveyed fields 
were grown with cuttings that farmers obtained from a dual pathway source: from 
their own fields (and fields from neighboring farmers) and from social organizations 
they belong to. Fifty-four fields were also identified as being grown exclusively with 
cuttings that farmers obtained from their own fields (or fields of neighboring farmers). 
Cuttings originating from seed multipliers were found to be grown in 51 fields, always 
in combination with cuttings originating from farmer’s own fields and Cooperatives. 
Majority of fields grown with cuttings from seed multipliers were in cluster 2 (39 
fields). Few fields (4) were found to be grown with cutting originating from neighbor 
countries. 

Cassava fields sown by cuttings that farmers obtained exclusively from their 
previously grown fields were mostly located in the cluster 1 (26 fields out of 54) while 
cuttings resourced from Cooperatives  pathways are mostly found in the cluster 3 (44 
fields out of 103). Cutting obtained from Market (18 fields out of 28) and from Seed 
multiplier (20 fields out of 51) were mostly grown in the cluster 2. Results further 
suggested that differences observed in proportions of fields grown by cuttings from 
different pathways across sites were not different (Pearson's Chi-squared test = 0.04).  

Results further suggested that all farmers (100%) have used cuttings obtained for 
free while nearly half of them (48%) have paid for cuttings. Other sources of cuttings 

were obtained by working in the field of other farmers (6%) or by sharing production 
after harvest (10%) (supplementary material 5). 

The table III-7 also shows the proportion of fields grown by different types of 
cassava varieties from each of the pathways described above. Generic names of 
improved varieties are most of the times changed by farmers during the adoption 
process to adapt them to local dialects. During the survey, the challenge was to 
identify a variety as local or improved despite the local name assigned by farmers. 

Characteristic 
Local 

varieties [1]1 

Improved 

varieties [126]3 

Both  

[119] 

Overall 

[246]1 

p-

value2 

Cutting pathways         0.4 

Farmers (F) - 23% [27] 23% [27] 23% [54]   

F+Cooperatives (C) 100% [1] 44% [53] 41% [49] 43% [103]   

F+C+Market  - 15% [18] 8% [10] 12% [28]   

F+C+Multiplier - 17% [20] 26% [31] 21% [51]   

F+Neighbor countries - 1.7% [2] 2% [2] 2% [4]   
1 [n]: Numbers in brackets represents the number of fields  
2 Pearson's Chi-squared test 

-: The modality related to this cutting pathway was absent. 
3: No data on the pathways used to obtain cuttings of improved varieties grown in 6 fields could be obtained.  

 1 
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Physical traits or appearance of cassava plants were mainly used to determine if a 
variety was local or an improved one. This identification strategy was rendered 
efficient by including into the survey team local agronomist officers able to identify 
varieties in the field. Local names of all the varieties (improved as well as local) 
identified during this work are shown in the table presented in supplementary material 
7. Results suggested that most of fields were grown either with improved varieties 
only (51%), either with a mixture of improved and local varieties (48%) (table III-9). 
A single field was sown exclusively by local varieties.  

The table presented in supplementary material 8 summarizes the proportion of each 
type of infection according to cutting pathways. Results suggested that among fields 
that tested positive to UCBSV infection (34 fields), more than the half (19 fields) were 
grown by cuttings originated from the dual source Cooperatives + farmers. Among 
fields that tested positive to CBSV infection (28 fields) and to mixed CBSV+UCBSV 
infection (18 fields), majority of them were grown with cutting originating from a dual 
(farmer’s + Cooperatives ) and exclusively from farmer’s pathways (respectively 17 
fields out of 28 for CBCSV infection, and 13 fields out of 18 for mixed 
CBSV+UCBSV infection). On the other side, the overall proportion of fields free 
from infections is higher (78%) when they are grown using cuttings issued from seed 
multipliers. 

III.4.4. Seed system risk factors associated with CBSD 

After fitting an initial model containing 37 candidate predictors (most of which were 
studied in previous sections), a final model containing 9 predictors, all statistically 
significant, was optimized using a combined forward + backward stepwise procedure  
(Chambers 1992; Venables and Ripley 2002). The results obtained are summarized in 
the table III-8. 

Table III-8: Prediction of risk factors associated with CBSD (based on RT-PCR 
detection). 
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Characteristic 

  Bivariate statistics Prediction 

Absence of 

infection 

[98]1 

Presence 

of 

infection 

[50] 

Overall 

[148] 

p-

value2 
OR3 95% CI3 p-value 

Assistance/ support by extension services n.s.4     0.05 

No 62% [43] 38% [26] 100% [69]  1.00 Reference   

Yes 70% [55] 30% [24] 100% [79]  0.32 0.08, 1.03 0.041 

Knowledge of cassava pests and diseases n.s.4     0.002 

No 43% [3] 57% [4] 100% [7]   1.00 Reference   

Yes 67% [95] 33% [46] 
100% 

[141] 
  29.1 3.23, 355 0.004 

Knowledge of management practices 0.064     0.008 

Yes 77% [34] 23% [10] 100% [44]   1.00 Reference   

No 62% [64] 39% [40] 
100% 

[104] 
  0.14 0.02, 0.62 0.016 

Which distance to acquire cuttings ? 0.5     0.001 

Very close (<1 Km) 71% [49] 29% [20] 100% [69]   1.00 Reference   

Close (1-5 Km) 60% [12] 40% [8] 100% [20]   0.96 0.23, 4.22 n.s.4 

Far (5-10 Km) 59% [16] 41% [11] 100% [27]  0.3 0.66, 2 n.s.4 

Very far (>10 Km) 66% [21] 34% [11] 100% [32]   0.08 0.02, 0.33 0.001 

Proximity to town (Uvira)  

  
0.5     0.036 

Very Close (<1Km) 75% [6] 25% [2] 100% [8]   1.00 Reference   

Close (1-5Km) 78% [18] 22% [5] 100% [23]   0.59 0.03, 7.51 n.s.4 

Far (5-10Km) 66% [23] 34% [12] 100% [35]   0.12 0.01, 1.26 n.s.4 

Very Far (>10Km) 62% [51] 38% [31] 100% [82]   0.09 0.00, 0.85 0.061 

Proximity to borders n.s.4     0.05 

Very Close (<1Km) 68% [39] 32% [18] 100% [57]   1.00 Reference   

Close (1-5Km) 67% [28] 33% [14] 100% [42]   1.16 0.56, 2.41 n.s.4 

Far (5-10Km) 65% [20] 36% [11] 100% [31]   2.07 0.82, 5.31 n.s.4 

Very Far (>10Km) 61% [11] 39% [7] 100% [18]   4.45 1.30, 17.4 0.023 

Methods used to manage CBSD 0.027     0.001 

Use cuttings from 

symptomless plants 
76% [34] 25% [11] 100% [45]   0.43 Reference    

Use local varieties 85% [29] 15% [5] 100% [34]   1.00 0.97, 5.86 n.s.4 

Use certified varieties 53% [23] 45% [20] 100% [43]   2.25 0.89, 5.89 0.001 

Cutting pathways       n.s.4     0.001 

Farmers (F) 57% [20] 43% [15] 100% [35]   1.00 Reference   

F+Cooperatives (C) 64% [41] 36% [23] 100% [64]   2.06 0.55, 7.81 n.s.4 

F+C+Market 67% [4] 33% [2] 100% [6]   10.7 0.56, 272 n.s.4 

F+C+Multiplier 75% [30] 25% [10] 100% [40]   7.96 1.55, 53.1 0.019 

F+Neighbor Country 100% [4] 0% [0] 100% [4]   6.051 0.00, NA n.s.4 

(Intercept)         17 0.49, 700 0.12 

1 [n]: numbers in brackets represents the number of fields 

2 Pearson's Chi-squared test; Fisher's exact test 

3 OR = Odds Ratio, CI = Confidence Interval 
4n.s.= the p-value is > 0.05 
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Results showed that cassava fields owned by farmers who received supports (training, 
advising or field visit) and had a certain knowledge of cassava pests and diseases as 
well as on management practices against CBSD, are significantly more likely to be 
free from CBSVs infection compared to fields belonging to the other farmers. Beyond 
these aspects related to farmer’s awareness, factors related to the distance location of 
cassava fields were also found to significantly impact the outcome of CBSD 
infections. In fact, cassava  fields located very far (more than 10 Km) from the borders 
as well as from Uvira town  were significantly and highly associated with the absence 
of CBSD compared to fields that were very close (less than 1 km) toborders and Uvira 
(P-Value < 0.05). Also, fields grown with cuttings obtained by farmers from very far 
locations (more than 10 km) appeared to be significantly less prone to CBSVs 
infections compared to fields grown with cuttings that farmers obtained in nearby 
locations (less than 1 Km) (P-Value =0.05). Additionally, fields in which farmers were 
using certified varieties to grow cassava were significantly and highly associated to 
the absence of CBSD compared to fields grown with cuttings taken from asymptotic 
plants (P-value < 0.005). Results further suggest that when farmers envisage the 
option of using cuttings from seed multipliers pathways to grow cassava, the risk of 
having infection with CBSVs in their fields is significantly lower (less probable) (P-
value <0.05) compared to situations where fields where grown with cuttings taken 
exclusively from farmer’s own fields. 
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III.5. Discussions 

The preliminary description of the study area based on socioeconomic, ecological 
and agronomic parameters supported the existence of various sites (Table I1 and 
Figure III-2). However, to highlight the role of seed cutting pathways in the 
epidemiology of CBSD, this information should be completed by plant disease 
observation and virus detection. Such phytopathological information opened the 
possibility of associating CBSD-infected plants obtained from a particular seed 
pathway to a set of explanatory parameters depicting the environmental context that 
could explain the outcome of infection. Even tough symptoms presence on a plant is 
a proxy of infection, they can be misleading in certain circumstances particularly 
when they are not specific as it is the case for the CBSD. It appeared therefore 
rationale to use molecular diagnosis so that errors due to the misidentification of the 
causal agent could be significantly lowered. This integration of several 
multidisciplinary data facilitated an in-depth description of the study area regarding 
the objectives of the study and allowed designing local-adapted approaches to act at 
the formal-informal interface of the cassava seed system and to mitigate the 
dissemination of CBSD. 

Before discussing the results, it is important to state that, despite the 
multidisciplinary approach used in this study, our survey, as any survey, presented 
some limitations that might have introduced bias on the conclusion drawn. For 
example, the use of some pre-selected questions in the questionnaire, the random 
sampling and observation on field (impacting sample representativeness) as well as 
the limited number of observations. 

The molecular diagnostic revealed the presence of the two viral species known to 
cause the disease in single or mixed infection. The prevalence of both species was 
similar, 18% for CBSV and 20% for UCBSV. Nevertheless, the analysis of prevalence 
for each cluster revealed contrasted situations: CBSV prevalence was between 17% 
(cluster 3) and 21% (cluster 1) while UCBSV prevalence was more heterogeneous 
ranging from 11% (cluster 1) to 20% (cluster 3).  UCBSV tended to be restricted in 
the lower altitude zones where it showed a spot-like distribution.   

Epidemiologically, the identification of three clusters made sense. Indeed, the 
homogeneous cluster 1 gathered most of villages located in the high altitude zone 
where the fields presented the lowest average of symptom incidence rate and virus 
detection (with CBSV the most prevalent virus) while the whiteflies were very rare. 
On the other side, a heterogeneous zone in the low altitude area (cluster 2 and 3) was 
characterized by the higher prevalence of UCBSV-infected fields but with distinct 
symptoms incidence rates and cutting pathways. In the cluster 2, most diseased fields 
showed systemic symptoms that were localized either on leaves or stems, presented 
an average symptom incidence rate higher than in the cluster 1. In addition, among 
fields grown by cuttings originating from seed multipliers pathways, a consistent 
number of them were found in the cluster 2. In the cluster 3, most cassava fields were 
grown in monoculture, most of them were colonized by weeds and presented the 
highest number of whiteflies, virus infection as well as the highest symptoms 
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incidence rate while presenting typical systemic-like symptoms on the plant. Previous 
studies have shown that growing conditions (temperature, rainfall and altitude) can 
induce variation in the expression of foliar symptoms of CBSD (Mohammed et al. 
2012) as well as in the dynamic of whiteflies (E. Bisimwa, Walungululu, and Bragard 
2012) thus globally reducing disease incidence as for the cluster 1. The presence of 
CBSD-like symptoms on lower leaves is often misleading because symptoms can be 
confused with those due to normal leaf senescence, and the prevalence of symptoms 
type restricted on lower leaves could not be necessarily considered as indicative of 
virus infection. The high prevalence of infected fields in the low altitude areas 
(clusters 2 and 3) as well as their high symptoms incidence and severity is in 
agreement with previous findings (E. Bisimwa, Walungululu, and Bragard 2012) 
suggesting that the disease pressure was decreasing with the rise of altitude. 

Furthermore, it is worthful to note that in the clusters 2 and 3 the level of symptom 
incidence was higher compared to the level of molecular incidence (percentage of 
fields tested positive to RT-PCR). This situation suggested that there were a consistent 
number of plants with symptoms but which were negative when tested by RT-PCR. 
This situation could be explained by the non-specificity of CBSD symptoms because 
they are reported to be an inconsistent way of identification of CBSVs (G. Rwegasira 
and Rey 2012) but also, the inclusivity of primers used for indexing could be pointed 
out. While knowing that CBSV and UCBSV genomes are reported to evolve rapidly 
under high disease pressure (Titus Alicai et al. 2016b; Ndunguru et al. 2015) it is 
possible that there could be different CBSVs isolates circulating in these clusters. 
These findings underpins an urgent need to unveil full genomes of CBSVs strains in 
this area to support designing adapted primers necessary for an efficient diagnostic (I. 
P. Adams et al. 2018). High throughput sequencing technology (Massart et al. 2014) 
can contribute to decipher this problem and will help designing new primers required 
for increasing the inclusivity of molecular tests. In addition, the viral species complex 
causing symptoms on cassava might not be fully understood so far. For example, two 
new viral species belonging to the genus Ampelovirus (MEaV1 and MEaV2) were 
previously described for the first time infecting cassava plants and one of these species 
was detected in the area where this study was conducted (Uvira territory) (Kwibuka 
et al. 2021) . Nevertheless, the association of these viruses with disease symptom is 
not yet studied, so the phytosanitary risk posed by these new species is not known yet.  

As suggested in this study, cutting pathways would be determinant in the outcome 
of CBSVs infections through the fact that when farmers took the option of using 
cuttings provided from seed multipliers, additionally to cuttings taken from other 
pathways, the prevalence of CBSVs infection lowered significantly. However, 
additive effects, resulting from the fact that several pathways were used at the same 
time by most farmers, might have been obscuring the real role of each cutting 
pathway.  

Improved varieties are widely used. This is consecutive to previous interventions 
for mitigating devastations caused by the CMD pandemic in this area. Local varieties 
were progressively abandoned before the outbreak of CBSD against which most of 
improved CMD-resistant varieties became susceptible. Currently, the research for 
developing CBSD-tolerant varieties is ongoing (Manze et al. 2021; Sheat et al. 2019). 
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Nevertheless, due to a scarcity of healthy cuttings and disappointments often 
encountered after using cuttings expected to be healthy, farmers return to traditional 
varieties that they have been using for years. This scarcity of healthy cuttings is 
therefore primarily due to the lack of multiplication of phytosanitized tolerant 
varieties that are available as well as to the lack of varieties with dual resistance to 
CBSD and CMD for multiplication and dissemination.” 

Factors related to farmer’s awareness, especially the assistance from extension 
services, the knowledge of cassava pests and disease, the knowledge of management 
practices of CBSD as well as the use of certified varieties, are key determinants to 
limit CBSVs infection. This is absolutely relevant because being aware of CBSD, its 
symptoms as well as management practices helps farmers in identifying diseased 
plants and taking appropriate decisions for managing and mitigating the disease. This 
is supported by the fact that using cuttings from seed multipliers lowered significantly 
the risk of CBSD. Here, it is very important to emphasize that seed multipliers 
benefited more from extension services supports and seemed to develop more skills 
and knowledge than ordinary farmers. Therefore, intensifying actions aiming at 
raising farmers awareness on CBSD control would constitute an effective option to 
mitigate the disease. 

It was also very interesting to found that parameters related to the geographical 
location of fields, particularly in relation with the national border, were significantly 
associated with the outcome of CBSD infection. At this stage we do not know if this 
association is causative or spurious, border proximity hiding other factors. In addition, 
only 4 farmers mentioned neighboring countries as pathways of seeds. Nevertheless, 
it would be very important to mention that the proportion of fields effectively grown 
with cuttings originating from neighbor countries might be higher than what was 
reported in this study because the unauthorized transboundary movement of planting 
material is forbidden, therefore despite guarantees of non-divulgation of information, 
respondent might not explicitly admit to be engaged in such kind of exchanges. Such 
phenomenon of underestimation of transboundary movement of planting material has 
been already suggested (P. L. Kumar et al. 2021). Therefore, if this association is 
further demonstrated as causative, farmers living along borders between D.R. Congo, 
Burundi and Rwanda should be particularly targeted for awareness raising on 
importance of avoiding moving cassava planting material across borders without 
following proper international regulations (IPPC 2021). 

Mapping epidemiological aspects of a disease in a range of environments can 
identify locations where investments in extension and farmer support are most likely 
to be effective (Buddenhagen et al. 2020). Results provided in this study suggested 
that efforts to promote a clean seed system in the study region could therefore target 
the areas covered by the cluster 1 and use it as multiplication site due to its low disease 
pressure and low vector population density. Additionally, in the same analysis, efforts 
of extension work should be focused on raising farmer awareness of CBSD to sustain 
the effectiveness of control strategies. Such extension efforts must target both local 
and national organizations involved in the farmer’s Cooperatives and would put much 
attention on areas covered by clusters 2 and 3. 
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The use of improved varieties in the previous years did not guarantee effective 
protection against CBSD as observed in the study area because most of these varieties 
were tolerant to CMD only; viruses kept multiplying  inside their vegetative tissues 
thus leading to increased virus load over years (Manze et al. 2021). Therefore, there 
is an urgent need to insist on the application of a rigorous phytosanitation program to 
ensure planting material will be subjected to a cleaning process that will lower the 
virus load. This will necessitate a good expertise in plant virus diagnostic to ensure 
that sensitive and inclusive tests are applied  on elite materials before they could be 
multiplied and supplied to farmers. These interventions must also include local 
(traditional) varieties and could contribute to reduce the disease pressure observed 
into clusters 2 and 3. A key element on which an adapted program of integrated pest 
and disease management (IPDM) is based for reducing the disease severity and 
preventing a disease from further spread include the use of healthy/resistant varieties. 
Within the surveyed country, existing organizations involved/ in charge of developing 
and supplying healthy seeds and regulating activities within the formal seed sectors 
include local, national as well as international organizations/institutions. The 
predominance of informal actors within this seed system (private seed sellers, village 
seed multipliers etc.) allows disseminating seeds where some bigger institutions and 
even public sector does not reach out. However, this capacity of delivering seeds on 
the last mile of the territory is undermined by the lack of access to healthy and resistant 
varieties. 

Results from this study further suggested that it would be important to empower and 
to promote local cassava-seed multipliers, particularly in the cluster 1, as they have 
been shown to be more reliable in delivering disease-free materials. However, it was 
shown that farmers had to travel more than 10 Km to access less risky cuttings. This 
could mean that the number of actors susceptible of delivering good-quality planting 
material to farmer’s is still too low. This could represent an opportunity to draw 
farmer’s attention to business opportunities offered through cassava seed system 
activities, thus giving a scope to turn this activity commercially attractive in this area.  

In this context, promoting the cassava seed system will undoubtedly raise the need 
of reinforcing the mechanisms of controlling seed multiplication fields. This could be 
done by rigorous inspections by well-trained inspectors as well as by testing elite 
cassava materials used for propagation using sensitive molecular techniques 
preferably on-site (J. a. Tomlinson et al. 2013). However, this will raise the question 
of sustainability due to the high costs involved in running such techniques. 
Fortunately, sensitive as well as easy-to-use kits [such as Lateral Flow devices (LFDs) 
or RT-LAMP] that can be implemented on field and that require reasonable 
consumables, resources and instruments have been developed (J. a. Tomlinson et al. 
2013) and, after proper training and validation, could allow local seed multipliers to 
directly identify healthy mother plants candidate for multiplication and dissemination. 
This could be an additional aspect where expertise from local Universities would be 
crucial in supporting the establishment of an efficient cassava seed system. 
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Supplementary material 2. Questionnaire used for farmers interviews on seed 
systems. Available on the following link: 
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Supplementary material 3. Questionnaire used for interviewing  farmers 
specialized in cassava seed multiplication. Available on the following link: 
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pplementary-material 

 

Supplementary Figure 1 Schematic representation of a cassava field showing the selection 

strategy and process for field observation and sample collection. 

https://www.frontiersin.org/articles/10.3389/fpls.2022.803980/full#supplementary-material
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Supplementary Figure 2. Results from molecular detection showing the agarose gel with 

amplicons:  

Detection of CBSV (~703 bp) and UCBSV (~800 bp) in samples from the site 1 (1 and 6), site 

2 (2 and 7), site 3 (3 and 8), site 4 (4, 5 and 9) and site 5 (10, 11 and 12). 1kb molecular ladder 

(L) is shown on the left side of the gel. Positive (C+) and negative controls (C-). Numbers 1 to 

12 are representative samples retained for the illustration.  
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Supplementary figure 3. Geographical mapping of results from molecular detection 
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Supplementary Table 1. Proportion of fields following pathways used to acquire cuttings 

and following means used to obtain cassava cuttings per clusters.  

 
 

 

 

 

 

 

 

 

 

 

 

Supplementary Table 2. Number  of fields grown by improved as well as local cassava 

varieties identified in each cluster 

Improved varieties 

Local names Cluster 1 Cluster 2 Cluster 3 Overall 

Characteristics Cluster 1 [80]1 
Cluster 2 

[85] 

Cluster 3 

[81]2 
Overall [246] 

p-

value 

Cutting pathways       0.04 

Farmers (F) 48% [26] 32% [17] 20% [11] 100% [54]   

F+Cooperatives 

(C) 
30% [31] 27% [28] 43% [44] 100% [103]   

F+C+Market 18% [5] 64% [18] 18% [5] 100% [28]   

F+C+Seed 

Multipliers 
31% [16] 39% [20] 29% [15] 100% [51]   

F+ Neighbour 

Country 
50% [2] 50% [2] - 100% [4]   

Means of cutting obtention       0.001 

Free 50% [40] 28% [24] 56% [45] 44% [109]   

+Money 28% [22] 55% [47] 41% [33] 42% [102]   

+Work/Yield 23% [18] 17% [14] 4% [3] 14% [35]   
1 [n]: Numbers in brackets represents the number of fields grown by cuttings obtained from the 

corresponding pathways/pathways    
2: No data on the pathways used to obtain cuttings in 6 fields of the cluster 3 could be noticed. 

-: The modality related to that cutting pathway was absent in the corresponding cluster.   

2 Pearson's Chi-squared test   
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Dorothea 7 7 29 43 

V8 24 1 14 39 

Sawa sawa 3 24 10 37 

Magouringware 8 8 11 27 

Mabwaki 1 7 3 11 

Nabwigoma 7 0 1 8 

Bwika 3 3 0 6 

Kantintima 0 5 1 6 

Namuzungu 4 1 1 6 

Rava 0 3 2 5 

Nabwilalanga 1 0 3 4 

Liyayi 0 0 3 3 

Mayombe 3 0 0 3 

Mvuama 0 0 3 3 

Nakahegere 1 0 2 3 

Mukombe 0 2 0 2 

Naluvuzi 0 0 2 2 

Ndunda 0 2 0 2 

Butamu 0 1 0 1 

Kihonya 0 0 1 1 

Mabwilalanga 0 0 1 1 

Migera 1 0 0 1 

Nakaronda 0 1 0 1 

Local Varieties 

Local names Cluster 1 Cluster 2 Cluster 3 Overall 

Nahunde 6 7 2 15 

Nakarasi 1 4 2 7 

Kahungu 1 0 2 3 
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Supplementary Table 3. Proportion of healthy and infected fields for each type of infection 

according to the pathways used to obtain cuttings 
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“Sequence locally, think globally…” 

Harris Lewin, the Darwin tree of life. 2021 
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Preliminaries 

The results obtained from investigations conducted in the chapter three showed that 

the proposed framework allowed a proper characterisation of the CBSD epidemiology 

by identifying locally-adapted options for managing the disease. If a robust cassava 

seed system is a priority for the mitigation of the CBSD, it is also important that, at 

all stages of the system, healthy cassava plants can be selected for cuttings generation. 

This reinforces the need of reliable diagnostic test and a proper understanding of 

disease etiology. Unfortunately, the chapter three showed that there is still a recurrent 

issue in the diagnosis of the CBSD : several leaf samples collected from field-growing 

cassava plants showing CBSD-like symptoms on leaves are suggested as negative 

from the RT-PCR tests. Is it due to limits in the detection method used, or rather is it 

an etiological issue ? In the next chapters (four and five) we used the high throughput 

sequencing technologies to explore the diversity of viruses infecting the cassava 

samples collected in the study area. 
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IV.1. Abstract 

Cassava is one of the most important staple crops in Africa and its production is 
seriously damaged by viral diseases. In this study, we identify for the first time and 
characterize the genome organization of novel ampeloviruses infecting cassava plants 
in diverse geographical locations using three high-throughput sequencing protocols 
[Virion-Associated Nucleotide Acid (VANA), dsRNA and total RNA], and we 
provide a first analysis of the diversity of these agents and of the evolutionary forces 
acting on them. Thirteen new Closteroviridae isolates were characterized in field-
grown cassava plants from the Democratic Republic of Congo (DR Congo), 
Madagascar, Mayotte, and Reunion islands. The analysis of the sequences of the 
corresponding contigs (ranging between 10,417 and 13,752 nucleotides in length) 
revealed seven open reading frames. The replication-associated polyproteins have 
three expected functional domains: methyltransferase , helicase, and RNA-dependent 
RNA polymerase (RdRp). Additional open reading frames code for a small 
transmembrane protein, a heat-shock protein 70 homolog (HSP70h), a heat shock 
protein 90 homolog (HSP90h), and a major and a minor coat protein (CP and CPd 
respectively). Defective genomic variants were also identified in some cassava 
accessions originating from Madagascar and Reunion. The isolates were found to 
belong to two species tentatively named Manihot esculenta-associated virus 1 and 2 
(MEaV-1 and MEaV-2). Phylogenetic analyses showed that MEaV-1 and MEaV-2 
belong to the genus Ampelovirus, in particular to its subgroup II. MEaV-1 was found 
in all of the countries of study, while MEaV-2 was only detected in Madagascar and 
Mayotte. Recombination analysis provided evidence of intraspecies recombination 
occurring between the isolates from Madagascar and Mayotte. No clear association 
with visual symptoms in the cassava host could be identified. 

 

Keywords: Manihot esculenta; Ampelovirus; high-throughput sequencing; Central 
Africa; Indian Ocean islands; Closteroviridae 
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IV.2. Introduction 

Approximately 40% of the world’s area dedicated to the cultivation of roots and 
tubers is planted with cassava. In Africa, 56% of the total production of roots and 
tubers comes from cassava, 51% of which are from Nigeria and the Democratic 
Republic of Congo (DR Congo) (Food and Agriculture Organization of the United 
Nations 2017). Cassava is one of the most important staple crops, as it ranks fourth as 
a source of calories for human consumption (Food and Agriculture Organization of 
the United Nations 2017). Many of the poorest farmers and most undernourished 
households in Africa depend on cassava as a principal nutrition source. It also 
constitutes an important income source in rural and marginal areas and has multiple 
uses, most notably as a food security and regular food crop (Burns et al. 2010). 

Due to its remarkable adaptability to a wide range of soil and environmental 
conditions, cassava is bestowed with resilience to global warming and climate change, 
and with a potential for better return under adverse soil and weather conditions (Lobell 
et al. 2008). The exceptional soil carbon sequestration properties of cassava makes it 
a potential crop for improving the green revolution fatigue (Jarvis et al. 2012). 

Despite the large contribution of Africa to global cassava production (60%), its 
performance in terms of yield is the lowest (9 tons/ha on average) (Food and 
Agriculture Organization of the United Nations 2017). In most African cassava-
producing areas, the yield is far below the potential (Fermont et al. 2009). In DR 
Congo, yields of approximately 8 tons/ha can be obtained under farmers’ fields 
conditions, but yields are highly variable depending on the local pedo-climatic 
conditions. 

Cassava suffers from many pests and diseases, including viruses, which can 
seriously affect the quality and quantity of the harvest as well as the quality of the 
planting materials. Two viral diseases are of major economic importance in sub-
Saharan Africa, namely, cassava brown streak disease (CBSD) and cassava mosaic 
disease (CMD) (Vanderschuren and Rey 2017). CBSD is associated with two 
Ipomovirus species, collectively named cassava brown streak viruses (CBSVs), and 
CMD is associated with nine Begomovirus species, collectively named cassava 
mosaic geminiviruses (CMGs) (Vanderschuren and Rey 2017). Yield reduction due 
to CMD may be severe and losses up to 82% have been reported, especially in cassava 
plants dually infected with African cassava mosaic virus (ACMV) and the Ugandan 
strain of East African cassava mosaic virus (EACMV-UG) (Owor et al. 2004). 

The family Closteroviridae is a large and diverse group of filamentous plant viruses 
(particles of 650−2,200 nm in length) with single-stranded RNA genomes. Some 
species can be transmitted semi-persistently by aphids, whiteflies, mealybugs or soft 
scales insects [8,9]. The members of this family are known to affect several crops of 
major economic importance, such as sugar beet, citrus, tomato, lettuce, potato, sweet 
potato, grapevine, pineapple, cherry, and some ornamentals (Karasev 2000; A G 
Blouin et al. 2013; Dey et al. 2019; G P Martelli et al. 2012; Verdin et al. 2017). 

To date, 56 virus species have been classified as definitive or tentative members of 
the family Closteroviridae (Fuchs et al. 2020). They are grouped into the following 
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four genera: Ampelovirus (monopartite genome, mealybugs and soft scale insect 
vectors), Closterovirus (monopartite genome, aphid vectors), Velarivirus 
(monopartite genome, no known vectors) and Crinivirus (bipartite genome, whitefly 
vectors) [14,15]. 

The accepted demarcation criteria between the species in the Closteroviridae family 
[9,16] include the following aspects: (i) particle size, (ii) size of CP, as determined by 
the deduced amino acid sequence data, (iii) genome structure and organization 
(number and relative location of the open reading frames (ORFs)), (iv) amino acid 
sequence of the relevant gene products (CP, RdRp, HSP70h), differing by more than 
25%, (v) vector species and specificity, (vi) magnitude and specificity of the natural 
and experimental host range, and (vii) cytopathological features (aspect of inclusion 
bodies and origin of cytoplasmic vesicles) (Fuchs et al. 2020). 

Specifically, the genus Ampelovirus comprises species with linear particles of 
1,400−2,000 nm long. Their genome is a monopartite positive sense, single-stranded 
RNA of 13.7−18.5 kb with a number of ORFs varying between 7 and 12 (G P Martelli 
et al. 2012). The members of this genus are divided into two subgroups 
accommodating, respectively, seven species with large (15,000 to over 18,000 nt) and 
complex (9 to 12 ORFs) genomes (subgroup I), and five species with smaller 
(13,000−14,000 nt) and simpler (7 ORFs) genomes (subgroup II) [9,16]. 

The majority of the Ampelovirus species have been identified from woody hosts 
(grapevine, Prunus sp., figs) and pineapple. Although their pathogenicity sometimes 
remains unclear, several members are reported to induce a diverse range of symptoms, 
while others are reported to have no association with symptoms. Natural vectors are 
Pseudococcidae mealybugs and soft scale insects, which transmit viruses in a 
semipersistent manner [9,12]. None of the known ampeloviruses are transmitted 
through seeds or mechanically. All ampeloviruses persist in plant parts used for 
vegetative propagation and are disseminated with them over long distances. The 
geographical distribution is therefore usually wide (G P Martelli et al. 2012). 

In this study, we identify for the first time and characterize the genome organization 
of novel ampeloviruses infecting cassava plants originating from diverse geographical 
locations in central Africa and the southwestern Indian Ocean islands. We also 
provide a first analysis of the diversity of these agents and of the evolutionary forces 
acting on them. 

IV.3. Material and methods 

IV.3.1. Origin of the analyzed cassava samples and high-throughput 
sequencing 

Field surveys were conducted from March to May 2016 in the South Kivu province 
(DR Congo). Cuttings were collected on cassava landraces plants showing foliar 
CBSD-like symptoms. These cuttings did not express the foliar symptoms anymore 
after growing in the greenhouse for six months. In addition, leaf samples from plants 
of different landraces were collected from the germplasm collections of the Conseil 
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Départemental (DARTM in Mayotte), of CIRAD (Reunion) and of FOFIFA 
(Madagascar) between 2015 and 2017 (Table IV-1). 

Table IV-1. Identity and origin of cassava landraces used and indication on the high-

throughput sequencing (HTS) protocol performed on these samples. 

 

1VANA: virion-associated nucleic acid; dsRNAs: double-stranded RNAs; EACMV: East 
African cassava mosaic virus; UCBSV: Ugandan cassava brown streak virus; CBSV: 
cassava brown streak virus; CMD: cassava mosaic disease; CBSD: cassava brown streak 
disease. 

For the two samples from DR Congo, total RNA was extracted from cassava 
leaves using the RNeasy Plus Plant Mini Kit (QIAGEN®, Hilden, Germany) 
according to the manufacturer’s instruction and quality tested using a Nanodrop 
2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). DNase 
treatment was applied using Amplification grade DNASE I (Life Technologies, 
California, USA) according to the manufacturer’s instructions. Ribosomal RNAs 
were depleted using a RiboZero plant leaf kit for RNA-seq (Life Technologies 
Limited, Paisley, UK), and libraries were prepared following the manufacturer’s 
instructions using a TrueSeq stranded total RNA kit (Illumina, New York, USA). 
The RNA libraries were sequenced on a Nextseq 500 sequencing machine at the 
University of Liege (Belgium), with a read length of 2 × 75 nt. 

For the three samples from Mayotte and Reunion, double-stranded RNAs 
(dsRNAs) were extracted from leaf samples using the procedure of Marais et al. 
(Marais et al. 2018). Purified dsRNAs were converted to cDNA and amplified 
using a random whole-genome amplification procedure (Marais et al. 2018) and 
finally sequenced using Illumina Myseq technology (2 × 250 nt paired reads) on 
the Genotoul INRAE platform (Toulouse, France). 

Cassava 

Landraces 

Country of 

Origin 

Collection Date 

DD/MM/YY 
Symptoms 

Sequencing 

Strategy 

and Target 

Isolates Detected 
Other Virus 

Detected 

Menatana Madagascar 18/10/2017 
Asymptomatic in 

greenhouse 
VANA 

MG-Men-241, 

MG-Men-9 
- 

Miandrazaka Madagascar 18/10/2017 
Asymptomatic in 

greenhouse 
VANA 

MG-Mia-10, MG-

Mia-362, MG-

Mia-403, MG-

Mian 2-2 

- 

Long Java Reunion 25/02/2015 
Asymptomatic in 

field 
dsRNAs RE-Ljv - 

Reunion Mayotte 26/03/2015 
Symptoms of 

CMD and CBSD 
dsRNAs 

MY-Ren-5, MY-

Ren-8 
EACMV+UCBSV 

6 Mois Blanc Mayotte 26/03/2015 
Symptoms of 

CMD 
dsRNAs 

MY−6mb-4, 

MY−6mb-6 
EACMV 

Nambiyombiyo DR Congo 13/01/2016 
Asymptomatic in 

greenhouse 
Total RNA CG-Nmb CBSV 

Kahunde DR Congo 13/01/2016 
Asymptomatic in 

greenhouse 
Total RNA CG-Kah - 
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For the two samples from Madagascar, HTS was performed using a virion-
associated nucleic acid (VANA)-based metagenomics approach as described by 
Palanga et al. (Essow Palanga et al. 2016). 

IV.3.2. Bioinformatic analyses 

Samples from Madagascar, Mayotte and Reunion: Following demultiplexing 
and quality trimming, reads were assembled into contig using CLC Genomic 
Workbench 8.5.1 and following versions. Contigs were annotated by BLASTx 
analysis against the GenBank protein database. Contigs were then manually 
assembled into scaffolds, which were consolidated and extended by several rounds 
of mapping of reads to yield the finalized scaffolds sequences. For two of the 
isolates (RE-Ljv and MY-Ren), reads corresponding to deletion events generating 
defective molecules were identified during this assembly process and scaffolds 
corresponding to these DI RNAs were therefore also reconstructed. 

Samples from DR Congo: Sequence analyses were done using the Geneious 
11.1.3 environment (www.geneious.com and embedded plugins). Data were 
submitted to a pre-processing step consisting of setting paired reads, and trimming 
adaptor sequences and low-quality reads (by BBDUK). Unique sequences were 
generated as clean reads by merging paired reads (by BBMerge) and removing 
duplicate reads (Dedupe). SPADES was used for de novo assembly. Reconstructed 
contigs were screened against the Refseq viral database retrieved from NCBI 
(October, 12th 2018) using BLASTn and BLASTx searches and annotated through 
tBLASTx. Viral contigs were further analyzed directly on the NCBI site using a 
BLASTn and BLASTx search with standard parameters. 

Identification of functional gene domains for all samples was done by submitting 
predicted open reading frames (ORFs) directly on the NCBI’s conserved domain 
search tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (accessed 
from October to December 2018). 

Multiple sequence alignments were built with ClustalW embedded in Mega X. 
Maximum likelihood phylogenetic trees were reconstructed in Mega X using the 
GTR+GI model for the alignment of nucleotide sequences and a Poisson model 
with uniform distribution for amino acid sequence alignments. Bootstrap analysis 
(100 replicates) was performed in order to evaluate the stability and significance 
of branches. Phylogenetic trees of amino acid sequences were reconstructed using 
only isolates for which the amino acid sequence of the analyzed protein was 
complete or nearly complete. 

Putative recombination events were detected and evaluated using the RDP4 
program (version 4.99) (D. P. Martin et al. 2015) and a ClustalW-built multiple 
alignment of the complete genome sequences. 

IV.3.3. Confirmatory RT-PCR and sequencing 

The presence of the detected viral contigs of MEaV-1 (isolates CG-Nmb and CG-
Kah) in the corresponding plants was confirmed by RT-PCR using specific primer 
pairs (Table IV-2) designed according to the consensus sequence of the reconstructed 
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viral contigs. This also allowed to confirm the sequence of the contigs of isolates 
mentioned. 

Table IV-2. RT-PCR primer pairs used for the confirmation of the viral sequences in the 

samples. 

PRIMER TARGET ORF SEQUENCES (5′==> 3′) Tm 

12.495 F cp CP ORF5 AATTTGGGAGGAGTGCGACC 60.3 

12.715 R cp CP ORF5 AGACCGACTTGTGCTACTCTTG 60.0 

11.735 F hsp90 HSP90 ORF4 GTCCCGGCCTACATGCAATT 60.8 

11.959 R hsp90 HSP90 ORF4 ACCGCCAGTCAACTCTCGTA 60.9 

9.021 F hsp70 HSP70 ORF4 TATGGTTGTTGCTCGCGACT 60.0 

9.292 R hsp70 HSP70 ORF4 CTGACAAACCAGCAGCAGTTG 60.3 

7.244 F rdrp RdRp ORF1B GGACAACCTCCGAAACCGTAT 60.1 

7.544 R rdrp RdRp ORF1B CTTTCGCTGCCATTGGTGTC 60.1 

 

IV.3.4. Characterization of defective RNA(D-RNA molecules) 

RNA isolation, sDNA synthesis and amplification of D-RNAs 

Total RNA extracted from cassava accessions in which defective RNA molecules 
have been identified (RE-Ljv and MG-Mena-242) was purified and used for cDNA 
synthesis using the ProtoScript II First Strand cDNA Synthesis Kit (NEB) following 
the manufacturer’s instructions. Briefly, 0.5 μg of RNA was mixed with 2 μL of 
random hexamers primers (60 μM), heated at 65 °C for 5 min, and immediately cooled 
on ice for 5 min. The cooled solution was mixed with 10 μL of 2x ProtoScript II 
reaction mix and 2 μL of 10x ProtoScript II enzyme mix, mixed well and centrifuged 
for 5 s. This reaction mixture was incubated at 25 °C for 5 min and 42 °C for 1 h. The 
reaction was later terminated by incubation at 80 °C for 5 min. 

Specific primer pairs designed on genome regions flanking the deletion in each of 
the four defective RNA molecules (Table IV-3) were used to amplify a region 
spanning the deletion of the D-RNAs. PCR amplification was performed in 20 μL 
total volume with 10 μL of Q5 High-Fidelity Master Mix (NEB), 2 μL of cDNA 
template, 0.5 μL of 10 μM of each primer and nuclease-free water for the remaining 
volume. The amplification program was set using 98 °C for 3 min of initial 
denaturation, followed by 35 cycles of 98 °C for 10 s, 57 °C for 10 s, 72 °C for 30 s 
and a final extension at 72 °C for 5 min. The amplified PCR products were analyzed 
on 1% agarose gel to validate the presence of amplicons of the expected size. The 
amplicons were gel-purified using the Monarch DNA Gel Extraction Kit (NEB) and 
cloned into pJET1.2 (Thermo Fisher Scientific). 
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Table IV-3. RT-PCR primer pairs used for the characterization of the defective RNA 

molecules. 

 

Sequence analysis and alignments 

The amplicons clones were Sanger-sequenced using pJET1.2 forward and reverse 
primers. Two clones were sequenced for each defective RNA molecule and no 
sequence variation was observed among them. The obtained sequences were aligned 
to reference parental full-length segments (RE-Ljv, MG-Mena-9) using the Clustal 
Omega multiple sequence alignment tool (online version, October 2020), allowing to 
confirm the existence of molecules containing the expected deletions. 

IV.4. Results  

IV.4.1. Identification of Closteroviridae members in cassava 

Thirteen contigs or scaffolds of more than 10 kilobases of Closteroviridae isolates 
could be reconstructed using the sequencing reads from the seven analyzed landraces 
(Table IV-4). The lengths of the contigs, which represent large parts of the 
corresponding genomes, ranged from 10,417 to 13,770 nucleotides (nt). Some of the 
analyzed plants contained multiple contigs corresponding to different isolates (Table 
IV-4). Thorough screening of these reconstructed contigs against viral reference 
databases revealed nucleotide and amino acid sequence homologies with members of 
the family Closteroviridae and, in particular, with the genus Ampelovirus. In addition 
to these previously unknown viruses, the results further indicated the presence of 
CBSVs and/or CMGs in three cassava samples (Table IV-1). Cassava brown streak 
virus (CBSV, isolate KOR6, GU563327) was detected in one of the plants from the 
DR Congo, while Uganda cassava brown streak virus (UCBSV, isolate KM) (Scussel 
et al. 2019) and/or EACMV were detected in samples from Mayotte. 

Primers Name Sequences (5’==>3’) 
Expected 

Amplicon Size 

MEaV-1-RE-Ljv-D-RNA1-F 
ACATCTAAATGCTAACGAACGAA

GAG 380 bp 

MEaV-1-RE-Ljv-D-RNA1-R CAACGCCAGAATCTTCGTACA 

MEaV-1-RE- Ljv-D-RNA2-F AGGCTTTCGACAGTGAAGAAGTG 
330 bp 

MEaV-1-RE- Ljv-D-RNA2-R CGTAGCCATACTGAAGGATAGCA 

MEaV-2-RE- Ljv-D-RNA3-F TGGAAGCCGCTGGTAAACTACA 

400 bp 
MEaV-2-RE-Ljv-D-RNA3-R 

CAAGCACGTTCAATATTAGGAATA

GTAC 

MEaV-2-MG-Mena-D-RNA4-F 
AGACATATGAAAGAGTTGCATTGG

TG 
500 bp 

MEaV-2-MG-Mena-D-RNA4-

R 

ACCTACAAATAATTTCGCTCGTCT

G 
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Table IV-4. Lengths, number of reads integrated, percent of total reads and average coverage 

for Closteroviridae contigs from the various analyzed cassava samples. 

 
1 Isolates were named considering two letters of the code of the country where the 
landraces were collected—three letters of the landrace short acronym—and a 
number (when multiple contigs from the same landrace were obtained) 

IV.4.2. Genome annotation 

The sequences comparisons between the various isolates identified two clearly 
separated groups (Figure IV-1). The nearly complete genome of a representative 
isolate was selected for each group (respectively, CG-Nmb for the MEaV-1 and MG-
Men-9 for MEaV-2) and was analyzed in detail to determine the genome organization. 
As shown in Figure IV-1, this analysis predicted in both cases seven open reading 
frames encoding for polypeptides with a mass ranging from 6 to 258 kDa (Table IV-
5). The genomic organization, the size, and the number of ORFs identified revealed a 
similarity with the subgroup II ampeloviruses. The recognized members of this 
subgroup are grapevine leafroll-associated virus 4 (GLRaV-4), pineapple mealybug 
wilt-associated virus 1 and 3 (PMWaV-1 and -3), air potato Ampelovirus 1 (AiPoV1), 
and plum bark necrosis and stem pitting-associated virus (PBNSPaV) (Candresse and 
Fuchs 2020). 

Cassava 

landraces 
Isolate Name 1 

Accession 

Number 

(Genbank) 

Virus 

Name 

Contig 

Length 

[Nt] 

Number 

of 

Reads 

Mapped 

Percent 

Of Total 

Reads 

Average 

Genome 

Coverage 

Internal 

Undetermined 

Nucleotides  

Internal 

Gaps 

Menatana 
MG-Men-241  MT773584 MEaV-1 13,528 38,475 12.1 506.8X 0 0 

MG-Men-9 MT773591 MEaV-2 13,752 10,945 4.10 153.6X 0 0 

Miandrazaka 

MG-Mia-10  MT773592 MEaV-2 13,770 26,987 4.8 368X 377 1 

MG-Mia-362 MT773594 MEaV-2 12,007 19,421 8.24 322X 0 0 

MG-Mia-403 MT773590 MEaV-1 10,518 26,917 11.4 480.9X 0 0 

MG-Mian 2-2 MT773596 MEaV-2 10,417 7,676 1.4 136.4X 843 1 

Long java RE-Ljv MT773586 MEaV-1 13,640 21,294 18.5 312.5X 0 0 

Reunion 
MY-Ren-5  MT773589 MEaV-1 13,172 1,976 3.4 29.6X 72 1 

MY-Ren-8  MT773595 MEaV-2 13,762 377 0.7 5.4X 2,889 14 

6 Mois blanc 
MY-6mb-4  MT773585 MEaV-1 13,615 4,992 12.7 73.3X 288 4 

MY-6mb-6 MT773593 MEaV-2 13,764 2,631 6.7 39.2X 990 9 

Nambiyombiy

o 
CG-Nmb  MT773587 MEaV-1 13,612 7,502 0.12 42X 0 0 

Kahunde CG-Kah MT773588 MEaV-1 13,616 15,351 0.23 75X 11 1 
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Figure IV-1. Schematic representation of the genomic organization of representative isolates 

CG-Nmb (MEaV-1) and MG-Men-9 (MEaV-2) (top) and structure of the defective variants 

(dRNA) identified (bottom). The RNA genome is drawn as a black line and the predicted 

open reading frames (ORFs) are represented by colored rectangles. Annotations and ORF 

numbers are given inside and above rectangles, respectively. Abbreviations: MTR—

methyltransferase, HEL—helicase, RdRp—RNA-dependent RNA polymerase, 

HSP70h—heat shock protein 70 homolog, HSP90h— heat shock protein 90 homolog, 

CP—coat protein, CPd—minor coat protein. 

Table IV-5. Genome length, position of ORFs and size of the encoded proteins for the 

representative isolates of the two species CG-Nmb (MEaV-1) and MG-Men-9 (MEaV-2). 

 

The ORFs 1a and 1b encode the replication-associated proteins (Figure 1). As 
expected, a conserved domain search identified the following two replication-
associated domains in the 1a protein: a methyltransferase motif (MTR; pfam01660) 
in the N-terminal part, and a viral helicase (HEL; superfamily 1, pfam01443) in 
the C-proximal part. The RNA methyltransferase domain was found in a wide 
range of ssRNA viruses and is known to be involved in mRNA capping. 

The 1b ORF encodes the RNA-dependent RNA polymerase (RdRp 2 
superfamily, pfam00978) expressed through a +1 ribosomal frameshift, as is seen 
in other members of the Closteroviridae family. Together with the MTR domain 
located at the 1a protein N-terminus, the RdRp forms the defining unique feature 
of the alpha-like ensemble of viruses (Koonin, Dolja, and Morris 1993). 

Isolates 
Genome 

Length (Nt) 

Length of Open Reading Frames (Orfs) (Nt) and Molecular Mass of 

Encoded Proteins (Kda) 

1a 1b P5-P7 HSP70h HSP90h CP ORF6 

CG-Nmb 

(MEaV-1) 
13,616 nt 

6789 nt 1503 nt 204 nt 1707 nt 1686 nt 774 nt 717 nt 

254.6 kDa 56.6 kDa 7.6 kDa 62.2 kDa 63.4 kDa 27.7 kDa 27.1 kDa 

MG-Men-9 

(MEaV-2) 
13,752 nt 

6975 nt 1593 nt 147 nt 1608 nt 1698 nt 816 nt 639 nt 

258.8 kDa 60.4 kDa 5.3 kDa 58.4 kDa 64.3 kDa 29.3 kDa 24 kDa 
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Downstream of the polymerase, a small ORF2 encodes a hypothetical protein 
with a predicted molecular mass varying from 5 to 7 kDa depending on the isolate, 
and which is lacking known functional domains. The numbers and the sizes of the 
hypothetical proteins occurring downstream of the polymerase in the family 
Closteroviridae are highly variable. For example, Actinidia virus 1 (AcV-1) has 
three hypothetical proteins of predicted molecular masses of 13.6, 25.4 and 5.7 
kDa (A. G. Blouin et al. 2017). However, in subgroup II ampeloviruses, only one 
hypothetical protein between 5 and 6 kDa is reported, sometimes overlapping with 
the 5′-proximal region of ORF3. The small size and the high proportion of the 
hydrophobic amino acids of the proteins encoded by the MG-Men-9 and CG-Nmb 
isolates (36/48 aa and 42/67 aa, respectively) could indicate that they are similar 
to the transmembrane proteins often present in the Closteroviridae members, 
where they have been proposed to function as cell-to-cell movement proteins 
(Peremyslov, Pan, and Dolja 2004). 

ORF3 encodes a heat shock protein 70 homolog (HSP70h; cd10170) from the 
NBD–sugar–kinase–HSP70–actin superfamily. The functions postulated for 
HSP70h are as follows: the mediation of cell-to-cell movement through the 
plasmodesmata, involvement in the assembly of multisubunit complexes for 
genome replication and/or subgenomic RNAs synthesis, and the assembly of viral 
particles (G P Martelli et al. 2012). The size of this ORF is variable, being 62.2 
kDa for MEaV-1 and 58.49 kDa for MEaV-2, as shown in the Supplementary 
Material (Table S1). 

ORF4 codes for a heat shock protein 90 homolog (HSP90h, pfam03225), which 
is found to partially overlap with the 3′-proximal region of ORF3 and the 5′-
proximal region of ORF5 as is the case for subgroup II ampeloviruses. 

The coat protein (Closter coat superfamily, pfam01785) is encoded by ORF5. 

It has been shown that downstream of the coat protein, some members of the 
family Closteroviridae have a variable number of ORFs encoding accessory 
proteins, some of which may have a functional conserved domain (Koloniuk et al. 
2018), while others show no or only very limited identity to any other proteins. 
The translated amino acid sequences of the protein encoded by the ORF6 have 
shown similarity with the p24 protein of the pineapple mealybug wilt-associated 
virus-1 (25.1%) and the minor coat protein (CPd) of the grapevine leafroll-
associated virus-5 (20.8%) from the TrEMBL database of UniProt. This suggests 
that, although they share <20% identity with their respective, the proteins coded 
by the ORF6 could be considered as minor coat proteins. This ORF6 overlaps 
partially with the 3′-proximal region of ORF5. 

All of the isolates sequenced share the same genome organization, although the 
contigs obtained for the isolates MG-Mia-403 and MG-Mian-2-2 were incomplete, 
missing ORF5 and ORF6. 

The reads belonging to four defective RNA (D-RNAs) molecules were identified 
(Figure 1). Three of them were detected in the long Java accession (RE-Ljv) 
originating from the Reunion island (two for MEaV-1 (RE-Ljv-D-RNA-1 and RE-
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Ljv-D-RNA-2, accession numbers MW306827 and MW306828, respectively), 
one for MEaV-2 (RE-Ljv-D-RNA-3, accession number MW306829) and the 
remaining one in the Menatana accession originating from Madagascar (MG-Men-
D-RNA-4 belonging to MEaV-2, accession number MW306830)). The deleted 
zones cover different genome regions and consist of most of the ORF5 and the 
ORF6 for the RE-Ljv-D-RNA-1, most of ORF3, ORF4, ORF5 and the start of 
ORF6 for the RE-Ljv-D-RNA-2, and most of the ORF3 and ORF4 for the RE-Ljv-
D-RNA-3. In the case of the MG-Men-D-RNA-4, the deletion is at the beginning 
of the 1b ORF and does not alter the coding frame. The presence of molecules 
bearing these deletions in the original plant material was validated by the 
sequencing of amplicons spanning each of the individual deletions (see below). 
The proportion of deleted RNAs, as compared to the non-deleted genomic RNA, 
was estimated by comparing the read counts for the deletion borders and for the 
corresponding regions of the undeleted genome. This proportion was found to be 
variable, corresponding to about 4%, 37%, 27 % and 3.8% for RE-Ljv-D-RNA-1, 
RE-Ljv-D-RNA-2, RE-Ljv-D-RNA-3 and MG-Men-D-RNA-4, respectively. 

IV.4.3. Phylogenetic analysis of cassava isolates with members from the 
family Closteroviridae 

A multiple alignment of the HSP70h protein of the thirteen isolates, and of the 
corresponding protein of known members of the family Closteroviridae, was used 
to perform pairwise amino acid comparisons and to generate a phylogenetic tree 
that allowed to first address the taxonomic position of the cassava isolates in the 
family Closteroviridae. 

The resulting tree (Figure IV-2) placed them with strong bootstraps support in a 
clade with members of the genus Ampelovirus, specifically in the subgroup II clade 
adjacent to GLRaV-4 (NC_016416) and PMWaV-1 and 3 (NC_010178 and 
DQ_399259), confirming the taxonomical relatedness of these cassava isolates to 
the subgroup II of the Ampelovirus genus. 
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Figure IV-2. Phylogenetic analysis of the aligned amino acid sequences of the HP70h 

(ORF3) of the thirteen isolates from cassava and of selected members of the family 

Closteroviridae 

(see the Supplementary Material Table S2 for detailed information on these viruses). Green 

arrows indicate isolate sequences obtained in this study. Maximum likelihood phylogenetic 

tree was reconstructed in Mega X using Poisson model with uniform distribution for amino 

acid sequence alignments. Bootstrap values are indicated at the main branch nodes. The bar 

represents the number of amino acid substitution per site. 

The molecular identity at the amino acid level for the RdRp, HSP70h and CP of the 
cassava isolates with members of the family Closteroviridae is systematically lower 
than 55% (Table IV-6), well below the 75% molecular species demarcation criterion 
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for these taxonomically relevant genes in this family (G P Martelli et al. 2012). This 
shows that the isolates from cassava presented in this study are novel agents that do 
not belong to a known species in the family Closteroviridae. 

Table IV-6. Amino acid sequence identity of the RdRp, HSP70h and CP of MEaV-2 (isolate 

MG-Men-9) with those of other selected Closteroviridae members. 

Genus Representative Members 
Proteins 

RdRp HSP70H CP 

Ampelovirus MEaV-1 (isolate CG-Nmb) 66.5% 69.9% 80.1% 

Ampelovirus 
Grapevine leafroll-associated virus 4 

(NC_016416) 
41.7% 51.6% 47.6% 

Closterovirus Citrus tristeza virus (NC_001661) 27.2% 25% 12.5% 

Crinivirus 
Potato yellow vein virus (NC_006062 

and NC_006063) 
25.7% 26.5% 17.2% 

Velarivirus 
Grapevine leafroll-associated virus 7 

(NC_016436) 
27.5% 27.7% 13.6% 

 

IV.4.4. Diversity of the new isolates  

To investigate the phylogenetic relationships between the various reconstructed 
Closteroviridae genomic sequences from cassava, multiple alignments of the near-
complete genomic sequences and of the amino acid sequences of the three 
taxonomically relevant proteins were used to reconstruct phylogenetic trees (Figure 
IV-3a–d). 

From these analyses, it is clear that the cassava isolates form two well-separated 
phylogenetic groups (MEaV-1 and MEaV-2) that show 41.4 ± 0.3% average 
nucleotide divergence based on the whole genome and, respectively, 32.3 ± 1.7% 
(RdRp), 30.8 ± 2.0% (HSP70h) and 19 ± 2.2% (CP) average amino acid divergence 
(Table IV-6 and see the Supplementary Material Tables S3–S6 for additional 
information). 

The first group (MEaV-1) clusters two isolates identified in two cassava landraces 
from Madagascar (MG-Men-241 and MG-Mia-403), one isolate identified in an 
accession from Reunion (RE-Ljv), two isolates identified in accessions from Mayotte 
(MY-6mb-4 and MY-Ren-5) and two isolates from DR Congo (CG-Nmb and CG-
Kah). The following two isolates from this group are divergent from the others and 
form a distinct subgroup: MY-Ren-5 and MG-Mia-403. Indeed, the MEaV-1 average 
pairwise divergence is found to be 17.1 ± 0.2% based on the whole genome, and, 
respectively, 7.1 ± 0.7% (RdRp), 6.0 ± 0.6% (HSP70h) and 7.4 ± 1.0% (CP) for the 
various proteins (Table IV-6). However, if excluding the divergent isolates MG-Mia-
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403 and MY-Ren-5, these values fall down to 7.9 ± 0.2% for the whole genome and 
to 0.8 ± 0.4%(RdRp), 2.3 ± 0.4% (HSP70h) and 3.2 ± 0.6% (CP) for the various 
proteins, respectively. The average pairwise distance between these two divergent 
isolates, MG-Mia-403 and MY-Ren-5, is only 2.3% for the whole genome (Table IV-
6). 

The second group (MEaV-2) is composed of four isolates identified in two landraces 
from Madagascar (MG-Men-9, MG-Mia-2-2, MG-Mia-10 and MG-Mia-362) and two 
isolates identified in two landraces from Mayotte (MY-6mb-6 and MY-Ren-8). The 
isolate MG-Mian-2-2 forms a sub-cluster of its own. The MEaV-2 average pairwise 
divergence is 12.3 ± 0.1% for the whole genome, and, respectively, 7.3 ± 0.7% (RdRp) 
and 2.8 ± 0.4% (HSP70h) for the various genes (Table IV-7) (the average CP 
divergence was not computed because the CP gene is not covered by the MG-Mian-
2-2 contig). If excluding the divergent MG-Mian-2-2 isolate, the average pairwise 
divergence for the whole genome falls to 3.8 ± 0.1%, and to 1.1 ± 0.3% (RdRp), 1.0 
± 0.3% (HSP70h) and 3.1 ± 0.8% (CP) for the various proteins, respectively (Table 
IV-7). 

Comparisons across the trees based on the RdRp, HSP70h and CP proteins reveal 
variations in the branching topology that point to recombination events. 

Considering the taxonomic differentiation between these two isolate groups 
(MEaV-1 and MEaV-2), largely supported by the phylogenetic trees, and the average 
divergence rates well over the 25% species demarcation criterion [14,15] for two of 
the three proteins (Table IV-6), it can be considered that the analyzed isolates form 
two distinct species, tentatively named “Manihot esculenta-associated ampelovirus 1 
and 2” (MEaV-1 and MEaV-2), respectively. 

MEaV-1 is detected from the four regions included in the study, while MEaV-2 is 
observed only from Madagascar and Mayotte (Figure IV-4). 
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Figure IV-3. Phylogenetic trees reconstructed using the amino acid sequences of the 

following three taxonomically relevant proteins for the family Closteroviridae:  

(a) RdRp; (b) HSP70h; (c) CP; and (d) the whole genome nucleotide sequences. Maximum 
likelihood phylogenetic trees were reconstructed in Mega X using the GTR+GI model for 
nucleotide sequences alignments and a Poisson model with uniform distribution for amino acid 
sequence alignments. Only bootstrap values of more than 70% are mentioned on nodes. The 
scales provide branch distance for the given number of substitutions per site. 

Table IV-7. Intergroup and intragroup average pairwise divergence and standard deviation 

calculated for the three taxonomically relevant proteins (RdRP, HSP70h and CP) and for 

the nearly complete genomes. 

 
MEaV-1 divergents: MY-Ren-5 and MG-Mia-403. na: information not available as the 

contig/scaffold does not extend to the region concerned. 

   
Within MEaV-2 
with Mian 2-2 

Within MEaV-2  
without Mian2-2 

Within MEaV-1 
with Divergents 

Within MEaV-1  
without Divergents 

Within MEaV-
1 Divergents 

Between MEaV-
1 and MEaV-2 

RdRp aa divergences 7.3 +/− 0.7% 1.1 +/− 0.3% 7.1 +/− 0.7% 0.8 +/− 0.4% 0.8% 32.3 +/− 1.7% 

HSP70h aa divergences 2.8 +/− 0.4% 1.0 +/− 0.3% 6.0 +/− 0.6% 2.3 +/− 0.4% 0.7% 30.8 +/− 2.0% 

CP aa divergences na 3.1 +/− 0.8% 7.4 +/− 1.0% 3.2 +/− 0.6% na 19 +/− 2.2% 

Genome nt divergences 12.3 +/− 0.1% 3.8 +/− 0.1% 17.1 +/− 0.2% 7.9 +/− 0.2% 2.3% 41.4 +/− 0.3% 
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Figure IV-4. Geographic repartition of the two novel cassava ampelovirus species (MEaV-1 

and MEaV-2) according to the country of origin of positive samples. 

IV.4.5. Recombination analysis 

Intraspecific and interspecific recombination events were investigated among the 
cassava isolates, and the recombination events supported that more than four of the 
nine algorithms integrated in RDP4 were considered as possible events (D. P. Martin 
et al. 2015). 

Only one such recombination event was reliably detected using this criterion (Figure 
IV-5). This recombination event involves only the MEaV-2 isolates (two isolates MG-
Mia-362 and MG-Mia-10 from Madagascar, and one isolate MY-6mb-6 from 
Mayotte) and is detected by seven out of the nine algorithms, with a strong probability 
(p-value = 2.75 × 10−91). The predicted recombination breakpoints are identified 
within ORF1a (nucleotide position 906 of the isolate MG-Mia-362) and within ORF4 
(nucleotide position 8997 of the isolate MG-Mia-362). 
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Figure IV-5. Recombination event detected among isolates from MeaV-2 by the RDP4 

program 

IV.4.6. Validation of defective RNAs   

The presence of defective molecules was validated by the sequencing of RT-PCR 
amplicons spanning each of the identified deletions (Figure IV-6). The alignment of 
the four defective clones to their HTS-defective references, as shown in the 
Supplementary Material (Figures S7–S10), confirmed the presence of deletion zones 
at their predicted location. On the reference parental genomes (RE-Ljv and MG-Men-
9), the deleted zones were found to be, respectively, 568 nt, 3761 nt, 648 nt and 444 
nt for the D-RNA1, 2, 3 and 4. 

These findings confirm that the D-RNAs reported here are not artifacts from high-
throughput sequencing analysis, but continuous sequences that exist in the analyzed 
cassava samples. 
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Figure IV-6. Gel red-stained 2% agarose gel showing RT-PCR products from: (a) D-RNA1 

expected amplicon size 380 bp; (b) D-RNA2 and D-RNA3, expected amplicon size 380 

bp and 400 bp, respectively; and (c) D-RNA4, expected amplicon size 500 bp. M1: 

GeneRuler 1 kb plus ladder (Thermo Scientific, SM1343). M2: fast DNA ladder 10 kb 

(NEB N3238S).
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IV.5. Discussions 

We have reported here the genome characterization from field-grown cassava plants 
from the DR Congo, Madagascar, Mayotte and Reunion of thirteen new 
Closteroviridae isolates, belonging to two potentially new ampelovirus species. 

The analysis of the sequences of the corresponding contigs (ranging between 10,417 
and 13,752 nucleotides in length) revealed seven open reading frames. In subgroup II, 
the length of the untranslated regions (UTRs) varies between 218 and 353 nt at the 5′ 
end, and between 125 and 132 nt at the 3′ end (Adiputra, Jarugula, and Naidu 2019; 
Dey et al. 2018; Yu et al. 2015; Melzer et al. 2008; Green et al. 2020; Sether et al. 
2009). The UTR sizes reported here for the various genomes vary between 210 and 
253 nt for the 5′end, and between 157 and 166 nt for the 3′ end. The comparison of 
these values, and the unambiguous assignation of MEaV-1 and MEaV-2 to the 
subgroup II of ampelovirus, show that the genomes reported here are unlikely to miss 
much more than a hundred nucleotides at their 5′ end and probably even less at the 3′ 
end, since some of the reported 3′ UTRs are already longer than the longest ones 
reported to date in the subgroup. This is confirmed when comparing the complete 
genome sizes; GLRaV-4 (isolate Man086, KJ810572) and PMWaV-1 (isolate HN, 
KJ872494) are the two subgroup II ampeloviruses with, respectively, the longest and 
the shortest genome (13,858 nt and 13,069 nt, respectively) [25,27]. The longest 
contigs for the representative isolates of MEaV-1 and MEaV-2 are, respectively, 
13,616 nt (CG-Nmb) and 13,752 nt (MG-Men-9) long, suggesting that near-complete 
genomes, comprising the totality of the coding sequences and missing limited terminal 
non-coding nucleotide sequences, have been obtained, although the extremities of the 
genomes were not determined by RACE. 

Based on the divergence of their CPs, which was determined to be below the species 
threshold (19 ± 2.2%), MEaV-1 and MEaV-2 could be considered as a single species. 
However, the official formulation of the taxonomic criterion for species demarcation 
in the family Closteroviridae and in ampelovirus genus is as follows: “Amino acid 
sequence of relevant gene products (polymerase, CP and HSP70h) differing by more 
than 25%” [14,15]. Therefore, there is an ambiguity on the fact of whether this 
criterion should be met for at least one of the three proteins or by all three 
simultaneously. Such a situation has previously been reported for Rehmannia virus 1 
(ReV1) (Jung et al. 2018), for which the RdRp shows only 11% divergence with that 
of tobacco virus 1, while the HSP70h and the CP show 26% and 38% divergence, 
respectively. ReV1 was nevertheless accepted as a valid new Closterovirus species, 
suggesting that, as no recombination event was identified between them, MEaV-1 and 
MEaV-2 could similarly be considered as two distinct Ampelovirus species. This 
notion is further supported by the observation that all of the proteins diverge by more 
than 25%, between MEaV-1 and MEaV-2, except for the CP (and for a few 
comparisons involving one specific isolate, for the HSP90h). 

Recombination is one of the mechanisms by which viruses evolve. Several studies 
have reported recombination events in Closteroviridae members [24,32,33]. In this 
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study, we report a recombination event involving MEaV-2 isolates. No evidence of 
recombination between MEaV-1 and MEaV-2 was detected. 

In most cases, the analyzed cassava plants contained complex mixed infections 
involving either several isolates from a single MEaV species, or isolates belonging to 
the two species. Such complex infection patterns are probably due to the vegetative 
propagation practices used for cassava cultivation. In two plants with these complex 
mixed infections, defective molecules were identified and confirmed by RT-PCR, 
cloning and sequencing. Defective RNAs belong to the category of virus-associated 
molecules that are not required for normal virus propagation, but can sometimes affect 
the accumulation of the helper virus and symptoms expression (X. H. Li et al. 1989; 
Bar-Joseph and Mawassi 2013; White and Morris 1995). The presence of defective 
RNAs is reported in three genera of the Closteroviridae family [28,37–40], and is 
therefore not unexpected here. The considerable advances in virus characterization by 
HTS-based approaches are now revealing that, in addition to genomic and 
subgenomic RNAs, plants infected with viruses from the family Closteroviridae may 
contain several different subviral defective RNAs whose role is not known (Bar-
Joseph and Mawassi 2013). Further studies are needed to assess their impact on 
epidemiology and pathogenicity. 

The sampling campaign conducted in the DR Congo collected stems/cuttings from 
cassava plants showing typical symptoms of CBSD on their leaves and stems. These 
symptoms consisted of a yellow blotchy pattern on mature lower leaves and brown–
black marks (‘streaks’) on green stem portions. The collected cuttings were planted in 
a glasshouse and, after approximately six months, two of the planted cuttings that have 
previously expressed foliar symptoms in a farmer’s field remained asymptomatic in 
the glasshouse and were used for the present study. The HTS results have confirmed 
the presence of CBSV in one of the samples, but not in the second one. Furthermore, 
the typical symptoms of CBSD and/or CMD that were observed on the samples from 
Mayotte are to be connected, in both cases, to the identification of the corresponding 
causal virus(es). No virus-like symptoms were observed on the samples from Reunion 
or from Madagascar, the Reunion sample being even selected in this study as a healthy 
control plant. Additional experiments of artificial inoculation and larger 
epidemiological studies are needed to clarify the symptomatology of MEaV-1 and 
MEaV-2, and to estimate the synergistic interaction between coinfecting viruses such 
as CBSVs and/or CMGs. The symptoms mentioned in this study consist only of foliar 
symptoms, while no observation was made on below-ground organs. 

There is a need to develop a diagnostic test in order to be able to evaluate the 
distribution and prevalence of these new viral agents in other regions of the world, 
and to evaluate their impact on the yield. This evaluation of the phytosanitary risk 
should further be completed through wider surveys on symptomatic and 
asymptomatic plants in both agricultural and natural ecosystems to gain insight into 
the genetic variability of these new viruses, and their biological significance and 
impact (Massart et al. 2017).
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IV.6. Supplementary Materials:  

 
Figure S1: Multiple sequence alignment of D-RNA1 clone (referred to in the figure as D-

RNA1_Sanger) with the defective reference from HTS (MEaV-1_RE-LJV-D-RNA-1). 

The term “DELETIONZONE” has been inserted into the HTS-defective reference to identify 

the zone where the deletion is located. This zone consists of 568 nucleotide sequences 

and is indicated by the rectangle. 
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Figure S2: Multiple sequence alignment of D-RNA2 clone (referred to in the figure as D-

RNA2_Sanger) with the defective reference from HTS (MEaV-1_RE-LJV-D-RNA-2).  

The term “DELETIONZONE” has been inserted into the HTS-defective reference to identify 

the zone where the deletion is located. This zone consists of 3,761 nucleotide sequences 

and is indicated by the rectangle.  

 
Figure S3: Multiple sequence alignment of D-RNA3 clones (two clones were sequenced and 

are referred to in the figure as D-RNA3a-Sanger and D-RNA3b-Sanger) with the 

defective reference from HTS (MEaV-2_RE-LJV-D-RNA3).  
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The term “DELETIONZONE” has been inserted into the reference HTS-defective to identify 

the zone where the deletion has been identified. This zone consists of 648 nucleotide 

sequences and is indicated by the rectangle.  

 
Figure S4: Multiple sequence alignment of D-RNA4 clone (referred to in the figure as D-

RNA4-Sanger) with the defective reference from HTS (MEaV-2_MG-Mena-D-RNA-4).  

The term “DELETIONZONE” has been inserted into the reference HTS-defective to identify 

the zone where the deletion is located. This zone consists of 444 nucleotide sequences 

and is indicated by the rectangle.  
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Table S1: Length of ORF and molecular mass of 3 encoded proteins (RdRp, HSP70h and 

CP) of the 15 isolates of the cassava ampelovirus reported in this study.  

 
na: information not available as the contig/scaffold does not extend to the region 

concerned. a: The ORF is whether truncated or has gaps. 

Species Isolates 
Genome Length 

(nt) 

Length of ORFs for predicted proteins 
(nt)/Molecular Mass of encoded proteins (kDa) 

RdRp HSP70h CP 

MeaV-1 

MG-Men-241 13,528 1,521/57.4  1,707/62.1  774/27.8 

RE-LJV 13,640 1,521/57.3 1,707/62.7 774/27.7 

MG-Mia-403 na 1,653/60 1,671/58.6 na 

MY-6mb-4 13,615 1,500/56.5 1,707/60.6 774/26.9 

CG-Nmb 13,612 1,503/56.6 1,707/62.2 774/27.7 

CG-Kah 13,616 1,521/57.4 1,707/61.7 774/27.7 

MY-Reu-5 13,636 1,614a/57.8 1,707/62.3 768/27.6 

MeaV-2 

MG-Mian-2-2 na 16,53/60.3 16,71/58.2 na 

MG-Men-9 13,752 15,93/60.4 16,08/58.5 816/27.9 

MG-Mia-10 13,770 15,93/60.3 16,08/58.5 816/27.9 

MY-6mb-6 13,764 15,54/42.3  16,08/58.4  816/27.9 

MY-Reu-8  na 15,93/49.3 16,08/55.8 na 

MG-Mia-362 12,007 15,93/60.3 16,08/58.4 768/27.7 
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Table S2: Accession numbers and abbreviations for selected Closterovirus used in the 

phylogenetic reconstruction of the HSP70h nucleotide sequences.  

 
 

Table S3: Estimates of evolutionary divergence between amino acid (aa) sequences for the 

HSP70h protein among cassava ampeloviruses isolates reported in this study.  

 
The number of amino acid differences per site from between sequences are shown. The 

analysis involved 11 amino acid sequences. All ambiguous positions were removed for 

Genus Species Names  Assigned abbreviation Sequence accession N° (GenBank) 

Closterovirus 

beet yellow stunt virus  (BYSV) [BYU51931] 

beet yellow virus (BYV) [NC_001598] 

Citrus tristeza Virus  (CTV) [NC_001661] 

mint virus 1  (MV-1) [NC_006944] 

grapevine leafroll-associated virus 2 (GLRaV-2) [NC_007448] 

strawberry chlorotic fleck associated virus  (SCFaV) [NC_008366] 

raspberry mottle virus  (RMV) [NC_008585] 

carrot yellow leaf virus  (CYLV) [NC_013007] 

rose leaf rosette-associated virus  (RLRaV) [NC_024906] 

tobacco virus 1  (ToV-1) [NC_027712] 

carnation necrotic fleck virus  (CNFV) [NC_038419] 

Rehmania virus 1  (ReV1) [NC_040572] 

Velarivirus 

little cherry virus 1  (LChV-1)  [NC_001836] 

grapevine leafroll-associated virus 7  (GLRaV-7) [NC_016436] 

Areca palm velarivirus 1  (APV1) [NC_027121] 

Cordyline virus 1  (CoV-1) [NC_038421] 

Cordyline Virus 2  (CoV-2) [JQ599282] 

Cordyline virus 3  (Cov-3) [JQ599283] 

Cordyline virus 4  (CoV-4) [JQ599284] 

Crinivirus 

lettuce infectious yellows virus  (LIYV) [NC_003618] 

sweet potato chlorotic stunt virus  (SPCSV) [NC_004124] 

cucurbit yellow stunting disorder virus  (CYSDV) [NC_004810] 

beet pseudo-yellows virus  (BPYV) [NC_005210] 

strawberry pallidosis-associated virus  (SpaV) [NC_005896] 

potato yellow vein virus  (PYVV) [NC_006063] 

blackberry yellow vein-associated virus  (BYVBaV) [NC_006963] 

tomato chlorosis virus  ( ToCV) [NC_007341] 

bean yellow disorder virus  (BnYDV) [NC_010561] 

lettuce chlorosis virus  (LCV) [NC_012910] 

tomato infectious chlorosis virus  (TICV) [NC_013259] 

Diodia vein chlorosis virus  (DVCV) [NC_038787] 

tetterwort vein chlorosis virus  (TEVCVO) [NC_038789] 

Ampelovirus 

pineapple mealybug wilt associated virus-2  (PMWaV-2) [AF283103] 

pineapple mealybug wilt associated virus-3  (PMWaV-3) [DQ399259] 

grapevine leafroll-associated virus 3  (GLRaV-3) [NC_004667] 

little cherry virus 2  (LChV-2) [NC_005065] 

plum bark necrosis and stem pitting-
associated virus  

(PBNSPaV) [NC_009992] 

pineapple mealybug wilt-associated virus 1  (PMWaV-1) [NC_010178] 

grapevine leafroll-associated virus 4  (GVLRaV-4) [NC_016416] 

grapevine leafroll associated virus 1  (GLRaV-1) [NC_016509] 

blackberry vein banding associated virus (BVBaV) [NC_022072] 

pineapple mealybug wilt associated virus-2  (PMWaV-2) [AF283103] 

Unassigned Actinidia virus 1  (AcV-1) [KX857665] 

 

MG-Men-241

MY-6mb-4 0,9%

RE-Ljv-x 1,5% 1,5%

CG-Kah 2,5% 3,0% 3,0%

CG-Nmb 3,0% 2,8% 2,8% 3,4%

MY-Ren-5 12,3% 12,7% 12,7% 12,9% 12,1%

MG-Mia-403 11,7% 12,3% 12,3% 12,5% 11,9% 0,8%

MG-Men-9 32,4% 32,6% 32,4% 32,1% 32,6% 32,8% 32,6%

MG-Mia-362 33,1% 33,3% 33,1% 32,8% 33,3% 33,6% 33,1% 1,7%

MG-Mia-10 32,6% 32,8% 32,6% 32,2% 32,8% 33,2% 32,8% 1,0% 0,8%

Mian-2-2 31,0% 31,2% 31,4% 30,3% 31,0% 31,5% 30,8% 13,4% 13,7% 13,2%
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each sequence pair. There were a total of 535 positions in the final dataset. Evolutionary 

analyses were conducted in MEGA X. 

Table S4. Estimates of evolutionary divergence between amino acid (aa) sequences for the 

HSP70h protein among cassava ampeloviruses isolates reported in this study.  

 

The number of amino acid differences per site from between sequences are shown. The 

analysis involved 13 amino acid sequences. All ambiguous positions were removed for 

each sequence pair. There were a total of 535 positions in the final dataset. Evolutionary 

analyses were conducted in MEGAX. 

Table S5. Estimates of evolutionary divergence between amino acid (aa) sequences for the 

coat protein among cassava ampeloviruses isolates reported in this study.  

 

The number of amino acid differences per site from between sequences are shown. The 

analysis involved 10 amino acid sequences. All ambiguous positions were removed for 

each sequence pair. There were a total of 257 positions in the final dataset. Evolutionary 

analyses were conducted in MEGA X. 

Table S6. Estimates of evolutionary divergence between nucleotide sequences for the whole 

genomes of cassava ampelovirus isolates reported in this study. 

 

The number of base differences per site from between sequences are shown. The analysis 

involved 13 nucleotide sequences. Codon positions included were 

1st+2nd+3rd+Noncoding. All ambiguous positions were removed for each sequence pair. 

There were a total of 14121 positions in the final dataset. Evolutionary analyses were 

conducted in MEGA7 X. 

MG-Men-241

MY-6mb-4 1,0%

RE-Ljv-x 0,9% 1,1%

CG-Kah 2,6% 2,7% 2,2%

CG-Nmb 3,0% 3,3% 2,6% 3,2%

MY-Ren-5 9,9% 9,8% 10,1% 10,1% 11,0%

MG-Mia-403 10,1% 9,8% 10,3% 10,1% 11,2% 0,7%

MG-Men-9 31,0% 30,6% 31,0% 31,0% 30,1% 30,3% 30,1%

MY-6mb-6 31,0% 30,6% 31,0% 31,0% 30,1% 30,7% 30,5% 1,1%

MG-Mia-362 30,8% 30,6% 30,8% 30,8% 29,9% 30,5% 30,3% 0,9% 1,3%

MG-Mia-10 30,8% 30,6% 30,8% 30,8% 29,9% 30,5% 30,3% 0,9% 1,3% 0,0%

MY-Ren-8 31,6% 31,2% 31,6% 31,6% 30,6% 31,0% 30,8% 1,0% 1,2% 1,0% 1,0%

Mian-2-2 31,0% 30,6% 31,2% 31,2% 30,8% 30,8% 30,7% 6,5% 6,4% 6,2% 6,2% 6,3%

MG-Men-241

MY-6mb-4 3,2%

RE-Ljv-x 1,9% 3,2%

CG-Kah 2,3% 4,8% 4,3%

CG-Nmb 2,3% 4,0% 3,1% 2,7%

MY-Ren-5 15,7% 16,6% 15,7% 16,5% 15,3%

MG-Men-9 18,7% 18,9% 18,3% 19,1% 17,9% 16,5%

MY-6mb-6 20,3% 20,6% 19,9% 20,7% 19,5% 18,5% 3,6%

MG-Mia-362 19,1% 19,8% 18,7% 20,3% 19,1% 17,3% 1,6% 4,8%

MG-Mia-10 19,1% 19,3% 18,7% 19,5% 18,3% 16,9% 1,2% 4,8% 2,8%

MG-Men-241

MY-6mb-4 4,2%

RE-Ljv-x 4,3% 4,8%

CG-Kah 8,9% 9,3% 8,9%

CG-Nmb 9,6% 9,9% 9,6% 9,2%

MY-Ren-5 28,0% 28,2% 28,1% 28,0% 27,8%

MG-Mia-403 27,5% 27,6% 27,6% 27,3% 27,5% 2,3%

MG-Men-9 41,4% 41,2% 41,2% 41,2% 41,2% 41,8% 40,6%

MG-Mia-10 40,6% 40,5% 40,3% 40,4% 40,6% 41,2% 40,8% 3,3%

MY-6mb-6 41,6% 41,3% 41,4% 41,3% 41,4% 42,2% 41,1% 4,3% 4,1%

MG-Mia-362 39,4% 39,5% 39,4% 39,4% 39,5% 40,2% 40,8% 4,4% 1,7% 5,2%

MY-Ren-8 42,7% 42,4% 42,4% 42,4% 42,6% 43,0% 41,1% 4,0% 2,9% 4,5% 3,5%

Mian-2-2 43,1% 43,2% 42,9% 42,9% 42,9% 43,2% 42,0% 29,5% 29,4% 29,8% 28,2% 29,1%
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Preliminaries 

In this chapter, we report on the identification of an additional virus in cassava apart 
from the ampeloviruses. This virus, tentatively named the cassava-Congo cheravirus 
(Ca-Coc), is proposed as a new member from cheravirus genus in the family 
Secoviridae. The genome characteristics of this virus, already identified in Bas-Congo 
in the western part of the D.R. Congo, are provided. Its particular features that 
suggests an improved understanding of the genome organization in the family 
Secoviridae are also provided. 
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V.1. Abstract 

This study has combined complementary approaches to identify and characterize 
the complete genome sequences of an uncharacterized bipartite secovirid, the cassava 
Seco-Congo virus (Ca-Coc). Sequences were retrieved from field-grown cassava 
plants in D.R. Congo, and data mining of sequence read archive (SRA). Leaf extracts 
from a cassava sample with severe mosaic symptoms comprised of CMD collected in 
2007 were mechanically inoculated in Nicotiana benthamiana, resulting in chlorotic 
mottle and deformation of young leaves followed by an oak leaf pattern symptoms.  

Electron microscope observations revealed the presence of icosahedral virus-like 
particles, and western-blot analyses suggested the presence of three coat-proteins. 
Through cloning, 3’ and 5’ RACEs and subsequent Gibson assembly approach, two 
complete genome sequences of 7,405 and 3,460 nucleotides, corresponding to the 
RNA1 and RNA2 genomes, were obtained from a first isolate sampled in Bas Congo 
province.  Four additional isolates were obtained from cassava plants in South-Kivu 
province in the Eastern D.R. Congo. Finally, an additional putative isolate was 
retrieved from transcriptomic data of a Tanzanian sample.  RNA1 and RNA2 
segments of all these isolates encoded a single polyprotein of various sizes, between 
2369 and 2482 amino acids (aa) and between 1067 and 1069 aa, respectively. Results 
suggested an evolutionary relatedness with members from the cheravirus genus with 
distant identities.  

Furthermore, they supported the existence of two species: one heterogeneous 
gathering isolates from D.R. Congo and another represented by the putative isolate 
from Tanzania. Further biological data would be necessary to address these findings. 
Experimental investigation using western blot validated the existence of three coat 
proteins of closer sizes as proposed by the results from the alignment-based prediction 
of cleavage peptides within the RNA2-encoded polyprotein.  

Additional alignment-based predictions of cleavage sites within the RNA1-encoded 
polyproteins of genomes reconstructed in this study, together with genomes of other 
secovirids for which cleavage sites have been experimentally characterized 
previously, have also been conducted. Results suggested six putative cleavage sites, 
delineating seven putative domains. One unusual putative cleavage site could 
delineate two domains, X1 and X2, upstream the NTB for cheraviruses as previously 
demonstrated for viruses in the genus nepovirus and sadwavirus. A new ITPase 
protein homolog (HAM1), only reported for a few viruses infecting euphorbiaceous 
hosts (including cassava), was also detected.  
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V.2. Introduction 

In several countries worldwide, the daily caloric demands of millions of people are 
fulfilled using cassava-based food. The importance of cassava for food security and 
income crop is high in sub-Saharan Africa due to its ability to produce reasonable 
yields in poor soils and with minimal inputs (Parmar, Sturm, and Hensel 2017).  The 
threats due to climate change are now multiplying the magnitude of the daily 
challenges for the African agriculture commodities’ production, food security and 
nutrition needs (DODO, 2020). In this particular context, cassava is mentioned as one 
of the crops on which African farmers could rely in the future compared to other 
leading crops in sub-Saharan Africa (SSA) (Jarvis et al. 2012). The main factors on 
which this reputation of cassava as a “food bank for the poor” is built include its 
capacity to successfully grow under environmentally challenging conditions (drought, 
fertility, temperatures etc.) (Bokanga 1999, Lebot, 2009, Rees et al. 2012, Howeler 
2013). 

One of the most important limitations for cassava production in Africa these decades 
has been associated with pests and diseases (Otun et al. 2022). In fact, like any other 
major crop in the world, cassava is susceptible to various pathogens, arthropods and 
mammal pests. Most have been characterized for many years, but the list of potentially 
threatening pathogens has been extended by discovering new viruses infecting 
cassava in Africa (Kwibuka et al. 2021). The main factors that have favoured disease 
spread are related to the vegetative propagation nature of the crop and vectors. In 
contrast, the plant's semi-perennial nature helped maintain pathogens and pest 
populations on farms. From the surprisingly long list of known pathogens and pests 
affecting cassava (Lebot 2009; Kwibuka et al. 2022), only some can significantly 
reduce yields and are therefore of economic importance: Xanthomonas axonopodis 
pv. manihoti, cassava brown streak viruses (CBSVs) and cassava mosaic virus (CMV) 
(Maruthi 2015; Parmar, Sturm, and Hensel 2017; Thresh et al. 1997; J.P. Legg et al. 
2006). More specifically, in East and Central Africa, the two species associated with 
CBSD and the nine species associated with CMD are the most important pathogens 
causing economically essential diseases. 

The Maf1/ham1-like proteins (HAM1) are ubiquitous proteins among all living 
organisms, involved in the pyrophosphatase (ITPase, also termed the “house-
cleaning” activity) of the harmful non-canonical nucleotides: inosine triphosphate 
(ITP), xanthosine triphosphate (XTP) and their deoxy analogues (dITP/dXTP) (Xie et 
al. 2019; Parker, Hessler, and Cui 2022; Zamzami 2022). Until recently, only three 
viruses, all from the Potyviridae family, were known to encode a HAM1 protein 
homolog to ITPases: CBSV and UCBSV (genus ipomovirus) (Mbanzibwa, Tian, 
Mukasa, et al. 2009) and Euphorbia ringspot virus (EuRSV, genus potyvirus) 
(Knierim, Menzel, and Winter 2017). Very recently, another virus, the cassava 
torrado-like virus (CsTLV, genus torradovirus) from the Secoviridae family was 
shown to encode also a HAM1-like protein (Petrzik et al. 2016; Leiva et al. 2022b). 
Surprisingly, all these viruses were isolated from euphorbiaceous host plants (cassava 
and the ornamental plant Euphorbia milii), for which previous studies have 
hypothesized higher concentrations of ITP/XTP in the cytoplasm due to the relocation 
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of the plant HAM1 into the nucleus (Xie et al. 2019; Mbanzibwa, Tian, Mukasa, et al. 
2009; A. M. James et al. 2021; Lopez et al. 2022). This high concentration of 
cytoplasmic pools of ITP act as selection pressure, particularly over cytoplasm-
localized viruses, and promote the acquisition of the HAM1 gene to allow their 
survival into euphorbiaceous hosts (K. R. Tomlinson et al. 2019).  

The Secoviridae is the only family of viruses from the order Picornavirales whose 
members infect plants (Sanfaçon et al. 2009; Walker et al. 2020). Viruses assigned to 
this family shares common properties with other members of the order: (a) a linear 
positive-strand RNA genome which can be monopartite or bipartite, with each RNA 
flanked at its 5’ end by a small viral protein, the “VPg”; (b) the presence of a single 
ORF that encodes a single large polyprotein cleaved by a 3C-like cysteine protease; 
(c) a conserved “replication bloc” within the RNA1-encoded polyprotein that includes 
a type III helicase, the VPg, a cysteine protease and a type I RNA-dependent RNA-
polymerase; the capsid, composed of coat protein (CP) subunits, that can be divided 
into a single large CP, or into two or three smaller CPs depending on the genus 
(Thompson et al. 2017; Sanfaçon et al. 2020; Zell et al. 2017). To date, 106 virus 
species belonging to one subfamily, nine genera and three subgenera have been 
assigned as members of the family Secoviridae. The genus Cheravirus in particular, 
is composed of viruses with a bipartite genome, encoding three capsid proteins on 
RNA-2. RNA-1 carries all the information required for replication and can replicate 
in individual cells without RNA-2, although no virus particles are produced. They are 
transmitted by nematodes and seeds (Karasev et al. 2017). Most of them are also 
transmissible experimentally by mechanical inoculation (Thompson et al. 2017). 

Five criteria, not to be simultaneously met, are used to separate genera within the 
family Secoviridae, whereas seven are helpful in the demarcation of species:  a CP 
amino acid sequence with less than 75% identity, a conserved Pro-pol region amino 
acid sequence with less than 80% identity, differences in antigenic reactions, distinct 
host range, distinct vector specificity, absence of cross-protection and absence of re-
assortment between RNA1 and RNA2 for viruses with a bipartite genome (Thompson 
et al. 2017) 

This publication presents preliminary biological and molecular characteristics of a 
bipartite virus from the Secoviridae family, detected in field-grown cassava plants 
from Central Africa (D.R. Congo). The diversity, phylogenetic and geographic 
distribution of these novel viruses were also investigated.  

V.3. Material and methods 

V.3.1. Virus isolation from cassava collected in Bas-Congo 

In 2007 during field studies on the diversity of CMD conducted in D.R. Congo (Bas-
Congo), samples (stem cuttings) were collected from cassava plants. Cuttings were 
rooted, and plants were established and maintained under greenhouse conditions in 
the Plant virus Collection at the Leibniz-Institute German collection of 
microorganisms and cell cultures (DSMZ). Leaves from virus-infected cuttings 
developed with typical mosaic symptoms; however, one cassava plant showed severe 
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mosaic symptoms, leaf blistering and deformation and conspicuous red necrotic spots 
indicating further viruses or other pathogens (Figure V-1). 

 
Figure V-1. Cassava plant collected in 2007 from stem cuttings and maintained in the 

DSMZ greenhouse at DSMZ. Red necrotic spots (red arrows) and severe mosaic 

symptoms indicate the presence of an additional virus or other pathogens. 

Leaf extracts were prepared from leaves of infected plants and mechanically 
inoculated to a set of herbaceous virus indicator hosts from the Cucurbitaceae, 
Solanaceae and Chenopodiaceae, including Nicotiana occidentalis and N. 
benthamiana leave.  

Adsorption preparates of N. benthamiana leaf extracts were prepared, negatively 
stained with uranyl acetate and subjected to electron microscopical (EM) 
examinations.  

N. occidentalis was mechanically inoculated for virus propagation with 
homogenates of symptomatic leaves. The virus was purified ten days after infection 
using a modified purification protocol for tomato ringspot virus (Stace-Smith 1966). 
Purified virus particles were used to prepare an antiserum against the virus isolate that 
was subsequently modified for ELISA.  

Soluble leaf proteins from virus-infected N. benthamiana plants and purified particle 
preparations were subjected to a discontinuous sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE, gradient 8-20%) to determine the 
size of the purified viral coat protein. Following electrophoresis and western-blot 
transfer to nitrocellulose membranes, the viral proteins were verified by incubating 
membranes with antiserum prepared against virion preparations.  
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cDNA from purified virus preparations was synthesized using random-primed 
cDNA synthesis followed by 2nd strand synthesis and cloning into a pBluescript SK- 
cloning vector. Positive clones from blue-white screening were sequenced with 
vector-specific primers, and contigs were assembled using Vector NTI.  PCRs 
spanning missing genome sequences and 5’ and 3’ RACEs were conducted to 
reconstruct the complete viral RNA 1 and RNA2 genome. Genome sequences 
obtained for this virus isolate, PV-0896, were included in the molecular analysis and 
diversity study of cassava virus samples collected in South Kivu Province analyzed 
by HTS. 

V.3.2. Study in South-Kivu province 

a. Origin of the analysed samples, total RNA extraction and High-Throughput 
sequencing 

From April to October 2019, during investigations on the diversity of viruses 
infecting in South-Kivu/Eastern D.R. Congo, samples were collected in the Uvira 
territory as previously indicated (Kwibuka et al. 2022). Surveyed fields in each village 
were randomly selected following transects oriented within main cassava-growing 
villages with a minimal distance of 2 km between fields. Two hundred forty-two fields 
were sampled in total. In each field, a portion of the third fully expanded young leaf 
on a shoot was collected on ten cassava plants selected following diagonals. Samples 
from individual plants, symptomatic or not, were conserved in tubes dried with silica 
gel. All leaf samples from the same field were pooled together to make a unique field-
core sample. Stem cuttings corresponding to each sampled plant were also collected 
and grown in an experimental field in Bukavu, while some of them were shipped to 
Belgium and grown in a glasshouse at 27°C. Total RNA was extracted from these 
pooled leaf samples using a modified CTAB protocol as previously described 
(Kwibuka et al. 2021). Extracted RNA was further tested for CBSV and UCBSV 
infection by RT-PCR as previously described  (Kwibuka et al. 2022).  

All samples that tested negative to this primer-based screening (71 field-core 
samples representing  710 individual plants collected into 71 farmer fields) were 
regrouped into 12 equimolar HTS pools (P1 to P12) that were subjected to high 
throughput sequencing (HTS). DNase treatment was applied using Amplification 
grade DNase I according to the manufacturer’s instructions (Life Technologies, 
California, USA). In addition, the RiboZero plant leaf kit for RNA-seq (Life 
Technologies Limited, Paisley, UK) was used for depleting ribosomal RNAs, and a 
TrueSeq stranded total RNA kit (Illumina, NY, USA) was used for library preparation 
following the manufacturer’s instruction.    

The RNA libraries were subjected to HTS on a Nextseq 500 sequencing machine at 
the University of Liege GIGA facilities (Liège, Belgium), with a read length of 2 X 
150 nt.  

Cassava plants regenerated through stem cuttings, kept in a glasshouse (27 °C), and 
in which the herein described virus isolates were detected in a single infection had 
characteristic leaf symptoms consisting of leaf yellowing spreading from secondary 
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veins. These symptoms were absent on newly expanded leaves but later developed as 
the plant grew. No leaf deformation could be observed.  

 
Figure V-2. Cassava landraces (a: Nabwilalanga, b: Nabwigoma, c and d: Rava)  collected in 

2019 as stem cuttings and grown in a greenhouse at Gembloux Agro Bio-tech showing 

mild to low leaf yellowing symptoms spreading from secondary veins. 

b. Bioinformatic analyses 

Sequence reconstruction and analysis were performed using Geneious 2021.1.1 
software (www.geneious.com) and embedded plugins. Following demultiplexing and 
quality trimming (BBDUCK, BBMerge and Dedupe plugins), reads were de novo 
assembled into contigs using RNA-SPADES (embedded in Geneious). Reconstructed 
contigs were screened against the RefSeq non-redundant viral database (release 202, 
8 September 2020, retrieved from NCBI) using BLASTn and tBLASTx searches 
(Sayers et al. 2022). Early screening of reconstructed contigs from 4 HTS pools (P3, 
P4, P5, P12) against the RefSeq Viral database revealed nucleotide and amino acid 
sequence homologies with members of the family Secoviridae.  Twenty-five rounds 
of iterative read mapping extended the size of corresponding contigs to yield the final 
sequences.  

Multiple sequence alignments were built with ClustalW embedded in Mega X (S. 
Kumar et al. 2018). Maximum likelihood phylogenetic trees were reconstructed in 
Mega X after predicting the suitable model on amino acid or nucleotide sequence 

http://www.geneious.com/
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alignments. The Le Gascuel (LG) matrix-based model of amino acid substitution 
using a discrete Gamma distribution with invariant sites (+G+I) was used on the 
alignment of the conserved amino acid “Pro-Pol” region (in the RNA1). In contrast, 
the same substitution matrix (LG), but with frequencies and a discrete Gamma 
distribution (+G+F), was used for the alignment of the coat protein amino acid 
sequences (in the RNA2). These trees were built using translated amino acid 
sequences from nucleotide sequences of the RNA1 and RNA2-encoded polyproteins 
(respectively P1 and P2) for genomes reconstructed in this study and all available 
genomes of Secoviridae members retrieved from GenBank. Supplementary Table V-
1 shows the names of these viruses and accession numbers of the corresponding 
RNA1 and RNA2 genomes. Bootstrap analysis (1000 replicates) was performed to 
evaluate the stability and significance of branches. 

c. Confirmatory RT-PCR, rapid amplification of cDNA Ends (RACE) and 
Sanger sequencing 

Primers were designed to confirm the presence of the virus sequences in pools of 
several fields and samples of an individual field. Primers were also designed to 
reconstruct the 5’ and the 3’ ends of the assembled genomes. Additional primers were 
also designed to confirm the presence of the identified HAM1 motif in the RNA1 
polyprotein by amplifying the region spanning the motif. All the primers are shown 
in supplementary material 1. 

For confirmation of virus presence in pools of individual fields, RNA was extracted 
using the RNEasy Plus® Kit (QIAGEN®, Hilden, Germany) following the 
manufacturer’s recommendations. For the RT-PCR confirmation, the first strand 
cDNA synthesis was performed using Tetro™ Reverse Transcriptase (meridian 
Bioscience) and random hexamers, following the manufacturer’s instructions. The 
PCR was conducted using MangoTaq™ DNA polymerase (meridian Bioscience). 
Primer pairs were designed to amplify both extremities (5´ and 3´) of RNA1 and 
RNA2 (Table V-1). A 10 µl PCR mixture containing 5.8 µl nuclease-free water, 2 µl 
PCR buffer (5X), 0.40 µl MgCl2 (50 mM), 0.20 µl dNTPs (10 mM), 0.20 µl of each 
primer (10 mM), 0.4 µl Mango Taq DNA polymerase (Meridian Bioscience®) and 
1.0 µl of cDNA. PCR products were analyzed by electrophoresis in TAE buffer (1X) 
on a 1% agarose gel stained with Gel red® (Biotium), visualized under UV light and 
photographed using a gel documentation system (E-Box CX5 Edge, Vilber/Fisher 
Biotech).  

Reconstruction of the 5’ and 3’ ends of genomes was conducted using the 
SMARTer® RACE 5’/3’ Kit (Takara Bio USA, Inc) following the manufacturer's 
instructions. Obtained RACE products were sanger-sequenced using virus-specific 
primers (supplementary material 1). 

V.3.3. Identification of the RNA1 and RNA2-encoded cleavage sites 

Nucleotide sequences corresponding to the RNA-1 and RNA-2 encoded 
polyproteins of genomes reconstructed in this study, together with those of 
representative members of the Secoviridae family for which cleavage sites have been 
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previously characterized (Mann, Walker, and Sanfaçon 2017; A. Wang and Sanfacon 
2000; Wetzel et al. 2008) (Supplementary material 2), were translated into amino acid 
sequences and aligned using Clustal Omega (Madeira et al. 2019). The alignment files 
obtained (P1 and P2 respectively for polyproteins of the RNA1 and RNA2) were used 
to predict putative cleavage sites and therefore deduce functional domains based on 
sequence homologies with related viruses. In addition, to determine if predicted 
cleavage sites of the RNA1 and RNA-encoded polyproteins were conserved among 
other viruses from the family Secoviridae, alignments were extended to other 
previously characterized viruses in this family (Supplementary material 2). 

V.3.4. Data mining 

To screen for a potential presence of the newly identified Secoviridae members in 
publicly available RNASeq data, the nucleotide sequences corresponding to the 
polymerase domain encoded into the RNA1 segment of the secovirids detected in 
field-grow cassava plants were extracted and screened against the SRA (Leinonen, 
Sugawara, and Shumway 2011) using an RdRp-based search.  This search uses the 
core of the polymerase palm subdomain (Babaian and Edgar 2021). This search was 
implemented by the Serratus cloud computing infrastructure (Edgar et al. 2022). Raw 
reads data identified by the Serratus search as containing palm-id motifs closely 
related to the RdRp of the novel Secoviridae members were retrieved from the SRA 
using the “Faster Download and Extract Reads in FASTQ format from NCBI SRA” 
tool integrated into GALAXY Europe platform (Afgan et al. 2018). These reads were 
processed following the bioinformatic pipeline and tools used as stated above and the 
contigs showing homologies with the Secoviridae were generated and included in the 
subsequent analyzes.  
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V.4. Results  

V.4.1. Virus isolation, electron-microscopical examination, purification 

and genome reconstruction of a virus isolate from Bas-Congo. 

N. benthamiana plants infected by mechanical inoculation started showing chlorotic 
mottle and deformation of youngest leaves, resulting in an oak leaf pattern on old and 
young leaves recovered from symptoms (Figure V-2a). Additionally, electron 
microscopical examinations revealed virus-like particles (VLps) of icosahedral 
structure (Figure V-3b, red arrows), some of which could be empty (Figure V-3b, 
black arrows).   

 
Figure V-3. (a) Virus symptoms in N. benthamiana starting with chlorotic mottle and leaf 

deformation of youngest leaves, resulting in an oak leaf pattern on old leaves and young 

leaves recovered from symptoms. (b) Electron microscopically examined Adsorption 

preparations of leaf homogenates showing VLp of icosahedral structure (red arrows), 

sometimes empty (black arrows). 

 Results from the SDS-PAGE separation revealed the presence of three virus 
particles, pointing to the presence of three putative coat protein units of sizes varying 
between 20 and 30 kDa (Figure V-3). 
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Figure V-4. Electrophoretic separation of soluble leaf proteins from healthy N. benthamiana 

(lanes 2 to 6 and lanes 8 to 10) and from purified virions (lane 7) in a discontinuous SDS-

PA gel (gradient 8-20%). 

Results from the complete genome assembly revealed sizes of 7,405 and 3,460 
nucleotide sequences, respectively, for RNA1 and RNA2 (Table V-1). Unless the lack 
of phylogenetic investigations, the presence of 3 coat proteins prompted the 
assignation of this virus to the genus cheravirus and represented, until then, the only 
species from this genus known to infect the cassava plant. These sequences were 
deposited in GenBank and are available under the accession number PV-0896. In 
addition, double-Sandwich ELISA antibodies for detecting this virus have been 
produced and are available at DSMZ under the reference number RT-0896. They have 
been used by (Badamasi et al. 2020) to investigate the distribution of viruses infecting 
cassava in Nigeria unless the virus has not been confirmed.  

Additionally, to this previously unknown virus, the presence of the East African 
cassava mosaic virus (EACMV) has been validated as co-infected. In this study, the 
denomination CGO-BC (indicative of the D.R. Congo country and the Bas-Congo 
Province) has been used for this isolate and served as a reference when included in 
further analyses together with other isolates retrieved from the HTS as described 
below.  

 

V.4.2. HTS analysis of cassava samples from South-Kivu Province and data 
mining of publicly available RNASeq data 

The screening of the contigs assembled from field-grown cassava plants against the 
NCBI BLAST nt/nr databases (Sayers et al. 2022) identified ten contigs from four of 
the twelve sequenced HTS pools (Supplementary Material 3). They showed high 
nucleotide and amino acid sequence homologies with members of the genus 
cheravirus within the family Secoviridae.  
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To uncover other Secoviridae genome sequences from the publicly available 
RNASeq data, the polymerase sequences of the CGO-BC isolate were used for the 
RdRp search using the Serratus tool. This data screening identified 80% identity with 
an RdRp palm_id reference u138608 from the RNASeq ERR996012 generated in 
2015 by the team of Ndunguru while assembling the CBSV and UCBSV genomes 
from Tanzania (Ndunguru et al. 2015). The corresponding RNASeq dataset was 
downloaded, and, following demultiplexing, de novo assembly and BLAST searches 
as specified above, three contigs showing homologies with secovirids could be 
retrieved.  

The sequence comparison revealed that in total, from all the 13 reconstructed 
contigs, two groups could be defined according to their sizes: one group of six long 
contigs with sizes varying between 7,405 nt and 7,795 nt, showing similarities with 
the RNA1 of the stocky prune virus (YP_009665965.1 ) and another group of seven 
shorter contigs with sizes varying between 3,460 and 3,496 nt showing homologies 
with RNA2 of the same virus (YP_009665964.1) (Table V-1).  

These isolates were named as follows:  

o For the isolates detected in South-Kivu province: the CGO-KV initials 
(indicative of the D.R. Congo country and the Kivu region) plus a number 
(indicative of the pooled sample in which the isolate was detected) 

o For the isolates detected in RNASeq data from Tanzania: the TZ initials 
(indicative of the Tanzania country) plus a number (indicative of the reference 
number corresponding to the contig assembled from the de novo process). 

Of the thirteen contigs assembled, eight belonged to four HTS pools (P3, P4, P5 and 
P12)  from 23 fields located in South-Kivu province (Uvira territory) in the Eastern 
part of D.R. Congo,  two other contigs were detected within samples originating from 
fields located in the Bas-Congo province (Mbanza-Ngungu) in the Western part of the 
country (Figure V-1 and Table V-1), and the remaining three contigs were 
reconstructed from the publicly available RNASeq data generated from cassava 
samples collected in Tanzania in 2015 (SRA reference number ERR996012)  
(Ndunguru et al. 2015). Analysis of each field-core sample from each positive HTS 
pool from South Kivu (ten samples of individual plants in each of the 23 fields) 
revealed that, in total, 130 plants out of the 230 were positive.   
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Figure V-5. Geographical map of the study area showing the localization of the provinces 

where samples originated and the spatial repartition of positive fields in the four pools 

from South-Kivu Province. 

Additionally to these viruses, results further indicated the presence of the following 
viruses:  

• From the field-grown plants, results indicated the presence of begomovirus-
associated satellites II and III in one pool (P4) (accession number NC_006957.1, 
NC_006956.1) and UCBSV in two pools (P4 and P5) (accession numbers 
MW961202.1, MZ486425.1, MW961214.1, MW961221.1).  

• From the publicly available RNASeq data, results allowed to additionally identify 
both CBSV (KR108830.1, 100% id) and UCBSV (KR108837.1, 100% id) in the 
same read run where the secovirid contigs were identified (ERR996012). In contrast, 
in a distinct run of the same sequencing project (ERR996014), analyses detected the 
presence of the UCBSV (KR108839.1, 100% id) and the Manihot esculenta-
associated ampelovirus-1 (MeAV-1, MT7735841 96% id). 

V.4.3. Genome annotation and phylogenetic placement 

a. Genome annotation 

The genomes of all reconstructed contigs from the HTS and the complete genome 
reconstructed through the Gibson assembly method were included in the annotation 
process by predicting the ORFs and identifying the corresponding genome 
organization. Results showed that all genomes included in the analysis had the same 
organization: They had a single open reading frame encoding a polyprotein of various 



 CBSD epidemiology and cassava viruses in D.R. Congo 

198 

sizes. For instance, polyproteins encoded by RNAs-1 (P1) had sizes varying between 
2369 aa and 2483 aa, while those encoded by RNAs-2 (P2) presented quite close sizes 
varying between 1067 and 1069 aa (Table V-1). Therefore, the genome of the CGO-
BC isolate has been used as a reference for the annotation presented in Figure V-5. 

 
Figure V-6. Genome organization of the RNA1 and RNA2 segments for the reference 

isolate CGO-BC. The RNA genomes are drawn as black lines, and coloured rectangles 

represent the predicted open reading frames. A scale is presented above to size the length 

of the RNA genomes in nucleotides. 

Table V-1. Genome organization of the 13 contigs reconstructed in this study 

 

RNA1 

Contig names 
Genome length 5' UTR ORF1 3'UTR Poly-A tail 

nt nt nt aa nt nt 

CGO-BC 

(reference) 7,405 131 7110 2,369 139 25 

CGO-SK3 7,731 171*(6) 7380 2460 153 29 

CGO-SK4 7,61 37*(144) 7,391 2,463 153 29 

CGO-SK5 7,737 166*(10) 7,389 2,462 153 29 

CGO-SK12 7,795 163*(10) 7,449 2,482 154 29 

TZ 7,637 171*(5) 7,347 2,449 120 - 

RNA2 

Contig names 
Genome length 5' UTR ORF1 3'UTR Poly-A tail 

nt nt nt aa nt nt 

CGO-BC 

(reference) 3460 95 3210 1069 139 16 

CGO-SK3 3479 110*(8) 3204 1067 150 30 

CGO-SK4 3487 108*(10) 3204 1067 150 30 

CGO-SK5 3475 109*(9) 3204 1067 152 30 

CGO-SK12 3460 103*(8) 3204 1067 151 30 

TZ-55 3457 109* 3195 1065 153 - 

TZ-56 3449 96*(6) 3195 1065 158 - 

 1 
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*: The 5’ ends of these contigs were not fully reconstructed. The number of missing 

nucleotides for each genome compared to the fully reconstructed one is shown in 

brackets. – information regarding the poly-A tail is unavailable as the 3’ extremity was 

not experimentally checked.  

Genomes for which the 5’ ends of the RNA1 and RNA2 were not experimentally 
reconstructed were aligned to the fully reconstructed one (CGO-BC) using ClustalW. 
The comparison suggested that for most of them, less than 11 nucleotides were 
missing in the  5’ extremities to achieve the whole genome (except for the CGO-SK4 
genome, for which 144 nt were missing in the 5’ end of the RNA1). On the other side, 
the 3’ ends of all remaining contigs were fully retrieved using 3’RACE except for 
those reconstructed through RNASeq data from the SRA database. The alignment of 
RNA2 sequences to the CGO-BC reference suggested the entire 5’ extremity could be 
retrieved for the TZ-55 contig reconstructed through RNASeq data, although it was 
not experimentally checked.  

This genomic organization, size, number of ORFs, and genome segments are typical 
of viruses from the genus cheravirus in the Secoviridae family.  

b. Phylogenetic analysis 

Two multiple amino acid sequence alignments were used to perform pairwise amino 
acid comparisons and generate phylogenetic trees that early address the taxonomic 
position of these novel isolates in the family Secoviridae. In addition, as full-length 
nucleotide sequences corresponding to the RNA1 and RNA2-encoded polyproteins 
for all reconstructed contigs were obtained, phylogenetic analyses included them.  

The first multiple sequence alignment was built using the conserved amino acid 
region between the “CG” motif of the protease and the “GDD” motif of the 
polymerase (the Pro-Pol region) in the RNA1-encoded polyprotein of isolates 
characterized in this study together with various genus representative species from the 
family Secoviridae. The second multiple sequence alignment was built using the coat 
protein amino acid sequences of isolates characterized in this study and those of 
selected type isolates from the recognized genus in the family Secoviridae. 
Phylogenetic trees were built for both alignments, following the procedures 
mentioned above. As both trees provided approximately identical results, only the 
phylogenetic tree resulting from the Pro-Pol region is shown in Figure V-6. The tree 
resulting from the CP block could be accessed on supplementary material 4.  

These phylogenetic investigations placed the isolates herein described into the same 
clade with members of the genus cheravirus with strong bootstrap support, adjacent 
to the stocky prune virus (StPV), arracacha virus B (AVB), currant latent virus 
(CuLV), cherry rasp leaf virus (CRLV) and apple latent spherical virus (ALSV). This 
suggested a phylogenetic evolutionary relatedness of these isolates to members from 
the genus cheravirus. 

The molecular identity at the amino acid level for the “Pro-Pol” and the CP regions 
between isolates described here and representative species of each genus from the 



 CBSD epidemiology and cassava viruses in D.R. Congo 

200 

family Secoviridae was systematically lower than 47% and 13%, respectively (Table 
V-2), far below the 80% and 75% identity cut-offs required to demarcate species 
within the Secoviridae family. This suggests that isolates from this study are novel 
species in the family Secoviridae and could be phylogenetically related to the 
cheravirus genus. 
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Figure V-7. Phylogenetic analysis of the conserved amino acid region between the “CG” 

motif of the protease and the “GDD” motif of the polymerase (the Pro-Pol region) for 

isolates detected in cassava (strong green triangles and green frame in the tree) and of 
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type isolates from recognized species in the family Secoviridae (detailed information on 

these viruses is provided in supplementary material 5). 

 For each Secoviridae species, the amino acid sequence of the “Pro-Pol” region was 
deduced from the nucleotide sequence of the corresponding genomic RNA from the 
type isolate. The alignment was generated using ClustalW integrated into MEGA X. 
The Maximum likelihood phylogenetic tree was also reconstructed in Mega X using 
the Poisson model with uniform distribution for amino acid sequence alignments. 
Bootstrap values are indicated at the primary branch nodes (1000 replicates). The bar 
represents the number of amino acid substitutions per site. The tree was rooted using 
the Pro-Pol sequence of poliovirus (EVC, species Enterovirus C, genus Enterovirus, 
family Picornaviridae). 

 

Table V-2. Variation ranges of the identity percentages for the conserved “Pro-Pol” region 

and the coat protein amino acid sequences between isolates described in this study and 

representative species of various genera in the family Secoviridae. 

 

V.4.4. Diversity of the new isolates  

Intergroup and intragroup amino acid and nucleotide sequences' pairwise identities 
were computed to investigate the molecular diversity between these various 
reconstructed Secoviridae members originating from various locations. The 
computation over the “Pro-Pol” region, the coat protein block and the RNA1 and 
RNA2-encoded polyproteins included amino acid pairwise comparisons. In contrast, 
the computation over the complete and nearly complete genome sequences of RNA1 
and RNA2 involved the pairwise nucleotide comparison. Phylogenetic trees of 
corresponding aspects were also reconstructed and appended in supplementary 
material 6.  

Genus Representative species 

Pro-Pol region CP region 

Lowest 

value 

Highest 

value 

Lowest 

value 

Highest 

value 
 

Cheravirus Cherry rasp leaf virus 45% 46% 8% 9%  

Torradovirus Tomato torrado virus 37% 38% 10% 11%  

Waikavirus 

Rice tungro spherical 

virus 32% 33% 11% 12% 
 

Sequivirus 

Parnship yellow fleck 

virus 37% 37% 10% 11% 
 

Sadwavirus Satsuma dwarf virus  30% 30% 10% 11%  

Nepovirus_C Tomato ringspot virus 30% 32% 8% 10%  

Nepovirus_A Grapevine fanleaf virus 34% 34% 10% 10%  

Nepovirus_B Beet ringspot virus 32% 33% 8% 10%  

Comovirus Cowpea mosaic virus 33% 34% 8% 10%  

Fabavirus Broadbean wilt virus 2 35% 36% 7% 8% 
 

 1 
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From all phylogenetic reconstructions performed, two separated clusters could be 
identified: one cluster gathering the isolates from South-Kivu (CGO-KV3, CGO-
KV4, CGO-KV5 and CGO-KV12) and another cluster of isolates from Tanzania 
(TZ55 and TZ56). However, the phylogenetic assignation of the isolate from Bas-
Congo (CGO-BC) was quite challenging to determine since its topology appeared to 
be quite variable: sometimes associated with the cluster from South-Kivu (for the trees 
involving the Pro-Pol region and the P1 polyprotein), sometimes associated to the 
cluster from Tanzania (for the trees involving the RNA1 nucleotide sequences and CP 
block) and sometimes clustering distinctly from both clusters (for the trees involving 
the P2 polyprotein and the RNA2 nucleotide sequences).     

The amino acid sequence identity comparison between isolates from South Kivu 
and isolates from Tanzania suggested 86% and 70% for the Pro-Pol region and the CP 
block, respectively (Table V-4). It is worth noting that all other comparisons, 
including the RNA1 segments of isolates from these two clusters (entire P1 
polyprotein and complete RNA1 nucleotide sequences), showed identity percentages 
below the 80% demarcation level but not the Pro-Pol region. These values suggested 
only the CP cut-off is met for the demarcation of these two groups as distinct species 
(CP<75%). On the other side, the isolate from Bas-Congo appeared to be closer to 
isolates from South-Kivu (87% and 81% identical respectively for the Pro-Pol region 
and the CP block) than to isolates from Tanzania (84% and 75% id. For the Pro-Pol 
and the CP block respectively). Species demarcation cut-offs between Bas-Congo and 
Tanzania isolates are not met for the Pro-Pol region and fall quite borderline for the 
CP block. All isolates from South Kivu belonged to the same group as isolates from 
Tanzania (Pro-Pol and CP identity levels below the demarcation cut-offs) (Table V-
3).  

Table V-3. Intergroup and intragroup average pairwise identity and standard deviation 

calculated for the “Pro-Pol” region, the CP block, the RNA1 and RNA2-encoded 

polyproteins (P1 and P2, respectively) and the nucleotide sequences of (nearly) complete 

genomes of the RNA1 and the RNA2 segments. 

 

Considering the taxonomic differentiation between the various groups [South-Kivu 
(CGO-SK), Bas-Congo (CGO-BC) and Tanzania(TZ)] as illustrated by the analyses 
conducted herein, it is pretty challenging to address their diversity at the species level 
as both demarcation criteria suggested by the ICTV could not be concomitantly met 

    

Within 

Kivu 

isolates 

Within 

Tanzania 

isolates 

Between 

Kivu & 

Tanzania 

isolates 

Between 

Kivu & 

Bas-Congo 

isolates 

Between Bas-

Congo & 

Tanzania 

isolates 

"Pro-Pol" 

region aa id 97% ± 0.5% - 86% ± 1.5% 87% ± 1.5% 84% ± 1.7% 

CP block aa id 98% ± 0.4% 97% ± 0.8% 70% ± 2%  81% ± 2%  75% ± 2% 

P1 polyprotein aa id 94% ± 0.4% - 79% ± 0.8%  82% ± 0.8% 80% ± 0.8% 

P2 polyprotein aa id 97% ± 0.4% 95% ± 0.6% 74% ± 1%  71% ± 1%  73% ± 1%  

RNA1 genome nt id 90% ± 0.2% - 75% ± 0.5% 75% ± 0.5% 75% ± 0.5% 

RNA2 genome nt id 95% ± 0.3% 89% ± 0.6% 72% ± 0.7% 70% ± 0.8% 73% ± 0.8% 

 1 
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for each comparison. Additional information about the biology of these various 
isolates (host range, vector specificity, possibility of re-assortment between RNAs) is 
therefore required to shed light on this as recommended by the ICTV (Karasev et al. 
2017).   

V.4.5. Identification of the RNA-1 and RNA-2 encoded proteins and cleavage 
sites 

a. Proteins and cleavage sites inside the RNA1-encoded polyprotein 

Putative cleavage sites were predicted based on alignments of translated amino acids 
from the RNA-1 and RNA-2 encoded polyproteins (P1 and P2, respectively)  for 
isolates identified in this study and those of related secovirids for which cleavage sites 
have been experimentally characterized previously (A. Wang and Sanfacon 2000; 
Wetzel et al. 2008) (Figure V-7). The locations of these cleavage sites within P1 and 
P2 polyproteins for the thirteen RNA segments are presented in Table V-4, and the 
characteristics of the corresponding domains are also shown in Table V-5. 

As shown in Figure V-4, in RNA1, six putative cleavage sites delineating seven 
putative domains could be identified. One of these putative domains showing 
similarities with HAM1 proteins was identified in the 3’ends of the P1 polyproteins.  

 
Figure V-8. Putative consensus cleavage sites delineating putative functional domains 

predicted within  RNA1 (P1) and RNA2 (P2)-encoded polyproteins. 

Predicted cleavage sites are shown as short vertical lines above and behind the full-length 
polyproteins, along with the predicted cleaved peptide. Deduced functional domains based on 
sequence homologies with related viruses are presented as follows: X1; X2; NTB, nucleoside 
triphosphate binding protein or putative helicase; VPg, viral genome-linked protein; Pro, 
protease; Pol, polymerase; HAM1, putative inosine triphosphate pyrophosphatase; MP, 
movement protein; CP1, CP2, CP3, capsid protein 1,2 and 3 respectively.  
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Table V-4: Location of putative cleavage sites predicted in the RNA1 and RNA2-encoded 

polyproteins for isolates identified in cassava plants in this study. 

 
*Numbering corresponds to the amino acid position starting from the beginning of the 
polyprotein. All cheraviruses proteases have Histidine in their substrate binding pockets, 
suggesting that they should recognize cleavage sites with Q, E or D at the -1 position. The red 
highlight is filled when this consensus is met by isolates described in this study. 

 

Table V-5: Characteristics of putative RNA1 and RNA2-encoded domains identified inside 

the P1 and P2 polyproteins of viruses reported in this study 

 
*The corresponding protein domain has the same size and molecular weight across 
polyproteins encoded by all reconstructed contigs. Therefore, numbers not in parentheses 

RNA1 Polyprotein 

Domains CGO-SK3 CGO-SK4 CGO-SK12 CGO-BC TZ Consensus 

X1-X2 LVGVGD565/GL LVGVGD514/GL LVGVGD533/GM LMVGD419/GF LMVGD493/GF VGD/G 

X2-NTB EHMKGD730/AI I*MKGD681/AI ECMRGD698/AI EKMKGD585/AI GMOGD657/AI GD/AI 

NTB-

VPg AVISGQ1,310/GD AVISGQ1,261/GD AVISGQ1,314/GD AVISGQ1165/GD AVISGQ1237/GD AVISGQ/GD 

VPg-

Pro ADLYGD1,365/TQ ADLYGD1,316/TQ ADLYGD1,369/TQ ADMYGD1220/TQ ADMYGD1292/TQ YGD/TQ 

Pro-Pol 
VLLDAQ1,609/AR VLLDAQ1,560/AR VLLDAQ1,613/AR VLLDSQ1463/AR VLLDAQ1535/AQ VLLDAQ/AR 

YEVLLD1,607/AQ YEVLLD1,558/AQ YEVLLD1,611/AQ YEVLLD1461/SQ YEVLLD1533/AQ YEVLLD/AQ 

RNA2 Polyprotein 

Domains CGO-SK3 CGO-SK4 CGO-SK12 CGO-BC TZ Consensus 

MP-

CP1 ESGTGD447/ML ESGTGD447/ML ELGTGD456/ML ETGFGD447/ML ESAKGD447/ME GD/ML 

CP1-

CP2 KPSFGD623/GG KPSFGD623/GG KPSFGD632/GG KPSFGE624/GG KPSFGD618/GG GD/GG 

CP2-

CP3 LLPSGD868/SL LLPSGD868/SL LLPSGD877/SL MMAQGD869/AL LAQGD863/AL GD/SL 

 

POLYPROTEI

NS 

PROTEINS   

Name

s 

Reference genome Shortest genome Largest genome 

Contig 

id 

size (aa) 

& MW 

(kDa) Contig id 

size (aa) 

& MW 

(kDa) Contig id 

size (aa) 

& MW 

(kDa) 

P1  

X1 

CGO-

BC 

(RNA1) 

418(46) CGO-BC 418(46) CGO-SK12 

531(57.

5) 

X2 

166(18.

6) TZ 164(18) CGO-BC & SK4 

166(18.

6) 

NTB 

580(66.

6) All* 

580(66.

6) All* 

580(66.

6) 

VPg 55(6) All* 55(6) All* 55(6) 

Pro 243(27) TZ 241(27) 

CGO-SK3,4,5 & 

12 244(27) 

Pol 

907(102

) CGO-SK5 

906(102

) TZ 

916(103

) 

P2  

MP 

CGO-

BC 

(RNA2) 

447(50) 

CGO-SK3,4 & 

5 446(50) CGO-SK12 455(51) 

CP1 176(19) 

TZ-55 & 

TZ56 171(18) 

CGO-SK3,4,5 & 

12 176(19) 

CP2 245(27) All* 245(27) All* 245(27) 

CP3 201(23) CGO-SK3,12 200(23) TZ-55 & TZ-56 202(23) 

 1 
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represent the sizes in amino acids (aa), while those in parentheses represent molecular weights 
in kDa. 

Two domains (X1 and X2) were previously identified in the N-terminal region of 
the RNA1-encoded polyprotein of nepovirus (Wang and Sanfacon 2000; Wetzel et al. 
2008) and sadwavirus (subgenus stramovirus) (Mann, Walker, and Sanfaçon 2017). 
The existence of such an unusual cleavage site delineating these two domains 
upstream of the NTB had not been suggested for viruses in the genus cheravirus. Only 
a more extended NTB domain was so far known as delineating the 5’ end of the 
RNA1-encoded polyprotein in this genus. However, when looking up amino acid 
sequence alignment of the P1 polyproteins, including those of viruses reported in this 
study, those of all known cheraviruses and other Secoviridae members whose the X1 
and X2 domains have been experimentally characterized (Supplementary material 7), 
a putative cleavage site can also be found upstream the NTB. This suggests that 
cheraviruses also could have two protein domains upstream of the NTB. This cleavage 
site is characterized by the presence of an aspartic acid (D) in the -1 position [(for 
other cheraviruses it is a glutamic acid (E) or a glutamine (Q)] and a glycine (G) in 
the +1 position (as it is the case for other cheraviruses except for Arachacha virus B 
which has an alanine (A) at this position). Thorough comparison of the X1 domain 
against Blast protein search identified 45% similarity with the replicase of trillium 
govanianum cheravirus (accession number DAF42463.1). The X1 protein is more 
variable among nepoviruses and cheravirus and its function is still unknown.  The X1 
domain of the isolate CGO-BC has the shortest  size (418 aa) while the largest size is 
located inside the CGO-SK12 contig genome (Table V-5). 

The function of the X2 domain has been previously investigated for the tomato 
ringspot nepovirus (TRNV). It crossed the membrane twice since it possessed two 
transmembrane helices (G. Zhang and Sanfaçon 2006). Using the algorithm of Kyte 
and Doolittle with a window size of 17 amino acids (Kyte and Doolittle 1982), a 
computer-assisted prediction of transmembrane helices (TMH) inside the 
corresponding regions of the X2 protein for viruses reported in this study (Figure 8) 
proposed the existence of two domains with high values of hydrophobicity.  
Therefore, these highly hydrophobic domains could act as putative transmembrane 
helices, conferring the X2 protein the role of a transmembrane protein. The most 
similar protein identified using the Blast-protein search engine was associated with 
the replicase of trillium govanianum cheravirus with 48% similarity. Viruses 
identified in this study had sizes varying between 164 and 166 amino acids for the X2 
protein (Table V-5). 
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Figure V-9. Computer-assisted prediction of transmembrane helices (TMH) in the X2-

encoded domain of the RNA1 segment: 

(A) The hydrophobicity plot of X2, calculated using the algorithm of Kyte and Doolittle with 
a window size of 17 amino acids (Kyte and Doolittle 1982). The RNA1-encoded polyprotein 
is shown at the panel's top with the indicated individual protein domains. Vertical lines 
represent the putative cleavage sites recognized by the RNA1-encoded 3C-like proteinase of 
viruses reported in this study. (B) Multiple amino acid sequence alignment of the X2 domain 
showing amino acid residues associated with the putative double trans-membrane helices for 
a 2-pass transmembrane X2 domain of viruses reported in this study similar to that of 
nepoviruses (orange highlighting in alignment). Amino acids are numbered from the first 
amino acid of the P1 polyprotein.  

 

The dipeptide D/A delineated the X2 and the NTB domains. Based on amino acid 
sequence alignment, this cleavage site aligned well with cleavage sites previously 
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reported for other cheraviruses but differed in composition (it was a Q/G for isolates 
described in this study). The putative NTP binding protein (NTB) domains identified 
for viruses reported in this study had the size of 580 amino acids for the four isolates 
described here. They had a molecular weight of 66.5 kDa. Proteins containing the 
NTB domain have been previously shown to be transmembrane proteins associated 
with the endoplasmic reticulum (ER) -derived membranes that anchor the replication 
complex to the ER (Aiming Wang, Han, and Sanfaçon 2004). 

The putative NTB-VPg cleavage site predicted for isolates described in this study 
was the dipeptide Q/G (Table 4). This cleavage site was the same as ALSV and CuLV 
and aligned well with cleavage sites predicted for other cheraviruses using the 
complete RNA1-encoded polyprotein sequence alignment. The putative VPg domains 
of all isolates identified in this study had the size of 55 amino acids and six kDa 
molecular weight (Table V-5). No significant similarity was identified through blast 
searches. 

The VPg-Pro cleavage site was variable in location and composition among all 
cheraviruses involved in this analysis. However, this site could be putatively cleaved 
by the dipeptide D/T for isolates discovered in this study. The upstream region 
delineated by this cleavage site is the 3C-like cysteine protease responsible for the 
proteolytic processing of the RNA1 and RNA2 - encoded polyproteins. The conserved 
Histidine of the protease substrate-binding pocket for the novel viruses reported in 
this study and those of other viruses included in the analysis are shown in 
supplementary material 8.  

The size of the protease domains across herein described isolates varied between 
241 and 244 aa while their corresponding molecular weights were equivalent (27 kDa) 
(Table V-5).  

The protease and the polymerase domains could be cleaved at one of the two 
possible cleavage sites suggested in Table V-5. These two cleavage sites were not 
distant; they were located at just two amino acids. With sizes varying between 906 
and 916 amino acids for the six isolates, the polymerase was the most prominent 
protein of the RNA1-encoded polyprotein. The conserved “CG-GDD” motif between 
the protease and the polymerase domains that is characteristic of viruses in the family 
Secoviridae (used for phylogenetic classification) was quite “particular” for the 
viruses described in this study. They had an insertion of 36 additional amino acids, an 
uncommon feature compared to the sequences of all other included viruses 
(Supplementary material 9).  

Comparing the complete amino acid sequence of the polymerase domain for the 
new viruses reported in this study toward the blast database identified 54% identity 
with the stocky prune virus RNA1 polyprotein. However, looking closely at the 5’ 
extremity of the polymerase domain, Except for the cassava torrado-like virus, it 
seemed longer than expected (Supplementary material 10). This pattern is investigated 
on point IV.5. below. 

b. Proteins and cleavage sites inside the RNA2-encoded polyprotein 
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Within the RNA2-encoded polyprotein (P2), three putative cleavage sites 
delineating four putative domains could be identified (Figure V-7, Tables V-4 and V-
5).  

A first putative cleavage site GD/ML (Table V-4) delineating a putative movement 
protein (MP) in the N-terminal region of the RNA2-encoded polyprotein was 
predicted. This cleavage site was followed downstream by two additional putative 
cleavage sites, GD/GG and GD/SL, delineating three putative Coat protein subunits 
(CP1-CP2 and CP2-CP3). The sizes and molecular weights of movement protein 
domains for viruses reported in this study were variable, with the CGO-SK12 MP 
showing the largest size and molecular weight (455 aa and 51 kDa, respectively). 
Through NCBI, blast protein identified the similarity of these putative MP to the apple 
latent spherical virus (ALSV, NP_733989.1). However, the MP of the CGO-BC 
isolate showed a particularity. It had an insertion of 6 amino acids in its N terminal 
extremity (6 amino acids upstream of the cleavage site delineating the MP-CP1 
domains) (Supplementary material 11). These additional amino acids contained a 
KRK motif (highlighted in red) that could be similar to the potential nuclear or 
membrane localization signal (A. M. James et al. 2021).  

The three putative coat protein blocks identified within the RNA2-encoded cleavage 
site did not have the exact sizes and molecular weights. However, the CP2 had the 
largest size and molecular weight (245 aa and 27 kDa), while the CP1 had the smallest 
one (176 aa and 19 kDa) (Table V-5). 

Table V-6. Consensus cleavage sites of isolates from this study and those of previously-

described viruses from the genus Cheravirus 

 

RNA1-Polyprotein  

Sites This study ALSV CRLV CuLV AVB StPV 

X1-X2 VGD/GL 

NTKEGQ/

GP 

NCKVGE/G

P 

EGKRGE/

GP 

DRYVGE/A

G -  

X2-NTB GD/AI 

EALRGQ/

GL 

DDLRGQ/G

V 

DAKKGQ/

GI 

SSATGQ/G

P  - 

NTB-

VPg 

AVISGQ/G

D 

SSLSAQ/G

P 

SNLSGD/G

A 

SNLSGQ/G

P 

AFCAFK/G

E  - 

VPg-

Pro YGD/TQ 

IPLWGQ/G

P 

ADFFGE/G

P 

SDYEGQ/

GP 

ADFYGE/G

P  - 

Pro-Pol 

VLLDAQ/

AR SEKVGQ/

GP 

LSDKGQ/G

P 

GTLVGE/G

P 

TLQDIE/G

A GCSLPE/V

E 

  

YEVLLD/A

Q 

DFCAGE/V

A 

RNA2 Polyprotein 

Sites This study ALSV CRLV CuLV AVB StPV 

MP-

CP1 GD/ML 

NLLEGQ/G

P 

NLLEGQ/G

P 

NLLEGQ/G

P 

IAGVGE/G

P 

AGSVGD/

VT 

CP1-

CP2 GD/GG 

FYNIGQ/G

A 

VYNLGQ/G

Q 

FYNLGE/S

N 

SEYHGN/A

T -  

CP2-

CP3 GD/SL 

GPLVGE/G

S PILAAE/GP 

LSLEGQ/G

P 

GFSLGE/A

N  - 

 1 
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The comparison between the consensus cleavage site of viruses reported in this 
study and those of other cheraviruses previously described, it seemed that there is a 
strong preference for an aspartic acid (D) in the -1 position of viruses reported in this 
study (Table V-6). This preference is quite unusual but possible. 

V.4.6. A putative Maf/HAM1 motif is present within the C-terminal part of 
the polymerase domain 

The screening of the 5’ extremity of the polymerase domain against the  NCBI blast 
protein (BLASTp)  (Sayers et al. 2022), the Uniprot (Swiss-Prot and TrEMBL)  (The 
UniProt Consortium 2021), and the InterPro databases (Blum et al. 2021) revealed 
similarities with the ITPase superfamily of proteins ubiquitous in prokaryotic and 
eukaryotic organisms as illustrated in supplementary material 10. This sequence of 
232 amino acids could be putatively delineated in the N-terminal extremity by 
peptides similar to those described for upstream domains 
(FMSAD2288/GL)(Supplementary material 10). 

Investigations on the phylogenetic relatedness between these ITPase-like proteins 
identified within the RNA1-encoded polyprotein of viruses reported in this study with 
those of representative organisms from various kingdoms of life are shown in Figure 
V-9.   

Results showed that ITPase proteins of viruses reported in this study formed a clade 
phylogenetically adjacent to ITPases from the CsTLV and EuRSV, suggesting their 
possible phylogenetical relatedness. Furthermore, this clade seemed to derive from 
the clade formed by bacterial ITPases. 
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Figure V-10. Phylogenetic relationships of Maf/HAM1 motifs between viruses reported in 

this study (framed in blue) with those of representative members of different kingdoms of 

life (viruses are pointed in solid red circles). 

The alignment was generated using ClustalW integrated into MEGA X, and the Maximum 
likelihood phylogenetic tree was also reconstructed in Mega X using the LG+G model for 
amino acid sequence alignments. Detailed information on these sequences (complete names) 
is provided in supplementary material 12. 

The exact function of the viral ITPase has not been broadly characterized apart from 
investigations of (K. R. Tomlinson et al. 2019), who proposed that the presence of 
Ham1 proteins with highly conserved ITPase motifs for the U/CBSV served as a 
necrosis determinant in Nicotiana benthamiana and would serve highly selectable 
functions during infections of cassava. However, (Gall et al. 2013) categorized key 
residues/motifs that influence ITPase substrate specificity while investigating the 
biochemical model for human ITPase. They identified three essential, four 
intermediates and one dispensable amino acid residues. Active sites of an enzyme, 
determining its substrate specificity, are a critical element that can provide 
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information on its function. To investigate whether crucial residues from the human 
ITPase active sites could be conserved within ITPases from other organisms, 
including viruses reported in this study, we performed an amino acid alignment shown 
in supplementary material 13. Results from this alignment could be synthesized in 
Table V-7. 

Table V-7. Comparison of conserved amino acid residues in ITPases of representative 

members of various kingdoms of life (including viruses reported in this study) to 

essential amino acid residues that influence substrate specificity in human ITPase. 

 
Table cells are filled in green when the residue is conserved when referring to the human 
ITPase; otherwise, the orange fill is highlighted.  

Results suggested that from the three essential amino acids of the human ITPase 
suggested by (Gall et al. 2013), only two were conserved in viruses reported in this 
study (arginine and Tryptophan), while all intermediates and dispensable amino acids 
were not. For the CsTLV, the previously reported secovirid with the HAM1 motif, 2 
out of the three essential amino acids were conserved (glutamic acid and arginine) 
together with three intermediate amino acids (phenylalanine, aspartic acid and lysine). 
However, the three viral species from the Potyviridae family (EuRSV, CBSV and 
UCBSV) had all eight amino acid residues conserved. The Arginine residue was the 
only one to be conserved across all the taxa in the alignment. 

V.5. Discussions and conclusions 

This study reported the genome characterization of six novel viral isolates from 
field-grown cassava plants collected in the D.R. Congo and from mining publicly 
available RNAseq data. All the isolates belonged to the Secoviridae family and could 
potentially represent a novel Secoviridae species only distantly related to other 
cheravirus species. 

Thirteen contigs have been assembled, aggregated in two groups according to their 
sizes and corresponding to RNA1 and RNA2 segments. Analysis of the genome 
organization revealed a single open reading frame encoding a unique polyprotein of 
various sizes for each reconstructed genome. The 3’ extremities of all segments 
collected from field-grown plants have been determined by RACE. In contrast, only 
one contig from each RNA1 and RNA2 segment was included in the 5’ extremity 
determination. This suggested that RNA1 and RNA2 segments corresponding to one 

E. coli S. cerevisiae CsTLV EuRSV CBSV & UCBSV Viruses in this study

1 Glutamic acid (E_22) E E E E E D

2 Tryptophan (W_151) Y W F W W W

3 Arginine (R_178) R R R R R R

4 Phenylalanine (F_149) F F F F F Y (tyrosine)

5 Aspartic acid (D_152) D D D D D E

6 Lysine (K_152) K K K K K S

7 Serine (S_176) S S G (glycine) S S C (cysteine)

8 Histidine (H_177) H H L (leucine) H H A (alanine)

Essential amino acid 

residues in human ITPase

Correspondent amino acid residues in alignment with :
N°

                            Essentials

                           Intermediates

                          Dispensable
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isolate were fully reconstructed and served as the reference for further analyses. For 
the remaining genome segments, the comparison with the fully reconstructed 
suggested less than eight nucleotides were missing in the 5’ extremity of the RNA2 
segments, while less than 11 nucleotides were missing in the 5’ extremity of RNA1 
segments except for one isolate, which had 144 missing nucleotides. The genomic 
organization, the size, the number of ORF, and the number of genome segments were 
typical of viruses from the Cheravirus genus in the family Secoviridae. 

The replication of many positive-strand RNA viruses is associated with the 
endoplasmic reticulum (E.R.) membrane, where they induce the formation of a viral 
replication complex (VRC) to protect from RNA degradation by the host during the 
replication process (Sanfaçon 2013). The binding/anchoring of the VRC to the E.R. 
membranes has been reported to be mediated by two E.R.-targeting sequences within 
the NTP-binding protein (NTB) of the tomato ringspot Nepovirus (Aiming Wang, 
Han, and Sanfaçon 2004). The NTB protein identified for the viruses reported in this 
study could also play this role. Additionally, a second possible protein, the X2, located 
directly upstream of the NTB domain, has been proposed to act as the second 
membrane anchor for the VRC of the same reference virus (G. Zhang and Sanfaçon 
2006). This X2 protein was reported to have multiple E.R.-targeting domains, 
including two C-terminal transmembrane helices and a less well-defined amphipathic 
domain upstream. These characteristics previously described for the X2 protein could 
also be shared for viruses described in this study since results obtained from the 
computer-assisted prediction of transmembrane helices supported the existence of 2 
domains with higher hydrophobicity values equivalent to transmembrane helices, 
within their X2 protein.  

The type of amino acid present within the substrate-binding pocket of a viral 
protease determines the type of amino acid that can be recognized at the -1 position 
while cleaving the polyprotein. Consequently, this is the critical characteristic 
determining the specificity of the cleaving activity of the enzyme. For instance, the 
proteinases of subgroup A and B nepoviruses have a leucine in their substrate-binding 
pockets (Margis and Pinck 1992), and they cleave after lysine or arginine (for 
subgroup B) or after a cysteine, glycine or arginine (for subgroup A). However, all 
cheravirus proteases have histidine in their substrate binding pockets. This amino acid 
was identified in the substrate-binding pocket of viruses reported in this study. This 
would suggest that, like cheraviruses, viruses herein reported should recognize 
cleavage sites with glutamine (Q), glutamic acid or an aspartic acid (D) at the -1 
position (Asparagine is also possible, although less frequent). As expected, the D and 
the Q were identified within the RNA1 and RNA2-encoded polyproteins, with a 
preference for a D. However, typically, torradoviruses protease also has the H in their 
substrate binding pocket (the tomato torrado virus). Still, surprisingly, the previously-
reported CsTLV had glutamine instead of histidine in the protease substrate binding 
pocket, which could affect its specificity. The +1 position usually has a relatively 
small amino acid, but this position has some flexibility. So, the amino acids usually 
found in this position (for secovirids, potyvirids and picornaviruses) are glycine (G), 
serine (S), methionine (M), threonine (T) or alanine (A). Asparagine is also 
occasionally seen in this position. As expected, all these amino acids were present at 
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the specified position for viruses reported in this study and suggesting it is believable 
they are possible.   

The X1-X2 cleavage sites were predicted with reasonable confidence for all 
cheraviruses, including the one reported in this study. This suggested that, like 
nepoviruses, cheraviruses would have two protein domains in front of the NTB 
domain. Two alternative cleavage peptides were proposed for the pro-pol cleavage 
site for the viruses reported in this study, but neither had a G at the -2 position. An 
alanine or leucine in either cleavage site may be acceptable, but we are not sure which 
cleavage peptide is the correct one. Therefore, the putative cleavage site consensus 
for the viruses reported in this study would be (G, a) (D, Q) / (G, A, t, s, m). While 
comparing this cleavage consensus to what was observed for other cheraviruses, the 
strong preference for a G at -2 position is conserved for all cheraviruses, including the 
ones reported in this study. The strong preference for a D at -1 position for viruses 
reported in this study is somewhat unusual but possible. However, some cheraviruses 
also sometimes had an aspartic acid (D) at that cleavage site position (Table V-4). If 
considering findings from (Petrzik et al. 2016), who previously compared cleavage 
sites of three characterized cheraviruses, the putative cleavage site consensus for 
viruses in the cheravirus genus could be summarized as (G, a) (Q, E, D) / (G, s). Since 
the SDS-PAGE suggested the presence of three virus particles of sizes lesser than 30 
kDa, it is believable that alignment-based predictions of cleavage sites inside the 
RNA2-encoded polyprotein are also possible. This also makes it believable that the 
alignment-based predictions made for the RNA1-encoded polyprotein could be 
possible. However, only experiments would confirm if they are valid. 

We looked for a possible cleavage site delineating a putative HAM1 motif 
downstream of the polymerase. Still, it wasn't easy to know where it could precisely 
be located according to the consensus cleavage site described. The one we have 
proposed is possible but not common because it has an alanine instead of a glycine at 
the -2 position. This amino acid was only identified in the -2 position of the NTB-VPg 
cleavage site of the apple latent spherical virus (ALSV). Without more information, 
it is difficult to predict a correct peptide, although we could be right. However, the 
evidence seems to support the absence of a cleavage site between these two proteins 
since their connection would allow the HAM1 enzyme to directly dephosphorylate 
non-canonical nucleotides once integrated within the RNA by the polymerase (Lopez 
et al. 2022).       

Viruses reported in this study are the fifth virus species (and the second for the 
family Secoviridae) to encode an ITPase-like protein. The fact that these novel viruses 
are also found infecting a euphorbiaceous host reinforces one of the theories suggested 
by (A. M. James et al. 2021) that RNA viruses would require this protein to infect 
cassava plant because of an increased accumulation of cytosolic pools of ITP, which 
could result in a higher mutation frequency to the infecting viral genome. When 
increased mutation rates exceed a critical threshold within a viral population, they can 
cause a decrease in the specific infectivity and lead to its extinction (Cases-gonzález 
et al. 2008). Similar to the ITPase, a strategy to counteract deleterious mutations have 
been documented for replicases from the Flexiviridae and Closteroviridae families 
carrying an insertion from cellular origin: an AlkB domain that is active in repairing 



 Chapter 5 : The cassava-Congo cheravirus genome is characterized: a 

Maf/HAM1 motif is revealed and two domains (X1 and X2) are proposed  

upstream the NTB in the genus Cheravirus 

215 

methylation damage of nucleic acids by oxidative demethylation (Bratlie and Drabløs 
2005). This domain was hypothesized to be advantageous for the stability of viruses 
since many of them were reported to infect perennial and woody host plants (Giovanni 
P. Martelli et al. 2008). However, until now, the function of viral  ITPase has only 
been partially elucidated (K. R. Tomlinson et al. 2019), and the significance of its 
presence within genomes of only euphorbiaceous-infecting viruses is still under 
investigation (Lopez et al. 2022). However, the fact that the previously-reported 
ampeloviruses (Kwibuka et al. 2021) were identified in a single infection in cassava 
(only in certain situations) raise the question about which strategies they used to deal 
with high levels of cytoplasmic pools of ITP/XTP in cassava since they do not have a 
HAM1 gene: do they recruit plant HAM1 or instead do they RdRp less sensible? This 
aspect deserves more investigation for a better understanding.  

Only ITPase from Escherichia coli (RdGb) (Burgis, Brucker, and Cunningham 
2003; Ji et al. 2002; Bhatnagar, Bullions, and Bessman 1991), human (ITPA) (Gall et 
al. 2013; Lin et al. 2001) and yeast (HAM1) (Noskov et al. 1996) have been 
biochemically and structurally characterized. Results from the phylogenetic 
comparisons suggested that HAM1 proteins identified for viruses reported in this 
study could be evolutionarily related to those identified for the EuRSV and the 
CsTLV, while those from U/CBSV were distant. If the ITPases of the viruses reported 
in this study had the “house-cleaning” function similar to humans, at least the key 
residues associated with their active sites would be conserved. However, results 
suggested that only two of the three essential residues (tryptophan and arginine) 
described for the human ITPase were conserved for viruses reported in this study, 
while all intermediates and dispensable residues were not. (Gall et al. 2013) suggested 
an absolute requirement for arginine at position 178 of the substrate binding pocket, 
as observed for the ITPases of viruses from this study, for an ITPase ortholog to be 
active. This arginine has been shown to play a significant role in the recruitment of 
d(ITP) to the substrate binding pocket and to be a significant determinant of nucleotide 
discrimination between canonical and non-canonical (d)NTPs while the tryptophan, 
together with the arginine again, were shown to be the major determinants of non-
canonical purine selectivity in ITPase by allowing a tight packing of the nucleobase 
into the substrate specificity pocket (Gall et al. 2013). CBSV, UCBSV and EuRSV 
had all of the eight key amino acid residues from the human ITPase substrate-binding 
pocket conserved, suggesting it would be possible that they assume the same function. 
However, it is difficult to keep such hypothesis for viruses reported in this study since 
we don’t know if the conservation of only two key amino acid residues would be 
sufficient to maintain the “house-cleaning” function. As suggested by (A. M. James 
et al. 2021) and (Mbanzibwa, Tian, Mukasa, et al. 2009); the benefits for viruses 
infecting euphorbiaceous hosts to incorporate this HAM1 protein would be very 
important to elucidate.  

The phylogenetic investigation using the conserved “pro-pol” region and the coat 
protein strongly supported the relatedness of the viruses reported in this study to 
members of the Secoviridae family. However, pairwise comparisons for each of both 
regions and involving representative species from each Secoviridae genus suggested 
the “Pro-Pol” regions of viruses reported here were much closer to the secovirids 
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(from 30% identical to the nepovirus C and the sadwavirus to 46% identical to the 
cheravirus). In contrast, their CP appeared much distant (from 7% identical to the 
fabavirus to 12% identical to the waikavirus). Whatever the region included in the 
comparison, identity percentages were far less behind the ICTV cut-off. Additionally, 
recombination analyses (not shown in the study) could not detect putative re-
assortment events between RNA1 and RNA2 genome segments. The question at this 
level is whether described data support the demarcation of the viruses described here 
at the genus or simply at the species level. None of the five genus criteria proposed 
by the ICTV could be met for the viruses reported here except one:  “the number of 
protein domains and/or processing sites within the polyprotein (s)”. This means that 
as soon as an extra domain is identified within a novel genome, delineating a 
processing site is not mandatory. Therefore, the presence of the HAM1 domain in 
genomes of viruses reported in this study makes them satisfying to only one criterion 
out of the five at the genus level. This seemed insufficient to consider them as forming 
a distinct genus within the family. However, the ICTV was not clear while stating that 
“not all criteria may need to be met simultaneously” since they did not clarify “at least 
how many criteria would be required” or “which criteria are determinant” as it was 
clarified for the species level criteria. The ICTV-species criteria specify that “Not all 
criteria need to be met simultaneously. In some cases, sequence information alone can 
be a good indicator of a distinct species (i.e., when the percentage of sequence identity 
in both the Pro-Pol and CP(s) regions is well below the proposed cut-off)”. This 
information supports that as the identity rate for the “pro-pol” and the coat protein 
were largely below the cut-off, viruses reported here could form a novel species in the 
genus cheravirus even tough information about the antigenic reactions, host range and 
vector specificity could not be provided. However, these missing data are still 
mandatory to address the diversity of the various isolates since sequence information 
regarding the “Pro-Pol” region always felt above the ICTV cut-off while comparing 
different isolate groups (South-Kivu, Bas-Congo and Tanzania).  

The results presented in this study were generated from datasets collected in 
contexts that are spatially and temporally distinct but interestingly in harmony. On 
one side, there is an isolate detected and biologically characterized in samples 
collected in the Bas-Congo province in the Western part of the country during the 
period before the advent of the HTS technology. On the other side, we have five 
isolates detected and molecularly characterized in samples collected in the South-
Kivu province in the Eastern D.R. Congo during the HTS era. These two provinces 
are approximately 1700 kilometers distant and separated by a dense equatorial forest 
barrier that could not favor a natural spread. However, if it comes to be experimentally 
confirmed, the fact that these viruses are also spread in Tanzania could indicate a wide 
distribution likely favored by their latent symptomology.    

Historically, the Bas-Congo province has been among the leaders in D.R. Congo’s 
cassava production and has held a reference hub for the cassava research program in 
D.R. Congo (INERA Nvuazi) for years. Since 2002, CBSD-like symptoms of root 
necrosis have been reported on cassava plants in this province, whereas no etiological 
evidence could be obtained until now (Zeyimo et al. 2020). However, since one of the 
isolates described in this study originated from samples collected in this region, we 
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could not establish a possible association between this isolate and these root necrotic 
symptoms because data related to the below-ground observations are still awaited. 

Interestingly, This study highlighted how the initiative of establishing a publicly-
accessible RNASeq database could further valorize data collected for years and 
deepen the understanding of scientific findings related to plant health. The data mining 
of the SRA repository allowed us to identify that these novel cheraviruses reported in 
this study were already captured several years ago and co-infected with U/CBSVs and 
CMGs.  

 

V.6. Supplementary material 

Supplementary material 1. Primers used for Confirmatory RT-PCR, RACE and Sanger 

sequencing for HAM1 motif confirmation. 

 

Supplementary material 2. Accession numbers and abbreviations for selected 

Secoviridae members used to deduce cleavage sites and functional domains of 

the RNA1 and RNA2 encoded polyproteins (respectively P1 and P2) 

Targe

t 

genom

e 

segme

nt  

Segme

nt 

ends 

lab 

manipulation 

Primer 

Name 
Sequence 5'-3' 

Leng

th 

Anneali

ng T° 

Produ

ct 

RNA1 

3' end 

RACE 
5658F 

TGCGCTCCTTGCTGATGATGGC

CTCA 26nt 

  546F 

ATAAGGCGGCAGGGAAGGTGG

GTATT 26nt 

Confirmatory 

RT-PCR 

7539R3 

GCGGATGCGATTATTGACTTTC

A 23nt 
60,2 813bp 

8456F 

CTGATGGATTGTCTCAGGCCAT

TC 24nt 

5' End 

RACE 
2947R 

AGCCTCTCGATCAGCAGCCTCA

GTGT 26nt 

  4722R 

AGGCAATCACCTCGGGCTTGAG

CATC 26nt 

Confirmatory 

RT-PCR 

129F5 

TCTGCAAAGATCCTTTCCTCTGG

T 24nt 
61,7 454bp 

583R5 

CCGGCAGTAACATTAGCAGCAA

A 23nt 

RNA2 

3' end 

RACE 
815F 

GGGCCAAGGCTCACCAGTCAAA

TGCA 26nt 

  855F 

GACCATCGGTGGGAAGGTGACT

GGAGA 27nt 

Confirmatory 

RT-PCR 

2388F 

GCGGAGGAAGAGGGTATTGTTA

T 23nt 
60,9 396bp 

2784R 

CCAACCACATCCTATCATCCCA

T 23nt 

5' End 

RACE 
2176R 

GGAGCACGCCATTGGGAGTCCA

GTT 25nt 

  1680R 

TCTGATAGGCACTACCAGCATC

ACTTGA 28nt 

Confirmatory 

RT-PCR 

34F CTTCTGCTCTCTGCTCTTGATCA 23nt 
60,5 576bp 

610R 

GTATCCAGAAACCTCCCAGTGA

A 23nt 

HAM1 motif confirmation 
8456F 

CTGATGGATTGTCTCAGGCCAT

TC 24nt 
65,2 664bp 

9120R 

ATGCGGACTTGTTCTCCACAGT

GA 24nt 

 1 
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Species names  Genus Abbreviation 

Sequence accession numbers 

(GenBank) 

RNA1 RNA2 

Apple latent spherical virus Cheravirus ALSV  NC_003787.1 NC_003788.1 

Cherry rasp leaf virus Cheravirus CRLV NC_006271.1  NC_006272.1 

Currant latent virus Cheravirus CuLV NC_029038.1  NC_029036.1 

Arracacha virus B Cheravirus AVB NC_020898.1 NC_020897.1 

Stocky prune virus Cheravirus StPV NC_043388.1  NC_043387.1 

Cowpea mosaic virus Comovirus CPMV NC_003549.1  - 

Arabis mosaic virus Nepovirus ArMV NC_006057.1  - 

Tomato ringspot virus Nepovirus ToRSV  NC_003840.1  - 

Strawberry mottle virus Sadwavirus SMoV  NC_003445.1  - 

Cassava Torrado-like virus Torradovirus CsTMV  MF449522.1  - 

Black raspberry necrosis virus Sadwavirus BRNV FN908128 FN908129 

Chocolate lily virus A Sadwavirus CLVA NC_016443 NC_016444 

Dioscorea mosaic-associated virus Sadwavirus DMaV KU215538 KU215539 

 1 
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Supplementary material 3. Lengths, number of reads integrated, percent of total reads and 

average coverage for the Secoviridae contigs from the various analyzed pools of cassava 

samples. 
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Supplementary material 4. Phylogenetic analysis of the coat protein amino acid for the five 

isolates detected in cassava (strong green triangles and green frame) and of type isolates 

from recognized species in the family Secoviridae (detailed information on these viruses 

is provided in supplementary material 5). 

For each Secoviridae species, the amino acid sequence of the CP(s) was deduced from the 
nucleotide sequence of the corresponding genomic RNA from the type isolate. The alignment 
was generated using ClustalW integrated into MEGA X. The Maximum likelihood 
phylogenetic tree was also reconstructed in Mega X using the Poisson model with uniform 
distribution for amino acid sequence alignments. Bootstrap values are indicated at the main 
branch nodes (1000 replicates). The bar represents the number of amino acid substitutions per 
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site. The tree was rooted using the combined sequence of the three CPs from poliovirus (EVC, 
species Enterovirus C, genus Enterovirus, family Picornaviridae).   

Supplementary material 5. Complete names of selected Secoviridae members used for the 

phylogenetic study. 

Genus Species names 
Abbrevia

tion 

Accession numbers 

RNA1 (Pro-

pol) 

RNA2 

(CP) 

Cheraviru

s Arracacha virus B AVB 
JQ437415     

JQ581051 

Cheraviru

s 

Apple latent spherical 

virus ALSV   
AB030940 

AB03094

1 

Cheraviru

s Cherry rasp leaf virus CRLV 
AJ621357    

AJ621358 

Cheraviru

s Currant latent virus CuLV  
KT692952   

KT69295

3 

Cheraviru

s Stocky prune virus StPV 
DQ143874    

DQ14387

5 

Comoviru

s Bean pod mottle virus BPMV    
M62738 

U70866 

Comoviru

s Cowpea mosaic virus CPMV 
X00206      

X00729 

Comoviru

s 

Cowpea severe mosaic 

virus CPSMV  
M83830    

M83309 

Comoviru

s Radish mosaic virus RaMV   
AB295643  

- 

Comoviru

s Red clover mottle virus RCMV 
X64886      

M14913 

Comoviru

s squash mosaic virus SqMV    
AB054688 

AB05468

9 

Comoviru

s 

Broad bean true mosaic 

virus BBTMV GU810903 

GU81090

4 

Comoviru

s 

bean rugose mosaic 

virus BRMV - KP404603 

Comoviru

s 

Andean potato mottle 

virus APMV - L16239 

Fabavirus Broad bean wilt virus 1 BBWV1 
AB084450   

AB08445

1 

Fabavirus Broad bean wilt virus 2 BBWV2   AF225953 AF225954 

Fabavirus 

Cucurbit mild mosaic 

virus CuMMV   
EU881936 

EU88193

7 

Fabavirus Grapevine fabavirus GFabV 
KX241482 

KX24148

5 

Fabavirus Prunus virus F PrVF 
KX269865 

KX26987

1 

Fabavirus 

lamium mild mosaic 

virus LMMV 
KC595304 

KC59530

5 

Fabavirus Gentian mosaic virus GeMV  
AB084452   

AB08445

3 

Nepovirus Aeonium ringspot virus AeRSV   JX304792 JQ670669 
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Nepovirus Arabis mosaic virus ArMV   
AY303786  

AY01733

9 

Nepovirus 

Artichoke yellow 

ringspot virus AYRSV  
AM087671  

- 

Nepovirus 

blueberry latent 

spherical virus BLSV 
AB649296    

AB64929

7 

Nepovirus Beet ringspot virus BRSV  D00322     X04062 

Nepovirus 

blackcurrant reversion 

virus BRV 
AF368272     

AF020051 

Nepovirus cherry leaf roll virus CLRV  FR851461   FR851462 

Nepovirus 

cycas necrotic stunt 

virus CNSV 
AB073147    

AB07314

8 

Nepovirus 

Grapevine Bulgarian 

latent virus  GBLV  
FN691934   

FN691935 

Nepovirus 

Grapevine chrome 

mosaic virus GCMV  
X15346     

X15163 

Nepovirus Grapevine fanleaf virus GFLV D00915      X16907 

Nepovirus Melon mild mottle virus MMMoV   
AB518485 

AB51848

6 

Nepovirus 

Mulberry mosaic leaf 

roll-associated virus MMLRaV  
KC904083 

KC90408

4 

Nepovirus 

Peach rosette mosaic 

virus PRMV 
KY646466 

KJ572573 

Nepovirus 

Raspberry ringspot 

virus RpRSV   
AY303787 

AY30378

8 

Nepovirus tomato black ring virus TBRV    
AY157993 

AY15799

4 

Nepovirus Tomato ringspot virus ToRSV   L19655   D12477 

Nepovirus 

Potato black ringspot 

nepovirus PBRSV KC832887 

KC83289

2 

Nepovirus Potato virus B PVB KX656670 

KX65667

1 

Nepovirus 

Grapevine anatolian 

ringspot virus GARSV HE774604 

AY29120

7 

Nepovirus 

Artichoke Italian latent 

virus AILV LT608395 LT608396 

Nepovirus 

Soybean latent spherical 

virus SLSV KX424571 

KX42457

2 

Nepovirus 

Grapevine deformation 

virus GDefV 
HE613269 

AY29120

8 

Nepovirus Tobacco ringspot virus TRSV 
U50869   

AY36372

7 

Nepovirus 

Olive latent ringspot 

virus OLRSV - AJ277435 

Sadwaviru

s 

Black raspberry 

necrosis virus BRNV  
DQ344639   

DQ34464

0 

Sadwaviru

s Chocolate lily virus A CLVA    
JN052073 

JN052074 

Sadwaviru

s 

Dioscorea mosaic-

associated virus DMaV KU215538 

KU21553

9 

Sadwaviru

s satsuma dwarf virus SDV  
AB009958    

AB00995

9 
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Sadwaviru

s Strawberry mottle virus SMoV 
AJ311875    

AJ311876 

Sequivirus 

Carrot necrotic dieback 

virus CNDV   
EU980442 

EU98044

2 

Sequivirus 

Parsnip yellow fleck 

virus PYFV 
D14066      

D14066 

Torradovi

rus Carrot torradovirus 1 CaTV1    
KF533719 

KF533720 

Torradovi

rus 

Lettuce necrotic leaf 

curl virus LNLCV  
KC855266  

KC85526

7 

Torradovi

rus 

Motherwort yellow 

mottle virus MYMoV  
KM229700  

KM22970

1 

Torradovi

rus 

squash chlorotic leaf 

spot virus SCLSV   
KU052530 

KU05253

1 

Torradovi

rus Tomato marchitez virus ToMarV 
EF681764  

EF681765 

Torradovi

rus tomato torrado virus ToTV  
DQ388879   

DQ38888

0 

Unassigne

d 

Strawberry latent 

ringspot virus SLRSV   
AY860978 

AY86097

9 

Waikaviru

s 

bellflower vein 

chlorosis virus BVCV   
KT238881  

KT23888

1 

Waikaviru

s 

maize chlorotic dwarf 

virus MCDV  
U67839     

U67839 

Waikaviru

s 

Rice tungro spherical 

virus RTSV    
M95497  

M95497 

Enteroviru

s Enterovirus C EVC NP_041277 
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Supplementary material 6. Phylogenetic trees reconstructed using (A) the amino acid 

sequences of the “Pro-Pol” region, (B) the amino acid sequences of the entire P1 

polyprotein, (C) the complete/nearly nucleotide sequence of the RNA1 segment (D) the 

amino acid sequences of the coat protein block,  (E) the amino acid sequences of the 

entire P2 polyprotein and (F) the nearly/complete nucleotide sequence of the RNA2 

segment for the new Secoviridae members described in this study. 

The alignment was generated using ClustalW integrated into MEGA X using the Poisson 
model for amino acids and the GTR+GI model for nucleotide sequences. The neighbour-
joining method was used for phylogenetic reconstruction in Mega X. Bootstrap values are 
indicated at the main branch nodes (1000 replicates). The bar represents the number of amino 
acid substitutions per site.  

 

 
Supplementary material 7. Multiple amino acid sequence alignment of the region between 

the X1 and the X2 domains shows putative cleavage sites delineating the X1 and X2 



 Chapter 5 : The cassava-Congo cheravirus genome is characterized: a 

Maf/HAM1 motif is revealed and two domains (X1 and X2) are proposed  

upstream the NTB in the genus Cheravirus 

225 

domains (highlighted in yellow for viruses identified in this study and red for other 

cheraviruses previously characterized). 

 

 
Supplementary material 8. Multiple amino acid sequence alignment of the protease domain 

localises the conserved Histidine of the substrate binding pocket region and the protease 

catalytic Cysteine. 

 

 
Supplementary material 9. Multiple amino acid sequence alignment of the conserved “CG-

GDD” motif shows the insertion of 36 amino acids (highlighted in red) upstream of the 

“GDD” motif in the polymerase domain. 
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Supplementary material 10: Multiple amino acid sequence alignment of the 5’ extremity of 

the polymerase domain of viruses reported in this study, together with the arracacha virus 

A. The figure shows a putative cleavage site that could delineate a putative domain 

downstream of the polymerase. 

 

 
Supplementary material 11. Multiple amino acid sequence alignment of the RNA2-

encoded polyproteins showing the insertion of 6 amino acids at the N-terminal extremity 

of the MP domain in the polyprotein of the P_Winter isolate. The alignment was trimmed 

to show the location of the insertion. 
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Supplementary material 12: Complete names and accession numbers for representative 

members of various kingdoms of life used for phylogenetic study of the HAM1 motifs 

 

 

Kingdoms Complete names and abbreviations (when available) of organisms Accession number 

Viruses 

Euphorbia ringspot virus (EuRSV-PV-0902) YP_009305422 

Cassava brown streak virus- isolate Nampula (CBSV-Nampula) AYW01246 

Cassava brown streak virus-isolate Tan_Z (CBSV-Tan_Z) ACT78701 

Cassava brown streak virus-isolate Ug65 (CBSV-Ug65) QGW67508 

Cassava brown streak virus-isolate CGCC-2017 (CBSV-CGCC-2017) QCR98745 

Ugandan cassava brown streak virus-isolate kikombe (UCBSV-Kikombe) ARQ80023 

Ugandan cassava brown streak virus-isolate MLB3 (UCBSV-MLB3) ACM48176 

Ugandan cassava brown streak virus-isolate Ug_23 (UCBSV-Ug_23) CBA18486 

Ugandan cassava brown streak virus-isolate Ke_125 (UCBSV-Ke_125) ASG92173 

Cassava Torrado-like virus-Isolate Yop12 (CsTLV- Yop12) OK040225 

Bacteria 

Escherichia coli 1K7K_A 

Pseudomonas WP_011064019 

Burkholderia multivorans KHS13049 

Azoarchus olearius CAL96580 

Rhizobium leguminosarum bv. Viciae 3841 CAK05869 

Fungi 

Saccharomyces cerevisiae CAA89597 

Aspergillus fumigatus Af293 XP_754075 

Neurospora crassa OR74A XP_955963 

Plantae 

Arabidopsis thaliana NP_567410 

Oryza sativa japonica group XP_015613001 

Manihot esculenta XP_021594792 

Jatropha curcas XP_012077670.1 

Hevea brasiliensis XP_021644689.1 

Animalia 

Caenorhabditis elegans AAL14111 

Acyrthosiphon pisum NP_001233079 

Drosophila ananassae EDV32196 

Culex quinquefasciatus XP_038111262 

Tribolium castaneum XP_974197 

Xenopus laevis AAI10772 

Danio rerio NP_001093456 

Mus musculus EDL28288 

Homo sapiens AAK21848 

  Tetrahymena thermophila SB210 XP_977249 
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Supplementary material 13: Multiple amino acid sequence alignment showing conserved 

sites of ITPases from representative members of various kingdoms of life. The alignment 

was built using Mview (Brown, Leroy, and Sander 1998) 
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VI. General discussions and conclusion 

After approximately 100 years of research on CBSD since its first report in Tanzania 
and large-scale interventions, the disease still represents one of Africa’s major threats 
to food security. For decades, it has been confined into Eastern Africa but actually, a 
westward outbreak is putting the major cassava producing regions at high risk of 
spread, raising concerns over food security of people. Although the lack of resistant 
varieties has weakened the efficiency of the management strategies implemented so 
far, it is acknowledged that the epidemiology of this disease still needs further 
investigations to be fully elucidated.  

Through time, investigations on the epidemiology of plant diseases have established 
rigorous approaches to study and to monitor the development and spread of diseases. 
. These approaches have evolved depending on circumstances and scientific 
knowledge evaluation. This has been exemplified for seed-borne diseases early in the 
1900’s whereby plant pathogens have been demonstrated to be transmitted through 
seeds, triggering the recognition of the role that seed systems plays in the 
epidemiology of diseases (Elmer 2001). 

However, practices regarding seed selection, conservation, and importantly seed 
exchange in Africa are at the heart of traditional agricultural systems for millions of 
African farmers, and they are shaped by social and cultural values and perceptions, as 
previously demonstrated (van Niekerk and Wynberg 2017). We used this fact to 
clarify the important role that humans play in the dispersal of plant propagative 
material, and consequently in influencing the epidemiology of seed-borne diseases by 
inadvertently or deliberately dispersing infected seeds.  

According to this, we first proposed a multidisciplinary approach as having the 
potential of studying problems related to the epidemiology of seed-borne/cutting-
borne diseases in African context, more specifically in South Kivu of Democratic 
Republic of Congo, characterized by a pattern of social and ecological complexity. 
Additionally, we proposed a sampling approach capable of feeding the HTS detection 
technologies with high-quality and representative samples for accurately investigating 
the diversity of viruses infecting the cassava crop. 

a) A multidisciplinary approach to capture the complexity of the CBSD 
epidemiology 

We have proposed that analyzing the CBSD epidemiology in African contexts 
through interdisciplinary lens  could allow capturing determinant factors necessary to 
efficiently support the decision making for disease mitigation in the cassava seed 
system. 

The used framework has mobilized various disciplines related to sociology, 
ecology, geography, cropping systems and practices etc. It relies on various steps, 
each one including various aspects that required specific methods and strategies of 
collecting and analyzing data. Globally, the conception of this framework was made 
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to promote the flexibility of the boundaries between various disciplines, allowing 
them to be mixed and matched and facilitating their combination. 

The approach allowed describing the epidemiology pattern of CBSD in the studied 
area and it went beyond by associating these epidemiological trends to parameters 
from associated disciplines. It therefore provided results that can be aggregated into 
three main points, namely: (i) epidemiology, (ii) clusters, and (iii) risk analysis. 

i. Epidemiology. The viruses associated with CBSD were confirmed to be both 
CBSV and UCBSV as previously elucidated by (Casinga et al. 2021). We found that 
the molecular incidence of the CBSD associated viruses in the studied area was 31%, 
corresponding to 13% of UCBSV alone, 11% of CBSV alone and 7% of mixed 
CBSV-UCBSV infections.  

The study from (Casinga et al. 2021) is the only study, before ours, that has proposed 
a two-years monitoring of the CBSD status in the Eastern D.R. Congo, including the 
area of this study (Uvira territory). Overall, it showed that in in 2016, only the UCBSV 
could be detected at incidence rate of 10.6% . In 2018, both CBSV and UCBSV were 
detected at incidence rate of 14% using other detection protocol (primers from 
(Rudolph R Shirima et al. 2017) instead of (W. A. Monger, Seal, Cotton, et al. 2001)). 
The work that this team have conducted was important in that they allowed 
establishing a general picture on the status of the CBSD spread in Eastern D.R. Congo, 
a wide region where little was known, until then, on the epidemiology of this disease. 
However, the approach used in that study were less informative for decision-makers 
to initiate locally-tailored interventions for mitigating the disease spread. 
Additionally, the study was less clear about how collected samples were selected for 
molecular detection, stating for example that in Uvira territory (the area of this study), 
only one field was positive out of the 9 CBSD-affected in 2016, whereas 4 fields out 
of 8 affected were positive in 2018. Whatever the situation, reporting on the 
epidemiology of a viral disease in an area of 3,146 km2 by testing only 9 fields is a 
large extrapolation.  

On this aspect, the approach that we used in our study, consisting in “intensively” 
surveying the Uvira territory on 246 fields  rather than conducting an “extensive” 
approach on a wide region with few samples had the potential to provide accurate and 
representative results. In addition, our survey strategy covered most locations where 
cassava crop is cultivated rather than following motorable roads only as done 
previously (Casinga et al. 2021). It allowed unraveling that the incidence rate of the 
CBSD was more than the double of that reported by the previous studies, but 
importantly it revealed also a local spatial pattern in its epidemiology. 
ii. Clusters: The second advantage of the approach used in this study consisted 
in identifying the factors related to crop management practices (farming systems, type 
of land tenure, presence of weeds), and notably to the pathways used to obtain cassava 
cuttings as influencing the epidemiology pattern of the CBSD in the surveyed area. 
Apart from this factor, the other ones were proposed for the first time by (Agrios 2005) 
under the term “human factors”, as an additional component of the disease triangle. 
However, before that, several evidences from elsewhere have already shown that 
cropping practices had the potential of influencing the incidences and severities of 
viral diseases (Thresh 1982; 1991). Nevertheless, in Africa, the situation has been 
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shown to be particularly complex because of: (i) the high diversity of crops grown, 
(ii) the wide range of agroecological zones utilized, and (iii) the utilization of both 
traditional cropping practices together with modern, and at a certain level, industrial 
techniques (Thresh 1991).  

This complexity puzzles the assessment of disease epidemiology and their effective 
control since measures shown to be suitable for some groups of farmers and their 
cropping systems could be inappropriate for others (Thresh and Fargette 2001).  

A previous study that has surveyed the epidemiology of the CMD in the Eastern 
D.R. Congo has reported the distribution of this disease following agro-ecological 
stratification and assigned the Uvira territory as a high pressure zone of virus diseases 
(E. B. Bisimwa 2012). Additionally, that study was the first to highlight the complex 
nature of the CMD pathosystem, driven by the specificities of each region and has 
called for an adapted and integrated approach for controlling the disease. Our study 
shows that this ecological effect has also the potential of driving the epidemiology of 
the CBSD in the context of the Uvira territory. We showed that the resulting 
stratification of disease pressure for CBSD uncovered the existence of a low-pressure 
disease zone that could be privileged for seed multiplication activities.  

(Agrios 2005) has conceptualized the human factors as consisting into cropping 
practices used by farmers. This perception have been criticized  by some authors who 
argued that domesticated plants had already their identity intimately intertwined with 
husbandry, making humans already implicitly represented in the disease triangle 
configuration (Francl 2001). However, in our study, the concept “ human factors” has  
been used in reference to the  socio-cultural, socio-economic, geographical and socio-
ecological factors that characterize human activities.  

iii. Risk analysis: The notion of risk in the management of viral plant diseases is 
very important because of the lack of curative measures (Tatineni and Hein 2023). In 
this way, risk-reducing measures that are specific to local contexts are very important 
to identify. The ultimate advantage of the approach adopted in this study rely in its 
relative capacity of regrouping the various determinants involved in the study, to 
identify the prominent ones that are putatively associated with the outcome of CBSVs 
infection in the study area and to use them in the frame of the diseases management.  

Some of the identified factors were already reported elsewhere as key in the 
management of various diseases and are mainly related to farmer’s knowledge and 
awareness: knowledge of cassava pests and diseases, knowledge of management 
practices, assistance and support from extension services and the adoption of 
management strategies. Additionally to those factors already reported elsewhere, the 
approach allowed revealing some context-specific factors putatively acting as drivers 
of the CBSVs epidemiology. These factors are related to geographical location 
(proximity to towns, proximity to borders, and distance travelled to acquire cuttings), 
as well as the pathways used to acquire cuttings. 

Overall, the fact that the approach proposed in this study has been capable to recall 
some drivers already proposed as relevant in the management of the CBSD elsewhere, 
together with drivers specific to the surveyed area, further demonstrated its potential 
in the frame of the contextualization of the CBSD epidemic survey.   
b) The approach sounds great ! but there are challenges and the way is still 

relatively long for the approach to be validated 
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Although our approach was interesting for generating new knowledge and insights, 
a number of challenges and limitations are still present: 

• The first challenge is related to the complexity of the approach as the 
assessment with multiple features from different categories generated too much 
factors that could not be easily interpreted . The consequences of this fact precludes 
that the results presented will need additional experiments and investigations to be 
fully elucidated and validated. For instance, we showed that cutting pathways would 
be determinant in predicting the outcome of CBSVs infections. However, we could 
not measure the additive effect resulting from the fact that multiple cutting sources 
are used at the same time by farmers. Additionally, it appeared also that the 
motivations that supports the decision for selecting pathways for acquiring cuttings, 
not surveyed, would help explaining the diversity or variability of cutting sourcing 
practices 
• Another challenge comes from the fact that, basically, the multidisciplinary 

approach requires the constitution of a team involving specialists from each of the 
disciplines covered by the research. It also uses a set of methods and techniques of 
data collection and analysis that are specific for each discipline but definitely 
“combine or integrate” the various results obtained into a whole. (Wilson 1998) 
referred this to what he called the “concilience”  defined as “linking facts and theories 
across disciplines by using science methods to create a common groundwork of 
explanation”.  

Due to various reasons, principally the limited resources and time, the various study 
aspects could not be sufficiently investigated because the team in charge of the study 
was not sufficiently diversified. Consequently, the data collection and analysis could 
have been improved. For instance, the risk computation suggested that a number of 
parameters could be associated to the outcome of CBSVs infection. However, for most 
of them, we could not clearly demonstrate that these associations were truly causative, 
neutral or simply spurious. Therefore, we strongly call for social experiments to 
validate/verify the conclusions drawn at this point.  

Two particular cases support this observation: first we showed that farmers 
had to travel more than 10 Km for accessing less risky cuttings. However, it 
could have been more informative if these various destinations would also have 
been elucidated and mapped so that interactions among various actors, the 
movement of transactions as well as their flux could have been better 
characterized. Network analyzes would be useful for this step as shown 
elsewhere (Garrett et al. 2018; Andersen et al. 2019; Buddenhagen et al. 2017). 
Additionally, in the perspective of establishing a sustainable seed system of 
cassava, cuttings multiplication activities should be economically viable and 
attractive for business. However the state of the demand and offer of cuttings in 
the area, together with the attractiveness level of this sector of activities would 
be very important to investigate following economical and profitability 
assessment approaches. 

 
Definitely, as in this study we have tested this approach in a pilot area, the 

important question that deserve now be discussed consists in clarifying “how this 
approach can be transposed to other regions that differ in socio-cultural 
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dimensions” ?. In the previous lines we have discussed how important the 
knowledge of the area to be studied is for the approach to be successful. So, the 
key aspect that deserve to be focused on when it comes to adapt this framework to 
other regions is related to a good description and understanding of the local socio-
economic and ecologic dynamics. This include the use of methodological 
strategies that allows a close collaboration with key local actors and experts, 
observations and literature reviews. This is the main focus of the first and the 
second steps mentioned in the framework (the initiation and the methodology 
definition stages) 
c) A CBSD epidemiology feature in the studied area: field diagnosis and 

molecular detection suggests disparate results. Stop privileging symptoms 
during field assessment of CBSD 

Generally, it is known that plant disease diagnosis using symptoms has strong 
limitations due to the lack of specificity. For instance, the possibility for disease 
symptoms to be confused with plant reaction to various environmental stress, the 
possibility for one pathogen to trigger various symptom types on the same host or 
alternatively, the possibility for various pathogens to triggers symptoms of the same 
characteristics on hosts, the problem related to the length of the incubation phase 
(between the infection and the apparition of symptoms), tolerant plants etc. 

All these cases have been well documented for plant viruses, and it has been 
especially shown that the CBSD had some of these features. In fact, from its very first 
description, the disease was reported to be characterized by the variability of 
symptoms according to cassava varieties, plant age, environmental factors and types 
of virus species infecting the cassava representative of the disease triangle. Managing 
plant diseases that have such kinds of pattern require detecting the presence of the 
causal agent, and therefore discriminating infecting plants from healthy ones. In that 
way, virus detection is a cornerstone step in the plant virus management. 

The context that has been established in the first chapter of this thesis is important 
because it depict the magnitude of the problem posed in the diagnosis of CBSD and 
the detection of its associated viruses. The issue is related to the fact that we are 
dealing with a pathogen that spreads through planting material within an environment 
characterized by important variability of agro-ecological conditions and a complexity 
of socio-cultural and socio-economic conditions. These factors complicate the 
epidemiology. 

At this step, the question that deserves to be asked is why the CBSD symptoms 
diagnosis on field continues to be emphasized, sometimes too much as shown in D.R. 
Congo, in the epidemiology assessment ? It is true that at a certain level, information 
collected using the symptoms diagnosis are important to serve as a proxy of the 
presence of a disease. This is only relevant when we are sure that the pathogen 
assessed is the only biotic or abiotic stress of the crop causing these symptoms. 
Meanwhile, when it comes for field assessment of crops for which certainty on the 
exclusive presence of a pathogen is unknown, caution is required for interpreting the 
resulting data. This is exemplified by the situation that happened in Zanzibar in 1994 
where surveys concluded that the CBSD was absent from the island (J. P. Legg and 
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Raya 1998) although it has been observed there in the 1950s, and subsequently found 
prevalent in 1998 when the island was surveyed again (Thresh and Mbwana 1998).  

We have shown that the phytosanitary standards that have been in force for a 
longtime in D.R. Congo for the management of CMD have privileged symptoms 
diagnosis, in part due to their much more specificity. It was not fair to do the same for 
the CBSD diagnostic considering the issues related to the lack of analytical specificity 
(inclusivity and exclusivity) during symptoms diagnosis. currenty, the symptoms 
diagnosis of the CBSD via artificial intelligence-assisted imagery methods are 
emerging. These methods can facilitate the diagnosis  because even not – or less 
trained people cans easily run the test. In such a way,  these methods could reduce the 
human-induced bias and could have the potential of improving the symptoms 
diagnosis once their algorithms will be sufficiently trained on the recognition of the 
various symptoms morphologies of the CBSD. However this could happen only if 
progress are made in the epidemiological characterization of this disease to accurately 
differentiate which symptoms are related to CBSD and which one are not. 
Additionally and definitely, these methods will still including the bias due to the delay 
in symptoms appearance on cassava plants. Their application for CBSD diagnosis for 
farmers, seed multipliers or sellers could be much appreciated. However for seed 
certification or research purposes (SENASEM, INRA, IITA etc.) this approach should 
be done with precaution by always combining it with a molecular detection unit or 
HTS. 

Among the detection methods that have been extensively used for CBSVs, and now 
it stills, figures the molecular methods including the RT-PCR and qRT-PCR due to 
their highest analytical sensitivity. However, their efficiency is highly dependent on 
the inclusivity and exclusivity of the primers used, both criteria determined by the 
representativity of viral sequences included in their design.  

For years, especially during the first interventions for mitigating the spread of the 
CBSD after its re-emergence (between 2000’s and 2010’s), 95 complete and partial 
genome sequences of CBSVs, corresponding to 86 CBSV and 9 UCBSV, were 
available. Most probably, these sequences were not sufficiently representative to 
allow designing inclusive primers at that time. However, since then, much more 
researches on the CBSD have allowed to sequence much more genomes (complete or 
partial) of the U/CBSV, to reach approximately 640 sequences with 373 orf CBSV 
and 267 of UCBSV from diverse locations where the CBSD is endemic. However, 
even with this consistent number of sequences that basically could now allow 
designing more inclusive primers, the detection of U/CBSVs is still challenging as 
elucidated in the first manuscript of the thesis (Table V-1), and by other studies 
elsewhere. 

In fact, field diagnosis has identified symptoms in 116 of the 246 surveyed fields, 
whereas the RT-PCR has confirmed the U/CBSV in only 76 fields of the 246, 
including fields in which no symptoms was identified during field assessments. Here 
again we showed the additional importance to have identified CBSD patterns through 
clusters because the magnitude of the gap between results from the field symptoms 
diagnosis and the molecular diagnosis  are not the same across clusters. In fact, as 
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shown within the Table V-1, in the cluster 1 the molecular and symptoms incidences 
have closer rates (26 and 25 % respectively), whereas in clusters 2 and 3 these 
parameters become more distant (29 and 42 % in cluster 2; 38 and 74 % in cluster 3). 
Such results confirmed the observations made a decade before  (G. Rwegasira and 
Rey 2012) showing that symptoms-based diagnosis for CBSV infections was 
unreliable as some symptomatic plants were free from CBSVs and other symptomless 
plants were CBSVs-infected.   

In any case, at this stage, the increased number of symptomatic plants that could not 
be confirmed by molecular indexing was pivotal to investigate. We have discussed 
the various possibilities that could explain such situation including the non-specificity 
of CBSD symptoms, the type of samples used (leaf rather than roots), the non-
inclusiveness of primers used (i.e. the existence of divergent strains at primer binding 
sites), and the existence of other viral complexes.  

Even if it was evident that using leave samples rather than samples from roots could 
somehow induce some false negative due to possible recovery of some infected plants, 
we did not envisaged this in the explanation of the magnitude of the problem since 
other studies that reported similar discrepancies have used root samples for molecular 
detection. Despite the primers used were designed using various representative 
sequences of both CBSV and UCBSV, still we retained the possibility for unknown 
strains and/or viral complexes to occur. 

Globally, more than 10 years after the demonstration of the Koch postulate for the 
CBSD, the link between the presence of causing viruses and the characteristic 
symptoms of the disease they cause remain vague despite remarkable technological 
progress.   

d) High throughput sequencing, data mining of publicly available 
RNAseq data, and bioinformatics as tools for investigating the diversity 
of viruses infecting cassava crop. 

Since the emergence and the revolution of high throughput sequencing technologies, 
a decade from now, special interest was dedicated on their use to allow investigating 
the shadows hanging over the diversity of viruses infecting the cassava crop and their 
presence in symptomatic and healthy samples. The HTS technologies have been 
already used for the cassava crop and have allowed very important achievements 
ranging from the reconstruction of the first full genome of cassava (Prochnik et al. 
2012), the genome sequencing of a number of viruses infecting cassava as well as the 
study of their evolutionary pattern (Ndunguru et al. 2015; Titus Alicai et al. 2016b; 
Manani et al. 2017; Amisse et al. 2019). However, before the research conducted 
through this thesis, there was no study that have reported a previously unknown viral 
species infecting the cassava plant by the HTS technologies.  

For this thesis, the decision of using the HTS to address the problems described 
above has delivered 6 major results:  

1. The reconstruction of nearly full genomes of CBSV and UCBSV occurring in 
the study area: the reconstructed genomes were 98% and 99% identical respectively 
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to CBSV genomes (MZ486428.1) and UCBSV genomes (MZ486425.1) already 
sequenced in 2017 and 2021 in the same area. We additionally took advantage of 
mapping the primers used for the molecular screening against these reconstructed 
genomes and no primers mismatches could be noticed. However, some cassava plants 
that were negatively indexed during the molecular test were shown to have viral reads 
related to one or both viruses and subsequently re-confirmed using additional RT-
PCR. Therefore, the possibility for a distinct strain of CBSV or UCBSV occurring in 
the area was definitely dropped out. At this stage, it was important to understand the 
origin of the false negative detection initially obtained. The possible explanation of 
this situation can be related to a period during which the virus copy number is lower 
enough to show symptom or to be detected by RT-PCR and/or is unevenly distributed 
in the plant, the virus being absent of the sampled tissue while progressing in the plant. 
This possible “cryptic phase” would consequently lead to the absence of detection and 
the absence of symptoms and would therefore allow infected plants to escape both 
from visual symptoms diagnosis and from molecular detection. This situation has also 
been mentioned elsewhere (Winter, 2022. Personal communication) and (R.R. 
Shirima et al. 2022; G. Rwegasira and Rey 2012). The existence of a putative cryptic 
phase can seriously hamper the distribution of disease-free planting material as 
cuttings can be collected from a plant that have been tested negative, disseminated to 
farmers but later become diseased. A special care should be dedicated on investigated 
this hypothesis because such CBSD patterns could make it complicated the mitigation 
of this disease within cassava seed systems. If it comes to be demonstrated, the 
application of a more powerful detection method such as the HTS for indexing cassava 
plants before cuttings are collected and distributed to farmers would be necessary.  

2. Importantly, we can validate the hypothesis drawn on the occurrence of 
previously unknown viral species infecting cassava crop including: 

i. Several isolates representing two species of ampeloviruses, called 
MEaAV-1 and MEaV-2, from the family closteroviridae 

ii. Several isolates of the cassava-Congo cheravirus, from the family 
Secoviridae: 

3. A geographical distribution that goes beyond that of the CBSVs, but globally 
remains not fully elucidated. Even though these new viral species were associated 
with known viruses of cassava, two patterns can be observed at this level: the 
ampeloviruses have been detected in the region spanning from the Eastern part of the 
D.R. Congo, via Rwanda and Tanzania, until the Madagascar island in the Indian 
Ocean where both CMD and CBSD are present. Whereas the CaCoc has been detected 
in the region spanning between the western part of the D.R. Congo (where only the 
CMD and the CRND are spread) via the eastern part of the D.R. Congo and Tanzania 
where again CMD and CBSD are known to occur.  

We therefore have two zones that overlaps in the eastern part of the D.R. Congo but 
the geographical spread of these news viruses is not known with certainty. 
Additionally, it is impossible at this level to know if these novel viruses were 
previously presents in each of these area  but were unnoticed, or if they rather have 
spread there as a result of recent introductions (from which place and from which 
host?). Testing herbarium samples collected from these areas could allow shedding 
light on this question as done for other viruses (A. Fox et al. 2022).  
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4. These novel agents (MEaV-1 and CaCoc) were already present in sequencing 
data generated from sample collected in Tanzania and Malawi in 2015: As already 
discussed elsewhere, the HTS generate a large amount of information, of which only 
a small proportion is known/exploited, leaving a significant amount of information as 
a “dark matter”. Among other causes, there is the fact that researchers were focused 
on the plant and its transcriptome without analyzing virus presence, but also the 
difficulty for non-virologists to screen sequencing reads for viruses that have not yet 
been characterized. Currently, the sequencing costs are becoming more affordable, 
making the HTS technology being used by more and more studies across the world 
and generating an exponentially growing quantity of data that can be freely accessed. 

The homology to the database of known viruses through different version of BLAST 
(BLASTn, BLASTx, tBLASTx) has been the mostly used procedure to identify the 
sequences of viral origin from the de novo contigs. The limit of this procedure lies in 
the fact that the sequences of an unknown virus (not listed in the database, with 
different or distant features) might be missed from the large batch of information and 
homologies obtained from the numerous contigs. Actually, advances in the computing 
knowledge has brought out novelty both in the deep understanding of the taxonomy 
of viruses as well as in the prediction of the genomic features from viral origin in 
RNAseq data. Novel methods that use machine learning approaches (VirFinder, etc.), 
and better, deep learning convolutional neural network approaches (DeepVirFinder, 
VirHunter) are becoming widely used and more performant to detect novel  and very 
divergent viruses in assemblies of RNAseq data. Additionally, the previous 
experience gained from the pandemic of the SARS-CoV-2 virus have triggered in the 
scientific community the need for characterizing the planetary diversity of viruses in 
the purpose of establishing a preparedness for mitigating future pandemics. In that 
way, platforms like Serratus (https://serratus.io/) (Edgar et al. 2022) (Edgar et al., 
2022), RVMT (www.riboviria.org) (Neri et al. 2022) and ViroidDB 
(www.viroids.org) or Galaxy (https://usegalaxy.eu/) are becoming essential in that 
they offers facilities for freely accessing and/or analyzing DNA and RNAseq data 
from millions of biologically diverse samples across the world. 

We took advantage of these modern tools to reanalyze RNAseq data generated from 
the cassava crop using the palmprint-barcode from the RdRps of the ampeloviruses 
and the cheraviruses identified for the first time in this study. This allowed to broaden 
the geographical spread of these viruses since we reconstructed their nearly full 
genomes from the data generated in 2015 in Tanzania as highlighted. 

5. Taxonomy evolution and genomic similarities : 
a. The revisitation of the known genomic organization of viruses from the genus 

cheravirus in the family Secoviridae : the prediction of cleavage sites within the 
RNA1-encoded polyprotein of viruses reported here have allowed to show a feature 
that existed within polyproteins of other known cheraviruses but that was not 
investigated until then. As experimental evidences are still awaited, the alignment-
based evidence predicted with good confidence the existence of a cleavage site 
upstream of the NTB, a feature shared with nepovirus and sadwavirus that delineate 
the X1 and X2 proteins. 

b. A putative first link between viruses infecting cassava in America and Africa, 
at the family level, and that share a common genomic pattern that seems to be specific 

https://serratus.io/
http://www.riboviria.org/
http://www.viroids.org/
https://usegalaxy.eu/
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for viruses infecting cassava , including the CBSVs. Until recently, it was known that 
none of the viruses infecting cassava in Africa were known to infect it in its 
geographical origin (America), and therefore the question of their origin was of 
concern for the scientific community. Additionally, there has been these other 
information related to the infection mechanisms and virulence of the CBSVs that took 
too much time to be elucidated: the pathogenicity, replication and movement as well 
as the resistance behavior (Sheat and Winter 2022).  

The CaCoc is the first Secoviridae that infects cassava in Africa. However, other 
Secoviridae have been reported to infect this crop in America including the Cassava 
torrado-like virus and the cassava American latent virus from the torradovirus and the 
nepovirus genus (Leiva et al. 2022b).  

Especially, the CaCoc has shown a close similarity with the CsTLV in that they both 
encoded a Maf/HAM1 protein, only recently characterized for its roles in the infection 
mechanism as well as a virulence determinant in the disease causation. Before the 
CsTLV, no virus infecting cassava in the Latin America was known to have such 
HAM1 motif, that was thought to be restricted to the CBSVs that occur only in Africa. 
So, as now a virus from the natural origin of cassava has also this motif, perhaps it 
could open up new research avenues regarding the origin of viruses infecting cassava 
in Africa. 

6. The biological characteristics of these viruses are still unclear and 
consequently their biological risk is not known:  

a. For the ampelovirus: we have discussed the challenge resulting from the fact 
that in some contexts, symptoms could be observed on some plants, but not on others 
(subsequently disappeared, or only absent). Two additional challenges going in that 
way are due to the fact that these ampeloviruses were sometimes found co-infected 
with CBSVs or CMVs, and most of the times they were accompanied with defective 
molecules for which the role in the infection process is unknown. With such patterns 
and lack of biological information, it is impossible to determine the significance of 
the biological risk they really pose. 

b. For the cassava-Congo cheravirus: we have reported that symptoms were of 
milder severity but these observations are from only one isolate and on only one 
cassava variety. There is no additional information. 

Additionally, these new viruses are spread in areas where CMD and CBSD are 
endemic and as illustrated for some cases in this study, mixed infections can occur. 
Indeed, co-infection between MEaV-1 and both CBSV and UCBSV, MEaV-2 and 
EACMV, and the CaCoc with both EACMV, CBSV and UCBSV have been 
described. The impact of the occurrence of these virus mixtures on symptomatology 
deserves to be investigated carefully so that putative effects resulting from their 
interactions could be elucidated.  Also, the few observations that have been made 
regarding the symptoms, deals with the aerial part of the plant, mainly leaves. Nothing 
is known about the effects in the below-ground part where the most economically 
important effect need to be characterized.  

e) Conclusion and future prospects  

In the last 25 years, CBSD has become a major cause of food insecurity across East 
Africa and a part of Central Africa. This disease continues to pose a growing threat 
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since it is moving westward and could affect the world’s largest cassava production 
basin in West Africa. This growing threat reflects the limits of previous interventions 
for mitigating the disease spread, limits than can be due to various causes including (-
but not restricted to): (i) the disease investigation approaches that did not delivered 
key information on “how context-specific interventions” should be implemented to 
take into account the “complexity” of the African context; (ii) the use of 
epidemiological information based on the diagnosis of misleading symptoms that 
have created confusion during field assessment of the disease (Zeyimo et al. 2020; J. 
P. Legg and Raya 1998; Thresh and Mbwana 1998; Thresh and Fargette 2001).  

Considering this situation, this thesis has investigated the epidemiology of the 
CBSD following an integrated and multidisciplinary approach and has underlined its 
potential benefits in providing locally-adapted solutions for mitigating its spread. 
However further studies are required to fine-tuning the framework proposed and 
validating it for its routine application. Such studies are important to undertake and 
require close collaboration of plant pathologists with agronomists, socioeconomics, 
plant breeders, psychologist etc. so that accurate information could be captured and 
analyzed to allow decision makers design interventions strategies that are efficient in 
developing stable and resilient seed systems. 

The multidisciplinary approach involving not only plant virologists, but also other 
specialists as proposed above, has already shown its merits in studying other important 
African diseases including cocoa swollen shoot, maize streak and groundnut rosette 
(Naidu et al. 1998; Rose 1978; Thresh 1988), but for restricted periods of studies. 
However, there are challenges in assembling and sustaining multidisciplinary teams 
as they require substantial commitment of funds over a prolonged period in order to 
overcome complexities of field experimentation and surveys as well as  the need for 
studies in different agroecological areas and in contrasting seasons to take into account 
climatic variations and other variables (Thresh and Fargette 2001). 

National programs seldom in D.R. Congo, and by far in many of the African 
countries, does not have resources required to undertake such studies because of a 
limited support of research programs by national and international institutions. So, 
most of programs directed on the mitigation of diseases have been limited, of sporadic 
duration as they were mostly funded by outside donors and have involved 
international agricultural research centers.  

In such context, with some few exceptions, the main emphasis in plant virology has 
been on diagnosis (virus characterization and etiology) and on supporting the 
resistance breeding projects (biochemical and biotechnological aspects). It is easier 
for African scientists to collaborate with those in Europe and North America on these 
topics than on field-based studies. A major change of attitude is required if progress 
is to be made in solving the cassava disease problems that are becoming complex for 
mitigation in seed system of this crop.  

Results obtained in this study in relation with the CBSD suggest there could be a 
risk that inadequate information on the prevalence and distribution of this disease 
exists as in most cases, this disease has been longtime assessed by privileging 
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symptoms that are less specific and misleading, despite the demonstrated Koch 
postulate several years ago. Additionally, as now novel viral complexes are shown to 
occur in cassava and for the most in association with CMBVs and CBSVs, we cannot 
exclude the possibility for them to interfere with the infection process, virulence 
determinants, transmission aptitudes, and definitely the symptomatology of the 
viruses already known to infect cassava. This is further supported by the fact that most 
of these functions have been very recently predicted to involve the HAM1 protein of 
the CBSVs for which a homolog has been just identified to be encoded within the 
genome of the CaCoc reported herein.  

As now the virome of cassava is better described, it is becoming important to 
investigate the complex interactions between the novel agents reported here with the 
already known viruses, their associated vectors (whiteflies for CMGs and CBSVs as 
experimentally validated. Mealybugs and various homopters for the ne ampeloviruses 
and nematodes for the new cheravirus are prime candidates but these hypotheses need  
experimental confirmation) the cassava cultivars and environmental conditions need 
to be investigated. Also, the influence of these interactions on the severity and spread 
of CBSD should be evaluated. 

Pending the determination of their biological characteristics for risk evaluation, it is 
important to already include the newly discovered viruses within regular pest 
surveillance activities to track their spread and periodic changes. Institutions in charge 
of surveillance of regulated pests need also to be alerted so that already, decisions 
might be envisaged to restrict their spread through seeds. Criteria to be investigated 
for a proper biological characterization and risk evaluation have been proposed 
(Massart et al. 2017). Interestingly, only some key steps of this process can be 
privileged (Fontdevila et al., submitted) when it comes to work into resource-limited 
contexts or remote areas such as some African countries. For instance, data gaps that 
would deserve to be filled for the viruses discovered in this study are related to the 
transmission mode, symptom causality, host range, severity, incidence and an 
elaborated geographic distribution. This information could be generated through 
greenhouse assays and field surveys requiring significant resources. 

Very little is known about the viral populations from cassava plant in other 
ecosystems in D.R. Congo, within other agriculturally important crops, as well as 
within wild hosts plants. It is important to envisage investigating them since they can 
potentially serve as important sources of viral inoculum and give raise to unpredicted 
emergence of viral diseases. This could shed light on viral evolution and the 
contribution of these various wild hosts to the global pathosystem of cassava. It may 
also help to identify potential unknown viral diseases, against which pre-emptive 
control could be taken in anticipation of emerging diseases (Newbery, Qi, and Fitt 
2016). These various approaches that are actually accessible and used in this study, 
starting to the use the HTS technology and various advanced bioinformatic tools 
would facilitate these investigations.  

The outcome of virus infection into plants does not necessarily results in symptoms 
or yield loss. In a long or midterm, the fitness of a virus population can impact the 
survival of the host plant and putatively trigger its degeneration (Gibson and Kreuze 
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2015). This is critical in the context of sustaining the cassava seed system against the 
damage of viral diseases since the crop is vegetatively-propagated. We would gain 
more in adopting an ecological perspective when it comes to investigate the diversity 
of viruses or when it’s about assessing the viruses’ impact or risks. The ecological 
perspective privilege an assessment in term of fitness in a mid or long term. This could 
help understanding the real biological impact that the growing diversity of cassava 
viruses could have. This avenue has not already been explored. 

The COVID pandemic illustrated that international cooperation is essential to 
achieve effective surveillance and interventions that are fit for purpose in diverse 
geographic locations. We have shown in this study that through collaboration with 
other scientific researchers, the spread of the novel viruses reported in this study has 
been broadened. The merits of this lies in the fact that a rapid idea on the spread of 
these novel agents will allow an early planning for  their surveillance as well as deeper 
investigations on their biological significance  

There is a great need for improving or updating the D.R. Congo’s seed certification 
standards not only to make it more efficient in accurately diagnosing the CBSD, but 
also to improve its fields inspections activities in the studied zone. This study is one 
of the multitude examples that demonstrate the importance of adopting the HTS 
technology for virus testing in seed systems. The adoption of this technology in 
Africa, specifically for addressing the complicated epidemiology of the CBSD or to 
ensure clean starting material before first field multiplications could be an important 
asset in sustaining a clean cassava seed system. However, considering some 
characteristics of this technology (price, reagents, maintenance, IT equipment and 
technical skills), an important question to address consists in its operationalization for 
seed testing in the African context. However, definitely, initiatives needs be 
undertaken by local stakeholders (universities or research centers in D.R. Congo) to 
adopt these facilities considering the various opportunities offered by some 
sequencing platforms and the advantages offered by various cloud computing 
facilities for bioinformatic analyzes. The experience  

In conclusion, considering the various results obtained from this study, the following 

summary of recommendations can be suggested for an efficient management of the 

CBSD and for raising the preparedness of the cassava seed system for future 

pandemics:  

• Promotion of exclusion strategies through improved communication and 

sensibilization of stakeholders involved in the seed production, certification and 

quarantine : the main actors involved in the regulation of the seed sector needs to 

be informed on the challenges and the need to upgrade and strengthen the seed 

production and certification standards to make them efficient in the diagnosis of 

viruses and to facilitate the accessibility of farmers to certified and clean planting 

material. Raising awareness of quarantine and agricultural inspectors on the 

importance of a strict implementation of quarantine and certification measures to 

avoid the movement of infected material. 
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• Improved strategy for surveillance of viruses actually known as infecting cassava 

within the entire seed production system: from the establishment of novel 

varieties, through their various stages of multiplication, until the deployment in 

various regions for their use by farmers; the seed system grows in scale. And in 

the same way, the risk for virus build-up in planting material increases (not at the 

same extent but according to the CBSD prevalence in each of the areas). A trade-

off in the testing strategies to be used at each step must be considered in term of 

technology and sampling strategies :  

o In term of technology: at the G1 level, the HTS could be more indicated. 

From G1 to G4, PCR, LAMP or ELISA could be suitable. Improved 

methods of symptoms recognition could be used at G4 and by farmers. 

o In term of sampling strategy: It could be important to consider the 

importance of an ecological approach that extended investigations on 

other crops and ecosystems around the cassava crop.  

• Preparation of an efficient strategy to deploy and distribute CBSD-resistant 

varieties that should be available very soon : special care must be dedicated to this 

deployment to avoid the repetition of the previous mistakes where CMD resistant 

varieties deployment played a role in the dissemination of CBSVs. As actually we 

have additional viruses that seemed to trigger less noticeable symptoms, the risk 

of geographical expansion mediated by the deployment of those new CBSD-

resistant varieties could be very high. The following aspects should be considered 

in the definition of their deployment by taking into consideration : 

o The level of CBSD pressure in each of the deployment areas : the 

approach developed in this study could be useful in accurately assessing 

the epidemiology of the CBSD and defining the disease pressure level. In 

the zones with no disease or low disease pressure (and with low risk of 

diseases dissemination), variety diversity should be a priority, and 

traditional varieties should be also included. These zones should be also 

privileged as central sites for the production of cuttings. In the zones of 

low disease pressure but with high risk of disease dissemination, variety 

diversity could be also considered but in this way, active monitoring and  

phytosanitation will be required, together with the deployment of resistant 

varieties. In the zones with high disease pressure, the focus should be 

dedicated on inoculum reduction by privileging the use of resistant 

varieties but afterwards considering reintroducing progressively other 

varieties when the disease has been significantly reduced. 

o The level of virus diversity in each zone 

o The strategic geographical location of various zones  (on the borders, 

etc) 

• Adapted strategies for controlling plant material movements and facilitating the 

delivery of clean seeds to farmers: because the main identified limits in cassava 

seed system was not only related to the availability of improved planting material 

but also in term of their accessibility and use by farmers, identifying best 

strategies to boost the use of high-quality planting material by farmers would be 



 Chapter 6 : General Discussion and Conclusions 

245 

key in establishing resilient seed systems. In such a way some of the key actors 

such as local seed multipliers or traders who has the advantage of accessing 

remote areas could be suitable to involve within the strategy to be promoted. 

Definitely, some actions that can introduce immediate changes for the benefit of 

farmers in this context of CBSD burden would be focused on measures that allows 

reducing the infection and propagation risks. Measures such as (i) avoidance of 

infections through cultural practices such as the removal of green bridges (weeds or 

other crops that can serve as alternate hosts), (ii) eradication of infections through the 

use of cuttings from healthy plants, elimination (rouging and incineration) of infected 

plants so that they cannot be used as source of cuttings the next season. These 

measures will be strongly supported by the application of efficient detection methods 

as proposed above, and the multiplication of healthy cuttings.  

For that purpose , the nurseries where seed multiplication activities take place need 
to be strengthened and promoted to make them not only efficient in mitigating the 
spread of viruses, but also economically viable and attractive for people to get 
interested in. Apart from targeting zones of low disease pressure for installing these 
nurseries, investigations should be conducted to identify which cost-effective methods 
of boosting the natural immunity of cassava plants against viral diseases, or cost-
effective methods of boosting plant growth or stem branching could contribute to 
raising the efficiency of the seed multiplication activities as well as its economical 
attractiveness. 
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