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Abstract

In recent years there have been important advances in epidemiology, as in other aspects 

of plant virology. Those concerned with the collection and mathematical analysis of 

data, modeling, and the impact of molecular studies of viruses, hosts, and vectors are 

particularly notable. Consequently, the terms quantitative ecology and molecular epi-

demiology are now widely accepted. Recent achievements using these approaches in 

plant virus epidemiology in sub-Saharan Africa are considered here.

Compared to biological assays and serological techniques, molecular typing of 

the pathogens generally facilitates a more detailed and comprehensive analysis of the 

structure of pathogen populations. A more precise identifi cation of virus strains and 

a more reliable assessment of their prevalence and geographical distribution within 

cultivated and/or alternative hosts became possible. Comparisons of genome sequences 

through phylogenetic studies and systematic searches for recombination events make 

it possible to assess the relationships between strains, and to formulate hypotheses on 

their origin and evolution. This has been achieved recently with several major African 

viruses including banana streak, cassava mosaic, maize streak, rice yellow mottle, 

sugarcane mosaic, tomato leaf curl, and yam mosaic. 

Such information is critical in order to understand, assess, and predict the spatial 

and temporal spread of the diseases they cause. It is useful also in implementing and 

enforcing phytosanitation measures introduced to avoid disseminating potentially 

dangerous strains within and between continents.

A comprehensive knowledge of virus genetic diversity is necessary also to elucidate 

plant–pathogen interactions. In practice, it is useful to evaluate sources of resistance 

derived originally against one or a few local strains against a more comprehensive 

range of isolates, bearing in mind that many of the major African viruses occur widely 

in the continent and there is a strong geographical basis to their diversity. Molecular 
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studies also help to identify the pathogenic determinants of the viruses being studied. 

Complementarily, there have been recent advances in the characterization of host resis-

tance genes. Such information on plant–pathogen interactions will also be useful in 

breeding programs, especially when gene-for-gene interactions occur or are suspected, 

and to assess the possible risks of resistance breakdown when plants are challenged 

by virulent strains. It is realistic to predict that over the next few years molecular data 

will continue to accumulate at an ever increasing rate––providing epidemiologically 

relevant information on each member of the “ecological trinity”.

Mathematical analysis of fi eld data and modelling studies have already been 

applied successfully with several tropical viruses to test epidemiological scenarios 

and control strategies. For example, the impact of different eradication schemes to 

control Cacao swollen shoot virus has been simulated, and the long-term impact of 

resistance components in strategies for controlling cassava mosaic viruses has been 

tested. However, mathematical analysis of data is still grossly underutilized in tropical 

virus epidemiology in Africa compared to other continents. It is likely that several 

pertinent and long-standing epidemiological questions could be resolved by utilizing 

such approaches (e.g., the “equilibrium concept”, cycles of infection–reinfection, 

mutual virus/host adaptation). Modelling studies will also be necessary in adopting 

the holistic, ecological approach to elucidating the complex interactions involving “the 

epidemiological triangle” of host, pathogen, and environment.

A possible objective of the PVSSA 2001 conference will be to identify such 

unresolved epidemiological problems, and to investigate, in the light of the ecological 

information available, the directions to take in molecular and quantitative ecological 

programs, to provide solutions, and to determine which information can reasonably be 

expected in the immediate future.

Résumé

Ces dernières années, d’énormes progrès ont été réalisés dans le domaine épidémiologique 

et dans d’autres domaines de la virologie végétale, les plus remarquables étant ceux 

relatifs à la collecte et l’analyse mathématique des données, la modélisation et l’impact 

des études moléculaires des virus, de leurs hôtes et vecteurs. Aussi, les termes « écologie 

quantitative » et « épidémiologie moléculaire » sont-ils devenus d’usage très courant. 

Les réalisations enregistrées récemment en matière d’épidémiologie des virus végétaux, 

en Afrique subsaharienne, à partir de ces approches sont ici abordées. 

Comparé aux essais biologiques et aux techniques sérologiques, le typage moléculaire 

des pathogènes facilite généralement une analyse plus complète de la structure des 

populations de pathogènes. Aussi, est-il désormais possible d’obtenir une identifi cation 
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plus précise des souches virales et une évaluation plus fi able de leur prévalence et de 

leur répartition géographique sur les plantes cultivées ou les hôtes de remplacement. 

Des comparaisons de séquences génomiques au moyen d’études phylogénétiques et des 

quêtes méthodiques de recombinaisons permettent d’apprécier les relations entre les 

souches, et de mettre des hypothèses quant à leur origine et évolution. Cette voie fut 

récemment adoptée pour l’étude de plusieurs principaux virus africains dont la striure 

du bananier, la mosaïque du manioc, la striure du maïs, la marbrure jaune du riz, la 

mosaïque de la canne à sucre, l’enroulement de la feuille de tomate et la mosaïque 

de l’igname. Cette information est essentielle pour comprendre, évaluer et prédire la 

répartition spatio-temporelle des maladies dont ils sont les agents causaux. Dans la 

mise en application des mesures phytosanitaires introduites, il convient également 

d’éviter la diffusion de souches potentiellement dangereuses aussi bien à l’intérieur 

des continents qu’entre eux. 

Une connaissance approfondie de la diversité génétique des virus est requise afi n 

d’élucider les relations plante-pathogène. En pratique, il est utile d’évaluer les sources de 

résistance originairement obtenues pour une ou quelques souches locales, par rapport à 

un éventail plus complet d’isolats, tout en sachant que bon nombre des principaux virus 

africains se sont répandus sur le continent et que leur diversité géographique est bien 

établie. En outre, les études moléculaires aident également à reconnaître les déterminants 

pathogéniques des virus étudiés. Des avancées complémentaires ont été récemment 

enregistrées quant à la caractérisation des gènes qui régissent la résistance chez l’hôte. 

Ces renseignements sur les interactions plante-pathogène seront aussi utiles pour les 

programmes de sélection, surtout en présence réelle ou soupçonnée d’interactions 

gène-pour-gène, et pour évaluer les risques possibles de rupture de résistance lorsque 

les plantes sont soumises à des souches virulentes. On peut à juste titre prédire que 

les données moléculaires continueront de s’accumuler à un rythme de plus en plus 

élevé au cours des prochaines années. Ainsi, de pertinentes informations à caractère 

épidémiologique seront obtenues sur chaque membre de la ‘trinité écologique’.

L’analyse mathématique des données collectées au champ et les études de 

modélisation impliquant plusieurs virus tropicaux ont été déjà appliquées avec succès 

dans des tests d’options épidémiologiques et des stratégies antivirales. Par exemple, 

l’impact de divers plans conçus pour éradiquer le CSSV a été simulé et celui à long 

terme des composantes de la résistance dans les méthodes de lutte contre les virus de 

la mosaïque a été testé. Toutefois, en Afrique, l’analyse mathématique des données 

demeure un outil très peu utilisé dans l’épidémiologie des virus tropicaux, par rapport 

aux autres continents. Il est probable que bon nombre de questions épidémiologiques 

pertinentes trouvent enfi n des solutions grâce à ces approches (ex : “concept d’équilibre”, 
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cycles infection-réinfection, adaptation mutuelle virus/hôte). Des études de modélisation 

seront également requises si l’on adopte une démarche holistique et écologique dans 

le but d’élucider les interactions complexes inhérentes au ‘triangle épidémiologique’ 

hôte–pathogène-environnement.

Un objectif possible de la conférence PVSSA-2001 consisterait à identifi er ces 

problèmes épidémiologiques non encore résolus, et à déterminer, à la lumière des 

informations écologiques disponibles, les orientations à prendre dans le cadre des 

programmes moléculaires et d’écologie quantitative à mettre en place pour trouver des 

solutions et se fi xer sur les informations qu’on est à même d’espérer dans un proche 

avenir. 

Introduction

Viruses were fi rst distinguished as a separate group of plant pathogens in 1898 in early 

studies on the aetiology of tobacco mosaic disease in the Netherlands (Bos 2000). 

Much of the subsequent research in the early decades of the 20th century in Africa 

and elsewhere was by plant pathologists or entomologists involved in transmission 

studies with aphids, leafhoppers, whitefl ies, or thrips as virus vectors. Virus research 

has since become more specialized and wide-ranging. Some researchers have put the 

main emphasis on aetiology and virus characterization. Others are primarily concerned 

with resistance breeding, vector ecology, or mechanisms of transmission. Moreover, 

epidemiology has become a separate subdiscipline which requires inputs from several 

diverse specialists. It is defi ned as the study of disease in host populations and is the 

subject of this review. Basic epidemiological concepts and some of the most important 

areas of study are discussed, with particular reference to virus diseases of African crops. 

One of the main aims is to show the value of a holistic ecological approach and the role 

of epidemiology in developing and evaluating control measures.

Modes of spread

Viruses must have one or more effective means of spread from infected to uninfected 

plants if they are to persist in host populations and not be at risk of extinction (Thresh 

1985). This is an important aspect of the “epidemiological competence” of all pathogens 

(Crosse 1967) and one which has received considerable attention in studying plant 

viruses in the tropics as elsewhere.

The principal means of dissemination are shown in Figure 1 in which a distinction 

is made between virus spread above-(top) and belowground (bottom) and also between 

autonomous spread (left) and by means of man or vectors (right). However, it is important 

to appreciate that the diagram illustrates all the known means of dispersal and no single 
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Table 1. Representative viruses of African crops and their means of spread.

Contact-borne  Tobacco mosaic virus
Fungus-borne  Peanut clump virus (S)
Aphid-borne (N-P)  Sugarcane mosaic virus (V)
  Bean common mosaic virus
Aphid-borne (P)  Groundnut rosette viruses
Leafhopper-borne  Maize streak virus
Whitefl y-borne  Cassava mosaic viruses (V)
  Okra leaf curl virus
Thrips-borne  Groundnut bud necrosis virus
  Tomato spotted wilt virus
Mealybug-borne  Cacao swollen shoot virus
  Banana streak virus
Beetle-borne  Rice yellow mottle virus
  Cowpea mottle virus (S)

Also disseminated in seed (S) or vegetative propagules (V)
N-P = Nonpersistent. P = Persistent.

Figure 1. Diagramatic representation of the principal means of plant virus spread 
above-(top) and belowground (bottom) and autonomously (left) or by means of vectors 
(right).  
               =  Local spread;                        = Local and distant spread.



66 

Plant virology in sub-Saharan Africa

virus exploits each of the different routes. This is apparent from Table 1, which lists 
the means of spread of some of the most important viruses of African crops. It will be 
seen that only some of these viruses are seedborne (S), or disseminated in vegetative 
propagules (V). Others have fungal or insect vectors and there is marked specifi city in 
that each virus is transmitted by only one or more species of a single taxonomic group 
of vectors. For example, aphid-borne viruses are not transmitted by other types of insect 
or by mites, nematodes, or fungi.

Notable omissions from the viruses listed in Table 1 are any that are transmitted by 
free-living, ectoparasitic nematodes or by eriophyid mites. Longidorid or Trichodorid 
nematodes are known to transmit many viruses of temperate crops, and closely related 
nematode species occur widely in the tropics. Moreover, mites are known to transmit 
at least one virus in tropical regions of Asia (Pigeon pea sterility mosaic virus). This 
suggests that nematode-borne and mite-borne viruses may also occur in Africa and await 
discovery. There are certainly many tropical viruses that spread naturally into or within 
crops, but for which no vector has yet been determined (Brunt et al. 1990).

In considering the effectiveness of the different means of dissemination, it is 
important to distinguish between virus spread over short distances from foci of infec-
tion within crops and that occurring over greater distances into or between crops. In 
ecological terms, local spread within crops is effective in enabling viruses to exploit 
habitats already colonized, whereas distant spread is more hazardous and diffi cult to 
achieve, but of crucial importance in leading to the colonization of entirely new habitats 
(Vanderplank 1963; Thresh 1974b). It is notable that each of the different means of 
dissemination can lead to local spread, but only some can achieve effective coloniza-
tion over longer distances (Table 2). This emphasizes the importance of active winged 
vectors that can fl y or be blown far and also of virus dissemination in infected seed or 
vegetative propagules that can be transported over long distances between regions, or 
even continents, by natural means or by human activity.

Insect vectors have very diverse life cycles and characteristics, although a crucial 

Table 2. The effectiveness of the different means of dispersal locally and over greater 
distances.

Method Local Distant

Contact +  –  
Seed transmission +  +
Pollen transmission* +  +
Active vectors +  +
Less active vectors +  –
Vegetative propagation +  +

* Transmission by pollen to the plant pollinated has been demonstrated with several viruses of 
temperate crops but not with any of tropical crops.
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feature of all species is that they are active at one or more stages of their life cycle 
(Thresh 1974b; 1985). For example, the fi rst-instar nymphal stages of mealybug vectors 
are small and well-adapted to dispersal by wind, whereas the later stages and wingless 
female adults are relatively immobile and make little contribution to distant spread. 
Although adult male mealybugs have wings, they do not have functional mouthparts 
and so cannot transmit viruses. With other types of insect vector including leafhoppers, 
planthoppers, thrips, whitefl ies, beetles, and aphids, at least some of the adults are 
winged and they can travel far to reach new habitats, especially when blown by wind 
currents. This emphasizes the important role played by insect polymorphism and the 

ability of many species to produce particularly active stages that are well adapted to 

dispersal and to colonizing new habitats (Thresh 1974b; Table 3).

From this brief discussion, it is apparent that a knowledge of the means of spread 

is of crucial importance in studying any virus and in attempts to develop effective 

methods of control. For example, there are obvious benefi ts to be gained from select-

ing and using only virus-free propagules to minimize the losses caused by seedborne 

viruses and those of vegetatively propagated crops. It is also important to know which 

viruses are transmitted by soil-inhabiting fungi so that infested sites can be avoided and 

appropriate crop rotations or virus-resistant varieties can be adopted to decrease the 

risk of infection. Moreover, identifi cation of an arthropod vector and of the mechanism 

of transmission can lead to effective control by pesticides, or by more benign means 

such as mineral oils, intercropping, and the use of natural enemies, barrier crops, or 

other cultural practices.

Epidemiological cycles and cycles of infection

When healthy plants of a susceptible variety are exposed to virus inoculum, the virus 

may or may not become established in the plants and replicate. If infection does occur, 

and the virus multiplies and becomes systemic, the host plant becomes infectious and can 

act as a source of inoculum from which further spread may occur. Moreover, symptoms 

may or may not develop at the original site of inoculation and/or in subsequent plant 

growth. The time between inoculation and fi rst symptom expression is usually termed 

Table 3. Arthropod vectors having forms of contrasting mobility.

Group “Colonizers” “Exploiters”

Mites and mealybugs Wind-borne (–) Sedentary (–)
Whitefl ies and beetles Active forms (W) Less active (W)
Leafhoppers Long-fl iers (W) Short-fl iers (W)
Planthoppers Macropterae (W) Brachypterae (±W)
Aphids Alatae (W) Apterae (–W)
  
W = Winged forms ±W = Rudimentary wings.
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the latent period and that between inoculation and the plant becoming infectious is the 

incubation period.

The duration of the incubation period (IP) is important epidemiologically because 

it infl uences the potential number of infection cycles (N) that can occur during the life 

span of the host (Time: T). The maximum hypothetical number is T/IP, but in reality N 

is likely to be considerably less because inoculum may not be present from the outset 

and plants usually become resistant to infection as they age and approach maturity. 

This so-called “mature plant resistance” is known to be an important feature of many 

crops including Solanum potato (Beemster 1957) and cassava (Fargette et al. 1994). 

Moreover, vectors may not occur or they are not abundant throughout the duration of 

the crop and their activity may be curtailed during periods of unfavorable weather. Thus, 

spread may be restricted to brief “windows of opportunity” when vectors are present 

and active while plants are at a susceptible stage of growth (Thresh 1983).

The concept of infection cycles is simplistic, as both IP and T are infl uenced by 

temperature and other factors that infl uence crop growth and virus multiplication. 

Nevertheless, it is useful in indicating the potential for rapid spread, as reported in the 

literature on viruses of cowpea, groundnut, maize, rice, and many other herbaceous 

annual crops that are grown from seed. Incubation periods are short (days), especially 

during the early, most active phase of crop growth, and repeated cycles of infection are 

possible. Cassava is propagated vegetatively and with cassava mosaic geminiviruses the 

incubation period is longer (weeks) and the number of infection cycles is restricted by 

the onset of mature plant resistance. Viruses of tree crops such as cocoa and citrus have 

even longer incubation periods (months), vegetative growth is sporadic, and the virus is 

slow to become systemic throughout the canopy of branches. Consequently, repeated 

cycles of infection are possible only because of the longevity of the crop.

Such differences in epidemiological behavior can be considered in ecological and 

evolutionary terms and related to the type, continuity, and stability of the habitats that 

crops provide for viruses (Vanderplank 1949a; Thresh 1980a). Those infecting short-

lived herbaceous annuals are unlikely to become prevalent and are prone to extinction 

unless they have the ecological competence to invade and multiply rapidly whenever 

and wherever suitable habitats occur. They must also have effective means of survival 

between growing seasons, especially in environments where crop growth is restricted 

by long periods of drought, cold, or other constraints. For example, Bean common 

mosaic virus is seedborne, Peanut clump virus persists in the long-lived resting spores 

of a soil-inhabiting fungus vector (Polymyxa graminis), and Maize dwarf mosaic virus 

infects Sorghum halepense and other perennial weeds that occur commonly in or near 

maize fi elds. Viruses of long-lived perennials are not subject to such limitations. Indeed, 
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extreme host vulnerability that permits repeated, short cycles of infection would be a 

grave evolutionary disadvantage and jeopardize host survival, unless the plants sustain 

limited damage when infected (Vanderplank 1949a).

Spatial patterns of spread into and within crops

Valuable information can be gained from observations on the distribution of diseased 

plants within crop stands. For example, it may facilitate identifi cation of the initial 

source(s) of inoculum from which spread occurs. It may also be possible to infer the 

means of spread and the most effective control strategy to adopt. This has been apparent 

from observations made over many years on a wide range of virus diseases of temper-

ate and tropical crops.

Some of the main fi ndings are illustrated diagramatically in the accompanying fi g-

ures in which a distinction is made between local spread from infected sources within 

crops and spread from sources that are nearby or remote. Figure 2 considers spread 

from weeds or wild plant species and Figure 3 that from crop species. The distinc-

tions between local and distant and between crop and noncrop hosts can be somewhat 

arbitrary, as spread may occur from multiple and diverse sources within and/or outside 

the crop(s) being considered. Nevertheless, the distinctions are helpful in elucidating 

the role of the different sources, the magnitude of the threat they pose, and the likely 

effectiveness of control measures. Clearly, initial foci that occur within crops from the 

outset present the greatest risk and can lead to rapid infection, even if spread occurs 

only over short distances by contact, or by vectors of limited mobility. Spread into crops 

from outside sources is less likely to occur, especially if the sources are remote and 

spread is entirely dependent on vectors that are active and able to fl y, or can be blown 

far by wind currents.

Such considerations explain why there are such big differences between diseases 

in their patterns and rates of spread. Patches of disease often occur within crops as a 

consequence of local spread around initial foci of infection due to the debris of previous 

crops, or to the use of infected seed or vegetative propagules, or to the occurrence of 

weed or wild hosts within the stand. Patches can also occur as a consequence of soilborne 

inoculum, or spread around primary foci of infection that are initiated by incoming 

arthropod vectors, such as the aphid vector (Aphis craccivora) of groundnut rosette 

disease (Evans 1954; Naidu et al. 1998).

Figure 4 illustrates the temporal sequence of spread of Cacao swollen shoot virus, 

which is transmitted by several species of mealybug (Thresh 1958). New outbreaks are 

initiated by “jump spread” of viruliferous, windborne, fi rst-instar nymphs (Cornwell 

1960). Subsequent “radial spread” is by mealybugs walking mainly short distances 
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Figure 2. Diagramatic representation of virus spread into or within crops
from weeds or wild plants.
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Figure 3. Diagramatic representation of virus spread into or within crops from
crop hosts.
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between the canopy branches of adjacent trees to form obvious patches of disease 

within plantations (Cornwell 1958). The patches continue to expand and give rise to 

additional “satellite” outbreaks that ultimately coalesce and form continuous “areas 

of mass infection”. Such patterns of spread have been reported with many other patho-

gens and Figure 4 has been generalized so as to apply to a wide range of virus diseases 

(Vanderplank 1963). However, there can be big differences between diseases in their 

rate of progress and in the relative importance of “jump” and “radial” spread.

When spread is caused mainly by incoming viruliferous arthropod vectors from out-

side sources there may be “edge effects” around the margins of crop stands, especially 

those facing the direction of the prevailing wind or alongside nearby sources of infec-

tion, as discussed in the following section. Such information can be helpful in devising 

management practices to decrease the incidence of infection by planting away from and 

upwind of known sources of inoculum (Fig. 5) and in large compact blocks to decrease 

the proportion of plants in the vulnerable peripheral areas (Fig. 6). There may also be 

advantages in planting a barrier crop or windbreak around the fi eld margin, or border 

rows of a resistant variety. However, there is limited scope for such approaches in the 

many parts of Africa where land is scarce, fi elds are typically small, and farmers have 

little latitude in choice of site.

Figure 4. Successive stages in the spread of cocoa swollen shoot disease by wind-
borne mealybug (“jump-spread”) and mealybugs walking between the canopy branches 
of adjacent trees (radial spread).

“Jump” spread Subsequent radial spread2

Area of extensive infection4 Development of satellite outbreaks3

1
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Figure 5. The disposition of plots/fi elds/plantings in relation to the direction of the 
prevailing wind and the risk of spread from a major source of infection (solid block).
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Disease gradients

A feature of many pathosystems is that there are clear trends in the incidence of 

disease with increasing distance along one or more transects across the planting being 

assessed. Such changes are referred to as “disease gradients” and they are of two main 

types (Gregory 1968). “Environmental gradients” are associated with changes in soil 

fertility or microclimate and also with features such as windbreaks, buildings, or other 

physical obstacles that infl uence the vulnerability of host plants or the distribution 

and deposition of vectors and inoculum. Tropical examples include the gradients in 

the incidence of cassava mosaic disease, which tend to be greatest at the margins of 

plantings, especially those facing the direction of the prevailing wind. This is associated 

with the tendency of incoming whitefl y vectors to alight preferentially and become most 

numerous on plants in the outer rows, as observed in fi eld studies in Côte d’Ivoire in 

Figure  6. The infl uence of plot/fi eld size (top) and shape (bottom) on virus spread from 
surrounding sources of infection.

Square 1:1

=  Plants at greatest risk

Rectangle 1:1

=  Source of infection

= Area at greatest risk

= Source of infection

Square 1:1

Rectangle 1:1

= Plants at greatest risk

= Source of infection
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which there were pronounced edge effects on the distribution of disease (Fargette et al. 

1985; Colvin et al. 1998).

“Infection gradients” differ from environmental gradients in that they are associ-

ated with spread from initial foci of infection and incidence tends to decrease with 

increasing distance from the source of inoculum. Such gradients have been reported 

with many virus diseases including several of African crops (Rose 1973; Thresh and 

Lister 1960; Thresh 1976; Atiri and Varma 1991; Fargette et al. 1993). Infection gradi-

ents are obtained by plotting disease incidence on the vertical axis against distance on 

the horizontal axis using appropriate scales. The gradients tend to be curvilinear and 

concave as disease incidence decreases most rapidly near the source and then declines 

to zero, or reaches a low “horizon of infection” (Fig. 7). This is the distance beyond 

which spread is so infrequent that infection becomes insignifi cant, or so unimportant 

that it can be disregarded (Vanderplank 1949b).

Many factors infl uence the shape of infection gradients, the amount of spread and 

the distances over which it occurs. For example, for any particular disease, gradients 

tend to be shallower and over longer distances when conditions favor spread, compared 

with situations or seasons when conditions are less favorable. Moreover, for viruses with 

windborne vectors, the disease gradients tend to be steeper and more circumscribed 

up-wind than downwind from the source. An important consequence is that it is seldom 

possible to give a simple, unqualifi ed recommendation in response to requests for advice 

on the most appropriate isolation distance to adopt to avoid serious risk of infection. The 

“safe” distance depends not only on site and season but also on the size and potency 

of the source of inoculum and the degree of risk and the extent of the losses that are 

considered acceptable. Clearly, the smaller the source and the greater the isolation, the 

less the risk, but it may be necessary to compromise because extreme isolation may be 

diffi cult to achieve and may also be very inconvenient. This explains why substantial 

isolation may be justifi ed and appropriate for producing “elite”, specially selected, 

virus-free propagules for further propagation or distribution to farmers, but not for 

routine crop production.

The mode of spread and type of vector are other important considerations. 

Shallow gradients of spread over great distances are due solely to the most mobile 

vectors and their occurence may be restricted to certain clearly defined migra-

tion periods. Spread at other times and by less active individuals or development 

stages of the vector species results in relatively steep gradients over mainly short 

distances around the source. Thus, the initial patterns of infection by migrants moving 

considerable distances into or between plantings may be quite different from those due 

to subsequent local movement by the incoming vectors, or their less mobile progeny 
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Figure 7. Generalized gradients of disease obtained by plotting incidence (%) on the 
vertical scale against distance on the horizontal scale (arbitrary units) for spread under 
favorable (top), less favorable (middle), and unfavorable conditions (bottom).
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(Fig. 4). Where different forms of the vector coexist and each contributes to spread, the 

observed gradients of infection represent the superimposition of two or more separate 

distributions. However, there is seldom any discontinuity or infl exion in the disease 

gradients observed to make it possible to distinguish distinct zones or means of spread. 

The zones tend to merge imperceptibly and there is considerable uncertainty as to the 

relative importance in local spread of windborne and crawling mealybugs and of the 

short- and long-fl ying forms of certain leafhopper vectors, including the Cicadulina 

spp. that transmit Maize streak virus (Rose 1972b). Confl icting claims have also been 

made on the performance of wingless (apterous) and winged (alate) aphids as vectors 

and their relative importance seems to differ between viruses and between regions 

(Broadbent 1959; Hodgson 1991). Nevertheless, there is general agreement that in some 

crops, apterous aphids or the relatively immobile forms of other types of vector, often 

reach plants that have been infected already by the more active members of the vector 

population and so make little direct contribution to the local spread of disease.

For all diseases the amount and extent of spread tends to increase as outbreaks 

increase in size or potency and several factors contribute to the resulting tendency for 

gradients to fl atten with time:

• For any particular disease the rate of dilution of inoculum with increasing 

distance is greatest around small discrete “point” sources, less around several 

infected source plants in a line or small group, and least around large groups of 

infected plants.

• As outbreaks enlarge, the number and/or activity of the vectors contributing 

to virus spread tend to increase and there is an increased probability of some 

migrating far. This can occur in unusual circumstances, or by the atypical 

behavior of particularly active individuals or migrant forms comprising only a 

small proportion of the total population.

• Gradients become increasingly distorted due to a progressive increase in 

the extent of “multiple infection”, which occurs as increasing amounts of 

inoculum reach plants that are already infected (Gregory 1948). The effect is to 

underestimate the number of inoculations taking place and the extent to which 

gradients are being distorted.

• There is an increased probability that plants infected by primary spread from the 

original source will themselves become infectious and act as secondary foci for 

further spread.

A major outcome of these trends is that there is a general “blurring” of disease gra-

dients with time and it becomes increasingly diffi cult to assess whether new infections 

are due to local spread from secondary foci, or to continuing spread from the original 

ones. The spread of some diseases appears to increase dramatically once a critical 
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level of infection has been exceeded and control then becomes increasingly diffi cult 

to achieve. This is apparent from experience with cocoa swollen shoot disease in West 

Africa, where the effectiveness of eradication measures decreases as outbreaks increase 

in size and much larger outbreaks require more drastic treatment than small ones (Thresh 

and Lister 1960; Thresh and Owusu 1986).

Dispersal curves are diffi cult to handle mathematically in seeking to compare gra-

dients between sites, seasons, and diseases. Consequently, transformations have been 

used widely to convert the usual curvilinear relationships between disease incidence and 

distance from the source to straight lines and so enable the use of conventional regres-

sion techniques. One approach is to transform disease incidence by using logarithms 

of the percentage values, or after transforming these to allow for the inevitable multiple 

infection (Gregory 1948). With data for many virus diseases this give a straight line 

relationship between the logarithm of disease incidence (log10 Y) and some power (p) 

of distance (x) from the source:

 log
10

 Y = a + bxP

The constants a and b vary independently according to the height and slope of the 

regression line, respectively, and so indicate the amount of spread and the rate of decrease 

with distance. This is a robust and simple approach of wide applicability (Gregory and 

Read 1949; Gregory 1968) that has been used with cocoa swollen shoot (Thresh and 

Lister 1960) and other diseases. However, use has also been made of double logarithmic 

transformations of both incidence and distance. Other more complex mathematical 

approaches are also possible, as discussed by Minogue (1986).

Temporal patterns of spread

Temporal patterns of disease spread are concerned with changes in disease incidence 

with time. They receive much attention from epidemiologists and for obvious reasons. 

The amount of disease and the rapidity with which spread occurs within the life span of a 

crop are important in determining the losses caused. Moreover, such data are required in 

evaluating the effectiveness of host plant resistance and other approaches to control.

Temporal patterns of spread are apparent from the disease progress curves produced 

by plotting cumulative incidence against time (Fig. 8). The incidence of virus diseases is 

usually recorded as the percentage or proportion (P) of diseased plants within the stand 

being assessed on scales of 0 to 100 (%) or 0 to 1 (P). The most appropriate time scale 

depends on the nature and longevity of the crop being studied and ranges from days, 

weeks, or months for short-lived annuals and vegetatively propagated herbaceous crops, 

to years for shrubs and trees. In collecting data it is necessary to compromise between 
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the need for frequent observations to follow the details of disease progress and the time 

and expense incurred in carrying out numerous observations (Nutter 1997).

Disease progress curves are often sigmoid in shape as the incidence of many diseases 

tends to increase slowly at the outset and also in the later stages of crop growth as crops 

mature, or when almost all plants become diseased and “saturation” occurs (Fig. 8). 

Spread is usually most rapid at the intermediate stages of crop growth, as indicated 

by plotting successive increments of disease against time, which tend to increase to a 

maximum and then decline.

Disease progress curves merit detailed scrutiny to obtain the maximum possible 

information from the observations made. The various possible approaches and the 

mathematical procedures used are discussed in the general epidemiology texts of 

Vanderplank (1963), Zadoks and Schein (1979), and Campbell and Madden (1990) and 

in reviews dealing specifi cally with plant virus diseases (Thresh 1974a, 1983; Nutter 

1997). These publications discuss the derivation and utility of the various means of 

quantifying spread including:

• time of onset (fi rst appearance of disease)

• duration of spread (time: t)

• rate of spread (r)
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Figure 8. Generalized curve of disease progress obtained by plotting cumulative 
incidence (x) against time (t) and the derivation of absolute and relative spread.
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• fi nal or maximum disease incidence (x 
max

)

• area under the disease progress curve (AUDPC)

• the increment in disease between successive observations

• time to reach 50% disease incidence (t
50

)

• initial disease incidence at the outset of crop growth (x
o
)

These criteria have been used widely in studying the temporal dynamics and control 

of many virus diseases of African crops, ranging from short-lived annuals to long-lived 

perennials, including several important vegetatively propagated crops.

In the monetary analogy used by Vanderplank (1963), the initial incidence of disease 

at the outset (xo) is regarded as the original capital sum invested and r is the rate of 

interest. The two variables are independent, but interrelated in their effects and both 

must be considered in evaluating the increase in capital (= incidence) that occurs over 

the entire investment period (= crop duration: t). Clearly, the greatest disease problems 

occur when there is rapid spread over a prolonged period and from many initial foci. 

However, numerous initial foci, or a prolonged period of spread, can lead to high inci-

dences of disease despite low rates of disease progress. All three variables (xo, r, t) can 

be manipulated to infl uence the fi nal outcome and in evaluating control measures it is 

helpful to distinguish phytosanitation or other means of decreasing xo and “rate reducing” 

measures such as host plant resistance, or the use of pesticides to control vectors and so 

decrease r (Zadoks and Schein 1979; Thresh 1983). It is also important to appreciate 

that the effectiveness of phytosanitation in decreasing xo is inversely related to values 

of r that determine the “explosiveness” of an epidemic (Putter 1980). This is consistent 

with the fi nding that the removal of infected plants (roguing) and other approaches to 

phytosanitation are effective means of controlling slow-spreading diseases such as cocoa 

swollen shoot, but not rapidly spreading diseases of annual crops (Thresh 1988).

The monetary analogy has been used to clarify the difference between “simple inter-

est” (monocyclic) and “compound interest” (polycyclic) diseases (Vanderplank 1963)  

(Fig. 9). Monocyclic diseases spread mainly or exclusively from initial sources of 

inoculum (= starting capital) and the newly infected plants (= interest) do not contribute 

to further spread (= monetary growth). In contrast, newly affected plants contribute to 

the spread of polycyclic diseases and there are repeated cycles of infection depending on 
the duration of the crop and the length of the incubation period, as discussed earlier.

Plant virus diseases are usually polycyclic and cocoa swollen shoot disease provides 
a well-known African example (Thresh 1958; Vanderplank 1965), but monocyclic dis-
eases have also been reported in sub-Saharan Africa. For example, “kromnek” disease 
of tobacco is spread into crops by thrips vectors dispersing from infected weed hosts 
and there is no subsequent spread within crops. This led to the realization that the 
incidence of kromnek disease is decreased if thinning the stand is delayed until the 
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main infl ux of infective vectors has occurred. Some of the diseased or latently infected 
plants are then removed as stands are thinned to provide what was referred to as “the 
mathematical solution to the problem of disease” (Vanderplank and Anderssen 1944; 
1945). A ringspot disease of sunfl ower in eastern and southern Africa also behaves 
monocyclically as inoculum is carried into crops by aphids from a composite weed 
host (Tridax procumbens) and there is no spread between sunfl ower plants (Theuri et 
al. 1987). Maize streak differs in that it seems to behave as a monocyclic disease in 
some situations and as a polycyclic disease in others (Rose 1974; 1978). The behavior 
of Bean common mosaic virus is also complex as it usually causes a polycyclic disease, 
but not in stands of bean varieties that develop a severe hypersensitive necrosis when 
infected and become poor sources of inoculum from which little or no further spread 
can occur (D. Roose, personal communication). Consequently, the incidence of infection 
in a hypersensitive variety increases monocyclically at a rate dependent on the extent 
of infection in nonhypersensitive varieties nearby that act as sources of inoculum to 
the aphid vectors.

Disease incidence and crop loss

Information on disease incidence and crop loss is required by researchers, policymakers, 
and donors in order to determine priorities for research and extension projects and to 

Figure 9. Diagramatic representation polycyclic (“compound interest”) disease (left) 
and monocyclic (simple interest) disease (right).
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make effective use of the personnel and other resources available (Barnett 1986). Such 
information is also required to evaluate the need for and the cost-effectiveness of control 
measures. However, reliable data that are truly representative are not readily obtained 
because of the huge scale of crop production in a large continent such as Africa, the 
great diversity of crops and varieties grown, the wide range of agroecologies utilized, 
and the big differences in disease incidence that can occur between sites and seasons. 
This explains the paucity of relevant information on the incidence and effects of many 
important African diseases, including maize streak, bean common mosaic, groundnut 
rosette, and rice yellow mottle.

Crop loss information is obtained by comparing the growth and yield of healthy 
and diseased plants. This can be done in specially planted trials involving controlled 
inoculations, or the use of infected and uninfected propagules, or by careful sampling 
of healthy and naturally infected plants within farmers’ fi elds. These approaches have 

been used widely and with diverse crops. Important results have been obtained as with 

maize streak and cassava mosaic diseases in many African countries (Van Rensberg 

1981; Fargette et al. 1988; Fauquet and Fargette 1990; Thresh et al. 1994; Bosque-Perez 

et al. 1998). However, it is diffi cult to assess the overall signifi cance of such fi ndings 

because the losses are greatly infl uenced by the virulence of the virus strain(s) present 

in the infected plants, the sensitivity of the crop variety or varieties grown, and by the 

soil fertility, cropping practices, and environmental conditions encountered.

Another complication is that the healthy plants within a stand may at least partially 

compensate for the impaired growth of their diseased neighbors (Otim-Nape et al.1997). 

The magnitude of the effect is likely to be infl uenced by agronomic factors including the 

spacing adopted, the growth habit of the plants, and the overall fertility of the site. The 

extent to which compensation occurs will also depend on the distribution of diseased 

plants and will be less when they occur in patches than when scattered throughout the 

stand (Hughes 1988). There may also be a critical incidence of disease in a crop stand 

below which there is little or no effect on overall productivity (Reestman 1970). Con-

sequently, the results of yield trials cannot readily be extrapolated to estimate the losses 

occurring in a country or region as a whole, although they can be useful in providing 

a broad indication of the losses sustained, especially if the results of fi eld surveys are 

also available on the incidence and severity of disease in the principal varieties grown in 

the main areas of production. For example, the results of crop loss studies and surveys 

of cassava mosaic disease in several countries of Africa have been used to estimate the 

annual losses caused by the disease in the continent as 12–23 million tonnes, compared 

with actual production at the time of 73 million tonnes (Thresh et al. 1997).

Surveys of disease incidence and severity are expensive to carry out and very 

demanding of time, resources, and expertise. Ideally they should be done throughout 
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the region being considered and over a sequence of several years to take account of 

seasonal differences in disease incidence and growing conditions (Barnett 1986). These 

are exacting requirements that are seldom met and this largely explains the paucity of the 

information available. However, very detailed and repeated surveys of the distribution of 

cocoa swollen shoot disease were made throughout the cocoa growing areas of Ghana 

and elsewhere in West Africa as an essential part of the eradication campaigns mounted 

after the Second World War (1939–1945) in attempts to eliminate or at least contain 

the disease (Thresh and Owusu 1986). More recently there have been surveys of the 

incidence and severity of cassava mosaic disease in Uganda (Otim-Nape et al. 1998; 

Otim-Nape et al. 2001) and in several of the other most important cassava growing 

countries of Africa (Thresh et al. 1997; 1998c). These have been undertaken as part of 

more comprehensive assessments of the status of cassava (Nweke 1994), or its pests 

and diseases (Wydra and Msikita 1998). Cassava is appropriate for surveys of this type 

because it is propagated vegetatively and stem cuttings for use as planting material are 

usually obtained by farmers from the stands being harvested. Consequently, the observed 

incidence of cassava mosaic disease in new plantings provides a reliable indication of 

the overall status of the disease in the area, except under epidemic conditions when 

rapid spread is occurring (Otim-Nape et al. 1998; Otim-Nape et al. 2000).

Similar considerations apply to yam, potato, sugarcane, and sweetpotato and to 

woody perennials such as cocoa and citrus in which spread is usually slow and the 

disease situation does not change greatly from year to year. However, annual crops 

grown from seed present diffi culties as the results of surveys will be greatly infl uenced 

by the stage of growth and the season when observations are made. Moreover, there 

can be big differences in disease incidence between years and between seasons and 

it is diffi cult to draw meaningful conclusions from the results of a single survey, as 

evident from experience with groundnut rosette (Naidu et al. 1998) and maize streak 

diseases (Rose 1978). Both diseases occur sporadically and they can be prevalent in 

some seasons and almost absent in others. Such issues must be addressed if defi nitive 

results are to be obtained on the magnitude of the losses sustained and on possible 

long-term trends in the prevalence and importance of virus diseases (see later section). 

Meanwhile, caution is required when interpreting some of the data and statements 

that appear in the literature in which it is not always stated whether the estimates of 

crop loss are based on the results of specifi c fi eld trials or inferred from comprehensive 

regional surveys.

In evaluating the losses caused by virus disease it is important to consider their effects 

in restricting the areas that are considered suitable for crop production, or the range of 

varieties that can be grown reliably and successfully. Such indirect effects can be very 
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important, even though they are not obvious and may be overlooked or ignored. This is 

apparent from experience with banana and cassava. With these crops the movement of 

genotypes and breeding lines has been prevented or severely curtailed by the need for 

stringent quarantine regulations to restrict virus spread between and within continents. 

There have also been diffi culties in developing diagnostic techniques that are suitably 

sensitive and reliable for the different cassava mosaic geminiviruses, Banana streak 

virus (BSV) and Banana bunchy top virus (BBTV). Special quarantine procedures were 

developed to overcome the problem posed by BBTV and so facilitate the movement 

of banana germplasm (Diekmann and Putter 1996). BSV then became a problem and 

it was found to be very variable and diffi cult to detect (Lockhart and Olszewski 1993). 

Moreover, it can be integrated in the host genome and then cause symptoms only when 

activated by stress factors as yet poorly defi ned (Ndowora et al. 1999). This behavior 

has led to further restrictions on the movement of banana material which has impeded 

germplasm exchange and breeding programs. Quarantine problems have arisen with 

cassava and partly explain why so little use has been made of African genotypes by 

breeding programs in South America and India. Moreover, South American genotypes 

tend to be so severely affected by cassava mosaic disease if grown in Africa that they 

can only be used after intercrossing with CMD-resistant material. Diffi culties have also 

been encountered in utilizing exotic high yielding varieties of sweetpotato in Africa 

where they soon succumb to the viruses present there.

Cropping practices and virus spread

There is abundant evidence from different continents of the importance of cropping 

practices in infl uencing the incidence and effects of virus diseases and the prospects 

for control (Thresh 1982). The situation is particularly complex in Africa because of 

the very diverse crops grown and the wide range of agroecologies utilized. Moreover, 

rain-fed agriculture as practised over large areas of the continent is increasingly 

being supplemented by irrigation, using traditional or modern techniques. A further 

complication is that cropping practices that have been little changed for centuries 

and depend on human labor or animal traction are still being used widely, together 

with modern, industrial techniques involving improved varieties, mechanization, 

pesticides, herbicides, and other innovations (Thresh 1991). This creates diffi culties 

by complicating virus epidemiology and in achieving effective control because measures 

shown to be suitable for some groups of farmers and their cropping systems may be 

inappropriate for others.

In assessing the impact of cropping practices on virus spread it is convenient to 

distinguish between those adopted at or before planting and those deployed later. Some 
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of the main features to be considered are listed in Table 4, and their importance has 

long been recognized. This is apparent from experience with groundnut rosette disease 

in Gambia where the incidence of infection was increased by weeding early (Hayes 

1932). Sowing late and at wide spacing were shown to have similar effects in enhanc-

ing spread in later trials on groundnut rosette in Malawi, Nigeria, and Uganda and led 

to the recommendation that farmers should sow early and at close spacing to decrease 

the risk of infection (A’Brook 1964; Davies 1976, Farrell 1976a). Planting date is also 

an important factor infl uencing the spread of cassava mosaic disease as demonstrated 

in Côte d’Ivoire (Fargette et al. 1994) and Uganda (Adipala et al. 1998).

A detailed consideration of the extensive literature on such effects is beyond the scope 

of this review. Nevertheless, it is appropriate to consider some of the implications of 

current trends in crop production. One of the most important of these is the increased use 

of irrigation to permit crops to be grown at times or in places when or where it would 

otherwise be diffi cult or impossible. This has the effect of shortening or eliminating any 

Table 4. Cropping practices that infl uence virus spread.

Preplanting
Site selection:

cropping history/isolation
fi eld size/shape/orientation/aspect

Crop/cultivar selection:
single/multiple crops
single/multiple cultivars
seed/vegetative propagules
source of propagules

Planting
Sowing/planting:

direct planted/transplanted
planting/transplanting dates

Crop spacing/arrangement:
plant population
in-row/between row spacing

Pesticide/fertilizer application:
at or before planting
amount/type

Postplanting
Weed control/tillage:-

method/frequency/effectiveness
Fertilizer:

amount/type/timing/method of application
Thinning/pruning:

crop growth stage/extent/method
Roguing:

intensity/timing/frequency/extent
Irrigation:

  amount/mode/frequency
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natural break between growing seasons and enables crops to be grown in continuous 

overlapping sequence through the year. There is enhanced survival of viruses, vectors, 

weed hosts, crops, and crop debris and virus spread is greatly facilitated, as reported 

with Rice yellow mottle virus in Kenya (Bakker 1974) and more recently in many other 

parts of Africa. Similar consequences have been reported with maize streak disease in 

several African countries (Rose 1973; 1978; Fajemisin et al. 1976) and with groundnut 

rosette in Nigeria (Yaycock et al. 1976). The increased use of irrigation and intensive 

cropping practices are also likely to accentuate the problems caused by virus diseases in 

the vegetable crops now being grown increasingly in many parts of sub-Saharan Africa 

and especially in nurseries established around large urban centers.

Jones (1981) discussed some of the contrasting features of traditional and modern 

agriculture based on experience with viruses of Solanum potato in South America and 

Europe/North America. Some of the main differences are summarized in Table 5 and 

similar considerations apply to potato, cereals, cotton, banana, tobacco, and many other 

crops that are cultivated in different ways in Africa. There is little information on the 

extent to which the different practices infl uence the prevalence of virus diseases and 

the effectiveness of control measures. However, there has been considerable debate 

on the implications of the trend towards decreased crop diversity as multiple cropping 

systems are replaced by single crops that may be grown over large contiguous areas 

and as the numerous landraces of crops such as rice, bean, maize, cowpea, and cassava 

are displaced by relatively small numbers of specially bred cultivars.

Diversity in the crops and varieties grown is considered to be an important and robust 

feature of traditional agriculture that provides a substantial degree of resilience and 

Table 5. Contrasting features of traditional and modern methods of crop production 
adapted from Jones (1981) and Thresh (1991).

Feature Traditional Modern

Fields Small, irregular Large, regular

Crop species Often intermixed Usually single

Cultivars Often intermixed Usually grown singly
 Usually landraces Usually specially bred

Propagules Own-grown or produced Usually specially bred
 locally Usually purchased
  Seldom produced locally

Inorganic fertilizers Seldom used Used routinely

Herbicides/pesticides Seldom used Often used

Rotations Much use of bush fallow Limited use of fallow

Traction Mainly human/animal Mechanical
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enables farmers to sustain production despite the damage caused by pests and diseases 

and the vagaries of the weather (Francis 1986; Smithson and Lenné 1996; Wolfe 1985). 

This is explained by the ability of particular crop species or varieties to withstand pests 

and diseases or adverse weather conditions and to yield satisfactorily, even though others 

succumb. Moreover, diverse cropping systems can make the most effective use of the 

land and other environmental resources available (Fordham 1983).

There is little evidence to support or deny the merits of crop diversity as a means 

of avoiding virus disease problems because epidemiology trials are usually done with 

single crops and varieties. Nevertheless, some of the few experiments on intercropping 

in Africa have provided evidence of benefi cial effects in decreasing virus spread. This 

occurred in Kenya with Bean common mosaic virus in bean grown together with maize 

(van Rheenan et al. 1981) and with cassava mosaic viruses in Bénin, Cameroon, and Côte 

d’Ivoire when cassava was intercropped with maize, groundnut, or cowpea (Fargette and 

Fauquet 1998; Ahohuendo and Sarkar 1995; Fondong et al. 1997; 2002). However, the 

consequences of intercropping are not always consistent or substantial, as noted with 

Maize streak virus in Uganda when maize was interplanted with sorghum or cowpea 

(Page et al. 1999). It was also apparent from trials in Malawi that fi eld beans supressed 

the growth of groundnut intercrops, even though there was a lower incidence of rosette 

disease compared with groundnut grown alone (Farrell 1976b). These results empha-

size the complex effects of intercropping and the need for additional multidisciplinary 

research on the epidemiological, agronomic, and socioeconomic issues involved if clear 

and acceptable recommendations are to be made for use by farmers.

There is even less information on the implications of the trend away from the tradi-

tional use of varietal mixtures and the adoption of a relatively small number of improved 

genotypes. However, it was observed recently in Uganda that cassava mosaic disease 

was more damaging in areas where only a single variety predominated than where 

many varieties were being grown (Otim-Nape et al. 2001). It was also demonstrated in 

fi eld trials in Uganda that cassava mosaic disease spread less rapidly to a susceptible 

variety grown with resistant ones as a mixture than when the susceptible variety was 

grown alone (Sserubombwe et al. 2001). These results indicate the potential benefi ts of 

varietal mixtures in decreasing virus spread, but further research is required on this and 

the whole range of agricultural practices. Such studies merit high priority and require 

close collaboration with agronomists, socioeconomists, and plant breeders if modern 

cropping systems are to be developed that possess the apparent stability and resilience 

of traditional systems.

The epidemiology of African plant viruses: basic principles and concepts
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Forecasting

The possibility of forecasting the prevalence of virus diseases and the losses that will 

occur at harvest or at crop maturity, has received considerable attention from epidemiolo-

gists (see review by Thresh 1986). Much of the relevant research has been on temperate 

crops, but early studies by Storey and Bottomley (1928) established a positive relation-

ship between the fi nal incidence of groundnut rosette disease in Natal, South Africa, 

and the total rainfall during the preceding dry season. This infl uenced the survival of 

“volunteer”, self-grown groundnut seedlings and crop debris and hence the abundance 

of sources of inoculum from which the aphid vector (Aphis craccivora) could transmit 

rosette viruses. Such information is important in indicating the need to adopt virus-

resistant varieties or other control measures. An ability to forecast disease incidence is 

also an indication that the main features of the pathosystem have been elucidated and 

that the most important details of the epidemiological cycle have been determined.

Other positive relationships between disease incidence and preseason rainfall that 

infl uence the prevalence of vectors and inoculum sources have been established with 

cotton leafcurl disease in Sudan (Boughey 1947) and maize streak disease in Zimbabwe 

(Rose 1972a). Data on the probability of cocoa swollen shoot disease spreading to neigh-

boring trees has also been used to evaluate and modify the eradication measures being 

used to treat outbreaks in Nigeria (Thresh and Lister 1960) and later in Ghana (Thresh 

and Owusu 1986). The strategy developed, recommended, and eventually adopted 

was based on the size of the outbreak being treated and the estimated probability of 

latent infection in the adjoining symptomless trees. More recently, observations on the 

progress of the 1990s epidemic of a particularly severe form of cassava mosaic disease 

in Uganda have been used to anticipate the threat to neighboring countries and the 

need to build up stocks of virus-resistant varieties for release to farmers (Legg 1999). 

These examples indicate the potential value of being able to forecast disease spread 

and emphasize the need for additional studies on the diseases of a wider range of crops 

and in different environments.

The ecological approach

Plant pathologists have made considerable use of the so-called “epidemiological 

triangle” to facilitate an understanding of the complex interrelationships between 

pathogens, hosts, and their environment (Fig. 10a). With many plant virus diseases, 

this approach must be modifi ed because of the involvement of animal or fungal vectors 

(Fig. 10b). This led to the concept of the “ecological trinity” of viruses, hosts, and 

vectors within the overall context of the environment. The concept was developed by 

the American vector entomologist Walter Carter from his experience with Yellow leaf 
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spot virus disease of pineapple and its thrips vector in Hawaii (Carter 1939) and from 

his previous studies on Sugarbeet curly top virus disease and the sugarbeet leafhopper 

vector in the southwest states of USA (Carter 1930). With both these diseases, it was 

necessary to consider the interactions of viruses and vectors with crops, weeds, and wild 

hosts and the overall infl uence of cropping practices and other environmental factors in 

creating the conditions for epidemics to occur. This necessitated a holistic ecological 

approach, as adopted in subsequent studies on cocoa swollen shoot disease in Ghana 

and elsewhere in West Africa.

The need for such an approach with cocoa swollen shoot disease became apparent 

following the detection of wild indigenous tree hosts of the causal virus and its mealybug 

vectors and by the fi nding that there are several vector species that occur in association 

with more than 120 other insect species. They include 75 ant species, 16 Hymenoptera 

species, and three species of predatory beetle (Strickland 1951; Tinsley 1964). The 

role of ants was shown to be particularly complex and important in infl uencing vector 

populations and virus spread because some ant species are antagonistic to mealybugs, 

whereas others protect and tend them. Moreover, the competing groups of ants occupy 

distinct territories that form a continually changing mosaic (Leston 1971).

An ecological approach can provide valuable insights into the role and status of 

viruses, hosts, and vectors. Crop hosts can be viewed in ecological terms as apparent 

(easily found) or nonapparent (cryptic) species, depending on their longevity, size, and 

other growth characteristics. These features infl uence the ease with which plants are 

located and colonized by arthropod vectors and the need for chemical or other host 

defence mechanisms. Apparent species include trees and shrubs, especially if these occur 

Figures  10a and b. The “epidemiological triangle” of host, virus, and environment
 (left), and when modifi ed to take account of vectors (right).
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widely and in large continuous stands. Nonapparent species are typifi ed by herbaceous 

hosts and these are often ephemeral and restricted to particular sites or seasons.

Similar considerations explain why crops can be regarded as providing either transient 

or stable “island” habitats that are invaded readily or with diffi culty, depending on their 

size, stability, and degree of isolation and on the mobility of the vector. Concepts derived 

from biogeography and from practical and theoretical studies on the colonization of 

islands by plant and animal species are relevant in plant virus epidemiology (Thresh 

1980a). It is also advantageous to consider the evolutionary history and origin of viruses, 

vectors, and hosts and whether they are indigenous or exotic species. Important crops that 

have been introduced to Africa include maize, groundnut, cocoa, sweetpotato, cassava, 

and Asian rice (Oryza sativa), whereas indigenous crops include yam, sorghum, millet, 

cowpea, and African rice (O. glaberrima). Such considerations determine whether crops 

have had long or short periods of coexistence and coevolution (Buddenhagen 1977). 

The merits of adopting this approach and the insights provided are considered further 

in the following section.

The equilibrium concept

The plant pathology literature contains numerous references to damaging outbreaks, 

severe epidemics, and serious losses (Thurston 1973; Klinkowski 1974; Thresh 1980b, 

1991; Bos 1992; Rybicki and Pietersen 2000; Morales and Anderson 2001). Such reports 

are notable and understandable, especially as researchers are now enjoined to provide 

strong justifi cation for their applications for funds and are expected to demonstrate 

the practical relevance and benefi ts to farmers of the studies proposed. However, the 

inevitable “professional pessimism” of the plant pathologist can give a somewhat exag-

gerated, biased, and misleading impression of the magnitude of the problems caused 

by viruses and other pathogens. Severe epidemics undoubtedly occur and cause serious 

losses, but usually they can be regarded as infrequent or even rare events that are often 

restricted to certain crops, areas, and seasons. Otherwise crops generally are seldom 

severely affected, production is not seriously impaired, and virus diseases are but one 

of many constraints that must be addressed if productivity and overall yields are to be 

increased.

As discussed earlier, there is so little information on the prevalence of African dis-

eases and the losses they cause that the validity of this relatively optimistic proposition 

can be regarded as contentious, unproven, and unsustainable. Nevertheless, it merits 

detailed debate and scrutiny, not least because of the insights it can provide into the role 

of cropping systems and breeding strategies in contributing to disease problems and also 

to their solution. If damaging outbreaks are indeed exceptional or even rare events, then 
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this implies that there are usually effective constraints that impede their occurrence and 

restrict further spread. Clearly, it is important to identify any such constraints if they 

are to be sustained, manipulated, exploited, and even enhanced to improve crop health 

and so increase productivity. Moreover, it is also important to identify the underlying 

causes of epidemics in attempts to facilitate their control and to prevent any recurrence 

by changing the cropping systems being used.

In considering these issues it is appropriate to adopt an ecological, evolutionary 

approach, as discussed previously. The main features of crops and other plants that limit 

their vulnerability to viruses are illustrated in Figure 11. This emphasizes the role of 

three attributes or mechanisms that operate singly or in combination: (i) evasion, (ii) 

resistance to virus infection or vectors, and (iii) tolerance of infection. Evasion can be 

in time or in space and operates if plants escape infection because they grow at times 

or in places when/where viruses or their vectors do not occur, or when/where they are 

seldom a serious problem. Clearly this is more likely to occur with transient, sparsely 

distributed species growing seasonally and in mixed stands with nonhost plants and 

weeds than it is with long-lived species that are grown widely, throughout the year and 

in stands of a single species or variety subject to rigorous weed control. Moreover, 

the situation in nature is dynamic in that there are usually big seasonal differences in 

inoculum pressure and a period of increased disease pressure can be expected to lead 

to a decrease in host prevalence, or in the proportion of susceptible genotypes and so 

to an eventual relaxation of disease pressure. Host prevalence or the proportion of 

susceptibles is then likely to increase, facilitating a resurgence of disease and leading 

Evasion

(time/space)

Tolerance

Resistance

(virus/vector)

Figure 11. Diagramatic representation of the ways in which plants avoid the harmful 
effects of plant viruses by some combination of resistance, tolerance, and evasion in 
time or in space.
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to continuing cycles of increasing and decreasing prevalence (Buddenhagen 1977). 

This type of cyclical behavior is largely inimical to modern methods of crop produc-

tion. However, as discussed earlier, the full implications of modern trends in cropping 

practices are diffi cult to evaluate because of the limited information on their effects on 

virus spread and on the losses caused.

Resistance to or tolerance of infection is an alternative supplement or complement 

to evasion as an effective means of avoiding the detrimental effects of diseases. Many 

types of resistance have been described and they can be effective against viruses (Fraser 

1987) or their vectors (Jones 1987). Mature plant resistance, as discussed earlier, and the 

apparent immunity of any one plant species to all but a small number of viruses are dis-

tinct and epidemiologically important characteristics that have not been fully explained. 

Other types of resistance include those associated with gene-for-gene relationships 

between host and pathogen, as reported with Bean common mosaic virus (Drijfhout 

1978). There is also hypersensitivity, other types of resistance due to major genes, and 

the quantitative “rate reducing” resistance, as described with several viruses includ-

ing Cacao swollen shoot virus (Thresh et al. 1988) and cassava mosaic geminiviruses 

(Thresh et al.1998a). Tolerance of infection is quite different and, in the strict sense of 

the term, is the ability of plants to grow and yield satisfactorily despite sustaining a virus 

content that causes serious damage in sensitive varieties (Clarke 1986). However, the 

term is also used more widely for the ability of plants to withstand infection irrespective 

of virus content (Posnette 1969).

A limitation of both resistance and tolerance to viruses and other pathogens is that 

they may be overcome by new or more aggressive pathogenic strains; “breakdown” of 

resistance to virus vectors has also been reported. Moreover, varieties that are resistant 

in one region or country may succumb to the same disease elsewhere, as reported with 

sweetpotato. Thus, host plant resistance is not necessarily durable or universal and there 

are examples of large decreases in virus incidence due to the introduction of resistant 

varieties that have been followed some years later by a resurgence as new virus strains 

or vector biotypes have appeared and become prevalent. Examples include Sugarcane 

mosaic virus and Tomato mosaic virus and the breakdown of resistance to the main 

leafhopper vector of rice tungro viruses (Thresh 1989). This emphasizes the labile 

nature of the situation illustrated in Figure 12, which portrays a dynamic equilibrium 

in which neither host nor pathogen gains permanent ascendancy.

The concept of an equilibrium between hosts and their pathogens provides a 

convenient and appropriate basis from which to evaluate the impact of agriculture and 

the adoption of intensifi ed cropping practices. Clearly, the ability of plants to avoid 

or withstand diseases when growing in natural habitats is undermined when they are 
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cultivated as crops, especially when grown in dense stands, in extensive monocultures, 

at the same sites in successive years, and with effective weed control and much use 

of inorganic fertilizers. The situation is further exacerbated by the use of irrigation 

or other means of extending the natural growing season to facilitate crop production 

throughout the year (Thresh 1982). There has also been a tendency to decrease the 

genetic diversity of crops by selecting a small number of high yielding genotypes for 

use on a large scale (Thresh 1980b, 1982; Bos 1992). Moreover, crops and varieties 

have been transferred to entirely new areas where they have been affected by novel 

pathogens or more virulent strains of viruses than those encountered previously. The 

increased traffi c in plant material has also facilitated the dissemination of viruses and 

their vectors and imposed exacting demands on quarantine controls that have been 

diffi cult to implement effectively.

These developments have led some to the view that disease epidemics and problems 

due to pests seldom occur in undisturbed natural ecosystems; that they are largely the 

outcome of agricultural practices; and that they are increasing as traditional methods are 

abandoned, cropping systems become increasingly specialized, and there is increased 

traffi c in plant material (Thresh 1980b; Bos 1992). There is insuffi cient evidence to 

confi rm or deny these suppositions. Nevertheless, many of the epidemics reported in 

recent decades can be interpreted as major perturbations of previously stable equilibria 

as a consequence of changes in the crops grown and the method of cultivation adopted. 

Cocoa swollen shoot, cassava mosaic, groundnut rosette, and maize streak are all prime 

examples of “new encounter” diseases in the sense of Buddenhagen (1977). They have 

occurred following the transfer of their hosts from the New World to Africa, where 

they have been severely affected by viruses that were already present in indigenous 

Pathogen

“pressure”
Host

response

Figure 12. Diagramatic representation of the dynamic equilibrium between 
pathogen “pressure” and host response.
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hosts. Moreover, the problems caused by some of these and other diseases have been 

accentuated by the cropping practices adopted and the extensive use of particularly 

vulnerable genotypes. For example, when cocoa was fi rst established in Ghana and 

elsewhere in West Africa, it was grown in many small farms that were usually heavily 

shaded by forest trees. There was seldom any separation between farms and they 

were often established alongside or even beneath indigenous tree hosts (Thresh et al. 

1988). The spread of cocoa swollen shoot disease was also facilitated by the almost 

exclusive use of the South American Amelonado variety of cocoa. Initially, this grew 

well and seemed ideally suited to conditions in West Africa. The situation changed in 

the 1930s as swollen shoot disease became a problem and the extreme vulnerability 

of Amelonado became apparent. It was necessary to adopt more resistant varieties 

(Thresh et al. 1988).

More recently the widespread adoption of the Ebwanateraka variety of cassava in 

Uganda has contributed to the 1990s pandemic of cassava mosaic disease. This is 

associated with a particularly virulent strain of the causal virus that is considered to be 

a novel recombinant of two different cassava mosaic geminiviruses (Deng et al. 1997; 

Harrison et al. 1997; Pita et al. 2001; Zhou et al. 1997). Other perturbations of this 

type are likely to occur and it seems inevitable that there will be problems with other 

whitefl y-borne viruses as a consequence of the recent introduction to Africa of the B 

biotype of Bemisia tabaci (Bedford et al. 1993). This has a wider host range than the 

biotypes already present and is associated with recent virus epidemics in tomato, beans, 

and other crops in the Americas (Brown 1994, 2000; Morales and Anderson 2001) and 

India (Banks et al. 2001). Other viruses and vectors that already occur elsewhere could 

also be introduced to Africa. This emphasizes the importance of quarantine measures and 

the need for epidemiological studies to monitor the continually changing situation.

Viruses, virus strains, and molecular epidemiology

Epidemiological data are usually obtained by assessing the incidence of diseased 

plants as apparent from visual assessments at one or more stages of crop growth. It is 

seldom feasible to test for the occurrence of the virus or viruses responsible, except 

in small samples of representative plants to check the validity of the diagnoses being 

made on the basis of symptoms. This is because suitable methods of virus detection 

that are robust, reliable, and able to achieve the large throughput required are seldom 

available and would be prohibitively expensive and time-consuming to adopt. Similar 

considerations explain why it is seldom possible to determine the strains of virus that 

are encountered in epidemiology trials and fi eld surveys, except where special attention 

is given to these issues, as with Bean common mosaic virus (Spence and Walkey 1994). 
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These are important constraints and limitations, especially in sub-Saharan Africa where 

there is a general lack of laboratory facilities and trained personnel.

The epidemiological importance of virus strains has long been apparent, as in the 

early studies on groundnut rosette, cassava mosaic, and cocoa swollen shoot diseases 

(Storey and Bottomley 1928; Hayes 1932;  Storey and Nichols 1938; Crowdy and Pos-

nette 1947). In these and other studies, distinct virus strains were recognized from the 

type and severity of the symptoms expressed by the crop host and some virus strains 

were shown to be more damaging than others. Moreover, the virulent 1A (New Juaben) 

strain of Cacao swollen shoot virus (CSSV) spread more rapidly than two other less 

virulent strains of the virus when compared in a replicated fi eld trial in Ghana (Crowdy 

and Posnette 1947).

There have since been many other reports of differences between virus strains, on 

the interactions between them, and on their epidemiological importance. For example, 

avirulent forms of the 1A strain of CSSV that occur naturally in Ghana will protect 

against many of the most damaging virulent strains and provide a possible means of 

control (Posnette and Todd 1955; Hughes and Ollennu 1994). There have been similar 

fi ndings with Citrus tristeza virus (van Vuuren et al. 1993). Moreover, there are strains 

of Sugarcane mosaic virus (SCMV) and Bean common mosaic virus (BCMV) that can 

infect and damage varieties selected as being resistant to other virus strains (Spence and 

Walkey 1994). Such results emphasize the importance of strain variation as a crucial 

feature of the epidemiological competence of viruses that enables them to respond, 

adapt, and persist, despite the sometimes big changes in physical and biotic environ-

ment and in the crops and varieties being grown.

Initially, virus strains were distinguished by the symptoms they cause in crop plants 

or when inoculated to specially selected indicator hosts. This led to the selection of 

a range of differential varieties to distinguish strains, as with SCMV, BCMV, Tomato 

mosaic virus, Soybean mosaic virus, and many others. Much use has also been made 

of other approaches to strain identifi cation including serological techniques using 

polyclonal antisera or, more recently, monoclonal antibodies (MABs). Serology provides 

a convenient means of testing many samples and has provided important information 

on the occurrence and variability of many African viruses, including those causing 

rice yellow mottle and cassava mosaic diseases (N’Guessan et al. 2000; Swanson 

and Harrison 1994). Originally, cassava mosaic disease was assumed to be caused 

by a single whitefl y-borne geminivirus, although different strains were distinguished 

using polyclonal antisera (Bock and Harrison 1985). Three distinct cassava mosaic 

geminiviruses were recognized in later studies with MABs and shown to have distinct, 

largely nonoverlapping distributions in West/Central Africa, East Africa, and the Indian 
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subcontinent (Swanson and Harrison 1994). The validity and status of the three viruses 

was confi rmed by PCR and DNA sequencing (Hong et al. 1993), but they are now 

known to be more widespread than suggested by the initial fi ndings. Both African 

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

have been detected in West Africa and also in East Africa and they sometimes occur 

as mixed infections. Moreover, other cassava mosaic viruses have been distinguished 

recently in South Africa (Berrie et al. 1998) and Zanzibar (Maruthi et al. 2001) 

and recombinant strains having properties of both ACMV and EACMV have been 

distinguished in Uganda and adjoining countries and associated with the pandemic now 

affecting the Great Lakes region of East Africa and the Democratic Republic of Congo 

(Deng et al. 1997; Harrison et al. 1997; Zhou et al. 1997; Legg 1999; Pita et al. 2001; 

Neuenschwander et al. 2002).

The experience with cassava mosaic disease has shown the value of biochemical tech-

niques that enable the detailed characterization of the viruses involved. Other examples 

of this are groundnut rosette and banana streak diseases. The latter was fi rst reported 

in Côte d’Ivoire and Morocco and it is now known to occur in many countries of sub-

Saharan Africa and elsewhere in the tropics. The disease is caused by DNA containing 

viruses that are so variable that it has been diffi cult to develop reliable methods of 

detection based on serology or PCR (Lockhart and Olszewski 1993). Moreover, it has 

been shown recently that sequences of viral DNA can be incorporated within the host 

genome and that these can be activated under certain conditions to produce episomal 

virus and cause typical streak symptoms (Ndowora et al. 1999). This creates problems 

in epidemiology and in developing appropriate control measures because it is necessary 

to distinguish between an integrated virus that has been activated by stress factors from 

that already present in vegetative propagules or introduced by the mealybug vector. 

Studies are now in progress to resolve these issues, to determine the factors responsible 

for activation, and to devise appropriate control measures and quarantine procedures 

to enable the safe movement of Musa germplasm for breeding and crop improvement 

programs.

Complexity of a different type has become apparent in molecular studies on ground-

nut rosette disease. It has long been known that the aetiology of rosette is complex and 

that a distinct assistor virus is required for the virus that causes rosette symptoms to 

be transmitted by the aphid vectors (Hull and Adams 1964). More recent studies have 

established the role of a satellite RNA in causing rosette symptoms (Murant et al. 

1988) and in facilitating the transmission of Groundnut rosette virus (GRV) by vectors 

(Murant 1990). Moreover, techniques have been developed to assay each of the three 



 97 

The epidemiology of African plant viruses: basic principles and concepts

components of the pathosystem and they are now being used in epidemiology and to 

assess the behavior of rosette-resistant varieties of groundnut (Naidu et al. 1998, 1999a, 

1999b). It is already apparent that the Groundnut rosette assistor virus (GRAV) can occur 

alone in rosette-resistant and other varieties and that such plants remain symptomless. 

Furthermore, GRAV is not always present in diseased plants containing both GRV and 

satellite RNA. Such plants develop rosette symptoms, but GRV is not transmissible by 

aphids in the absence of GRAV and so behaves monocyclically.

These examples indicate how the molecular analysis of virus isolates can yield 

information that facilitates an understanding of epidemiology and have led to the term 

“molecular epidemiology” (Garcia-Arenal et al. 2000). It is now apparent that the spatial 

and temporal structure of virus populations is critical in epidemiology and that different 

strains of a given virus species may induce epidemics having very different character-

istics. Accordingly, molecular techniques are being used increasingly in tropical plant 

virus epidemiology, as elsewhere in virology, to facilitate the characterization of virus 

populations and strains, and to elucidate virus/vector relationships. Such techniques 

are also being applied to study the interactions between viruses and strains to deter-

mine their origins and epidemiological effects. Molecular epidemiology complements, 

supplements, and refi nes earlier information obtained through serological and biological 

tests. This leads to a better characterization of epidemics, of the spatial and temporal 

patterns of spread, and of the mode of spread; all topics considered earlier and which 

require a precise characterization of the virus populations involved.

Mutations accumulate with time in the genomes of pathogens and particularly with 

viruses, because many lack fi delity during replication. Some mutations confer pheno-

typic differences, such as enabling the virus to infect different host species, or to be 

transmitted by different routes, while others can be used to make inferences on the his-

tory of epidemics. The rapid progress in techniques of gene sequencing that has occurred 

recently makes it possible to produce numerous sequences quickly and conveniently. 

One of the aims of molecular epidemiology is to collate and analyze this information 

in order to reconstruct the history of a pathogen’s spread through host populations and 

to predict future developments. Phylogenic studies elucidate the relationships between 

strains, whereas such information was not accessible, or could only be interpreted 

broadly and indirectly, using earlier serological and biological data.

The information now being obtained broadens the scope of earlier “classical” 

epidemiology as evolutionary features which are highly relevant to crucial unresolved 

aspects of the ecology of plant viruses can now be considered and elucidated. This 

approach reveals geographic, climatic, and biological correlates in the structure 

of phylogenetic trees which provide insights into epidemiological processes and 
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the history of epidemics (Harvey et al. 1996; Page and Holmes 1998). Accordingly, 

the epidemiological and aetiological characteristics of several virus groups have been 

mapped onto their phylogeny to reveal striking correlations between the topological 

arrangements of the viruses and their epidemiological characteristics. Much progress 

has been made already in medical and veterinary studies (Harvey et al. 1996), and it 

is inevitable that plant virus epidemiology will follow a similar trend (Harrison and 

Robinson 1988; Gibbs et al. 1995, 1999). For instance, the quasi-species structure 

of a virus population, its spatial and temporal variation, recombination phenomenon, 

and virus interactions are critical for an understanding of several of the key epidemio-

logical aspects considered in this text. They include the emergence of new epidemics, 

virus evolution, plant–virus coevolution, and host switching. Ultimately, the correla-

tion between epidemiology, disease spread, and biogeography will begin to defi ne the 

complex evolutionary relationships between viruses, vectors, and plant hosts and the 

ecological niches they exploit (Gaunt et al. 2001).

Discussion

The epidemiology of plant viruses in the tropics, and in sub-Saharan Africa in particular, 

has a long history and features prominently in the plant pathology literature (Thresh 

1991). Indeed, experience gained in South Africa was used by Vanderplank (1946) to 

develop his “doublet” test of contagion to analyze patterns of disease spread and also 

to provide a “mathematical solution to a problem of disease”. The concept of “crowd” 

diseases was also developed from experience with those such as cocoa swollen shoot 

disease that do not spread quickly or far in any considerable amount (Vanderplank 

1948; Thresh et al. 1988). Moreover, this and several other African viruses feature in 

the seminal and highly infl uential text Plant Disease Epidemiology (Vanderplank 1963). 

This prominence is entirely appropriate because of the importance of agriculture in 

Africa and the severity of the damage caused by virus diseases in many subsistence and 

export crops. However, it should be appreciated that there is totally inadequate informa-

tion on the prevalence and distribution of many of the plant viruses known to occur in 

Africa, on the losses they cause, and on their means of spread. Indeed, there are likely 

to be many viruses in Africa as yet undiscovered and there is detailed epidemiological 

information on few of the viruses known to occur. One reason for this is that many of 

the studies that have been undertaken have been of limited duration and restricted to 

specifi c agroecologies that are not always truly representative.

These are important limitations and the information available is seldom adequate 

to mount and sustain effective control measures. The problems that arise are apparent 

from experience with the two most important virus diseases of cassava in Africa. 
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Cassava mosaic disease (CMD) has been known since 1894 and arguably it has received 
more attention than any other virus disease of an African food crop (Thresh 1991). 
Nevertheless, the information available in the early 1990s was not suffi cient to explain 
the very damaging regional pandemic that was fi rst reported in Uganda in 1988, or 
to provide an effective means of control (Thresh et al. 1994; Otim-Nape et al. 2000). 
This has necessitated much additional research and led to important new fi ndings on 
the whitefl y vector and on the nature and distribution of the geminiviruses responsible 
and on the interactions between them. Nevertheless, many uncertainties remain on the 
causes of the current pandemic in East Africa, on the distribution and implications of the 
different cassava mosaic geminiviruses now known to occur, and on the epidemiological 
signifi cance of the recent observations that the whitefl y vector (Bemisia tabaci) breeds 
more rapidly on CMD-affected plants than on healthy ones (Colvin et al. 1999) and that 
an apparently distinct race of B. tabaci was associated with the onset of the epidemic in 
Uganda (Legg et al. 2002). There is also a need to resolve the long-standing uncertainty 
concerning the need for phytosanitation if CMD-resistant varieties are adopted (Thresh 
et al. 1998b). One view is that phytosanitation is unnecessary if the varieties used are 
suffi ciently resistant, whereas the counter argument is that the two approaches are 
complementary and should be deployed together.

Cassava brown streak disease has been relatively neglected compared with cassava 
mosaic and there is inadequate information on its distribution, effects, and mode of 
spread. Moreover, brown streak disease has been recognized only recently in Mozam-
bique, even though it is prevalent in large populous areas of the country and undermines 
food security (Hillocks et al. 2002). There is no explanation as to why the disease seems 
to be confi ned to southern and eastern Africa, or why it seldom occurs at altitudes exceed-
ing 700 m above sea level (Hillocks et al. 1999). The original, indigenous host from 
which brown streak is assumed to have spread to cassava after the crop was introduced 
to Africa has not been determined and the putative insect vector is not known.

There is similar uncertainty over the origins and indigenous hosts of the viruses 
responsible for groundnut rosette disease and no information on the source(s) of 
inoculum from which spread occurs to groundnut crops in areas where there is such 
a prolonged dry season that volunteers and other sources of inoculum do not persist 
between growing seasons (Naidu et al. 1998). Moreover, there is a need to assess the 
epidemiological signifi cance of the early observation that infection of groundnut with 
rosette disease enhances the production of winged (alate) forms of the aphid vector 
(Rèal 1955), as this can be expected to enhance spread. Additional studies are also 
required on Rice yellow mottle virus because it is still unclear whether the main means 
of spread is mechanical or by beetle vectors and there are confl icting claims on the 
relative importance of the two processes (Abo et al. 2000).

These and the many other similar defi ciencies of current knowledge will not easily be 

overcome because epidemiology is an exacting science and there are few, fully trained 
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practitioners, especially in Africa where virologists seldom have the opportunity to 

specialize in particular crops or diseases. Furthermore, experience has shown the merits 

of a multidisciplinary approach involving not only virologists but also those concerned 

with vectors who require accurate diagnostics and access to modellers, biometricians, 

plant breeders, and other specialists. Such teams have operated at various times and 

places but for restricted periods in studies on only a few particularly important African 

diseases, including cocoa swollen shoot, maize streak, groundnut rosette, and cassava 

mosaic. This explains why these few diseases feature so prominently in this review. 

However, multidisciplinary teams are not easily assembled or sustained, because they 

require a substantial commitment of funds over a prolonged period in order to overcome 

the inevitable diffi culties and vagaries of fi eld experimentation and the need for studies 

in different agroecologies and in contrasting seasons to take account of climatic and 

other variables.

These factors explain why recent efforts in Africa have been limited, sporadic, and 

largely funded by outside donors. National programs seldom have the resources required 

to undertake such studies, and at international agricultural research centers, the main 

emphasis in plant virology has been on diagnosis and to support resistance breeding 

projects, rather than on epidemiology. Moreover, with few exceptions, the emphasis of 

collaborators in advanced laboratories has been on virus characterization and aetiology 

and more recently on biochemical and biotechnological aspects. Collaboration between 

African scientists and those in Europe or North America is easier on these topics than on 

fi eld-based studies and this explains why so little of the training provided to the African 

PhD students who study outside the continent is concerned with epidemiology. A major 

change of attitude will be required if progress is to be made in solving the many intrac-

table problems that remain and in enabling the introduction, evaluation, and considered 

use of transgenic sources of resistance in a sustainable and environmentally sound 

manner. Only then will it be possible to develop for use in Africa control measures that 

are comparable in effectiveness to those that have made such a big contribution to food 

production in temperate regions and in Asia and South/Central America. The challenge 

is to obtain a basic understanding of virus epidemiology so that effective and sustainable 

control measures can be developed that enable agriculturalists and horticulturalists to 

exploit fully the advances being made in other aspects of crop technology. Moreover, 

they should be able to do so despite decreasing soil fertility and a decline in the rural 

workforce and without damaging the environment. It is also important to avoid undue 

reliance on the use or misuse of pesticides or other practices that have caused such 

concerns elsewhere. These are exacting requirements, but it is important that they are 

fulfi lled if agricultural production in Africa is to meet the continually increasing needs 



 101 

The epidemiology of African plant viruses: basic principles and concepts

of a burgeoning human population despite the expected reduction in the rural workforce 

due to AIDS and movement to urban centers.
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