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Abstract 

An appreciation of the risks caused by emergent plant viruses is 
critical in tropical areas that rely heavily on agriculture for sub­
sistence and rural livelihood. Molecular ecology, within 10 years, 
has unraveled the factors responsible for the emergence of several 
of the economically most important tropical plant viruses: Rice yel­

low mottle virus (RYMV), Cassava mosaic geminiviruses (CMGs), 
Maize streak virus (MSV), and Banana streak virus (BSV). A large 
range of mechanisms-most unsuspected until recently-were in­
volved: recombination and synergism between virus species, new 
vector biotypes, genome integration of the virus, host adaptation, 
and long-distance dispersal. A complex chain of molecular and 
ecological events resulted in novel virus-vector-plant-environment 
interactions that led to virus emergence. It invariably involved a ma­
jor agricultural change: crop introduction, cultural intensification, 
germplasm movement, and new genotypes. A current challenge is 
now to complement the analysis of the causes by an assessment of the 
risks of emergence. Recent attempts to assess the risks of emergence 
of virulent virus strains are described. 
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INTRODUCTION 

Over the past two decades, molecular ecol­

ogy has emerged as a new and rapidly expand­
ing branch of the biological sciences. Molec­
ular ecology is inherently interdisciplinary 
and derives from several scientific disciplines 
including biology, ecology, epidemiology, 
molecular evolution, and genetics. Molecu­
lar techniques are used to study the complex 

patterns and processes of biological diversity 
at all levels of organization, from genes to 
organisms, populations, species, and ecosys­
tems, but from a gene-centric perspective (5, 
39, 58, 106). Molecular ecology has been ap­
plied to a wide range of organisms, including 
viruses and other parasites. Not only can it 
answer key specific questions left unresolved 
in earlier ecological studies, but it also re­
veals a wide array of additional features of 
their ecology. We focus here on virus emer­
gence, a critical aspect of plant virus ecology 
of great economic importance. Within little 
more than 10 years, molecular ecology has 
elucidated a wide variety of factors, most un­

suspected until recently, involved in the emer­
gence of plant viruses. Examples are selected 
from tropical plant viruses, especially those 
found in Africa, because many of the most 

damaging plant virus epidemics occur in the 
tropics and major breakthroughs in molecular 
ecology have been achieved with several trop­

ical viruses. Moreover, molecular ecology will 
be most useful for the control of tropical plant 
virus diseases. 

Features of tropical environments that in­
fluence the behavior of tropical plant virus 
diseases have been described elsewhere (122). 
Comprehensive and up-to-date information 

on the ecology of virus diseases of crops in 
tropical countries was published recently (80). 
Concepts and techniques of molecular ecol­
ogy are described in recent textbooks (5, 39). 
Emerging infectious diseases are caused by 
pathogens that have increased in incidence 
geographical distribution, or host range; hav~ 
changed pathogenesis or newly evolved; or 

have been discovered or recognized recently 
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(3). Among the economically most impor­
tant tropical plant viruses, Rice yellow mottle 

virus (RYMV), cassava mosaic geminiviruses 
(CMGs), Maize streak virus (MSV), and Ba­

nana streak virus (BSV) have caused severe 
epidemics in the past decades. They are used 

here to compare and contrast molecular and 
ecological events that led to their emer­
gence. These viruses belong, respectively, to 
the genus (family) Sobemovirus, Begomovims 

(GeminiviT·idae), Mastrevirus (Geminiviridae) 

and Badnavirus (Caulimoviridae) (3 5). 
Rice yellow mottle disease is often referred 

to as a typical example of an emergent virus 
disease triggered by agricultural intensifica­
tion. Molecular ecology reveals three phases 
of the emergence process that are often con­
founded: host range extension, dissemination 
ofthe pathogen, and increase in disease preva­
lence. Cassava mosaic disease (C1VID), caused 
by whitefly-horne viruses, is the most impor­
tant cassava disease in sub-Saharan Africa. De­
tailed epidemiology in East and West Africa 
in the 1970s and the 1980s (17, 28, 30, 34) and 
analysis of historical precedents (19) could not 
explain the onset of the subsequent very dam­
aging pandemic in eastern and central Africa 
in the 1990s. The issue is now being resolved 

through major advances in understanding the 
complex etiology of the disease and the role 
of the whitefly vector Bemisia tabaci, which 
led to a dramatic change in pathogenicity and 
the rapid spread of the virulent virus species 
associated with the pandemic. "Streak" was 
the name given to virus diseases in Africa 
affecting maize, sugarcane, and wild grasses: 
Studies revealed the complex and contrasting 
mterplay between the wild indigenous hosts 

and the introduced crops of maize and sugar­
cane, leading to host range expansion through 
adaptation of the "streak" viruses. Banana 
streak disease was first reported from Cote 

d'Ivoire in 1958 and subsequently in many 
other countries in Africa and elsewhere. The 
unique etiology and mode of propagation of 
BSV were elucidated recently and may ex­
plain its exceptional molecular diversity. In­
fection arose from viral DNA integrated in the 



nuclear genome in one of the wild species that 
has contributed to many of the banana cul­

tivars currently grown. Consequently, inter­

national banana breeding and crop improve­
ment programs have been hindered. 

These examples illustrate the sequence 

of a wide range of complex and interact­

ing molecular, ecological, and agro-ecological 

events that resulted in novel virus-vector­

plant-environment interactions and led to the 

emergence of several tropical plant virus dis­
eases. A challenge now for molecular ecology 
is to complement the analysis of the causes 

of emergence by assessing the risks involved. 

Recent attempts to assess the risks of viru­
lent strains emerging, another major threat 
for tropical agriculture, are described. 

RICE YELLOW MOTTLE VIRUS 

Rice yellow mottle disease is caused by Rice 

yellow mottle virus, a member of the genus 
Sobemovirus (60), which was reported first in 

1966 in Kenya (4) and subsequently in virtu­

ally all other rice-producing regions in Africa 
(Figure 1), but not elsewhere (126). Accord­

ingly, the disease is categorized as emergent 

(3). The etiology and transmission of RYMV 

have been characterized. In recent years, stud­

ies of the molecular diversity of RYMV on a 
continental scale (1, 31, 100, 101, 126) have 
elucidated the transmission, dispersal and ori­

gin ofRYMV, and hence the process of emer­

gence of the virus. 

Range ofTransmission 

The natural host range of RYMV is limited 
to wild (Oryza lonr,istaminata, Oryza barthii) 

and cultivated (01yza sativa, Oryza glabeT'rima) 

rice species. In addition, natural infection of 

a few wild grasses (Echinodoa colona, Panicum 

repens) has been reported (69), but their role as 

sources of inoculum is unclear. All these hosts 
are water-dependent species found mostly 

along riverbanks, lakeshores, swamps, tempo­
rary ponds, and irrigation canals. In subtropi­

cal areas, cultivated rice including floating and 

Fig-me 1 

Map of Africa showing the countries listed in the text. 

irrigated types is confined to similar environ­
ments. In tropical areas, rain-fed rice is also 

grown, often in mixed cropping systems. Oc­

cupying less than 1% of the agricultural land 
area, rice habitats in Africa are patchy, espe­

cially when compared with Asia (90% and 6% 

of the world areas, respectively). In the past 
several decades, however, rice cultivation has 
intensified rapidly in Africa. The area grown 

has increased threefold since 1966 to reach 
10 million hectares in 2004 (http://www. 

irri.org/science/ricestat). Overall, RYMV 

habitats are heterogeneous, fragmented and 

expanding. 
RYMV is transmitted by contact and by 

animal vectors. Transmission by seeds has not 

been detected in either cultivated or wild rice 

species (68). Transmission by contact is fre­
quent between seedlings within seedbed nurs­

eries and at transplanting (127). Seedlings are 

then planted into neighboring rice fields, usu­

ally located within a few hundred meters of 
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the nurseries. Consequently, transmission by 
contact allows on-site perpetuation of the in­
oculum. Among the various animals reported 
to transmit RYMV (including rats, cows, in­
sects), several species of beetles of the family 
Chrysomelidae play the major role. Spread 
results from the interaction between vector 
movement and landscape structure (46, 129). 
Beetles have a short active flight capacity. 
Thus, when habitats are continuous, spread 

can proceed through local movement over 
short distances between adjoining or nearby 
rice fields. By contrast, when host distribution 
is patchy, such as for rice in much of Africa, 

dissemination can occur only by dispersal over 
greater distances, which leads to new popula­
tions which settle and spread. Long-distance 
wind-blown dispersion of beetles has some­
times been reported (121 ), although the range 
and frequency of these events are unknown, 
and cannot be extrapolated to the dispersal 
of RYMV, which is a non-persistent vector­
borne virus with a short retention time. 

Molecular characterization of RYMV iso­
lates from two contrasting islands of Pemba 

and Madagascar in the Indian Ocean provided 
information on the distances and frequency 
of long-range dispersal. In Pemba, a small 

island circa 30 km east of the mainland coast 
of 1imzania where rice is heavily cultivated 
and RYMV is prevalent, different strains oc­

cur, but they all belong to the east Tanzania 
monophyletic group (126). This indicates that 
RYMV has been spread on several occasions 
over distances of several tens of kilometers. 

In Madagascar, a 600,000 km2 large country 
and a major rice producer situated at least400 
km away from the African mainland, RYMV 
occurs and the isolates showed relationships 

with East African isolates (1 ). A vicariance bio­
geography event is unlikely as separation of 
Madagascar from the African mainland began 
circa 165 mya. More likely, the relationships 
reflect an influx of viruliferous insect vectors 
from mainland Africa (82). However, such 
long-distance dispersal over a few hundred 
kilometers is rare as serological and molec­
ular typing of over 500 isolates from main-
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land Africa did not reveal any evidence of a 
recent isolate transfer between East, Central, 
and West Africa (126). 

Pattems of Dispersal 

The diversity ofRYMV in Africa was assessed 
by studying isolates from 15 countries. In a 
few other countries in Central Africa, the dis­

ease has not been reported. According to the 
scenario developed here of an east to west dis­
semination of RYMV across Africa, the virus 
is likely dispersed throughout these countries. 
Thus, either the virus then became extinct, or, 
more likely, disease incidence was not suffi­
ciently high to attract attention, or diagnostic 
techniques were not available. Moreover, the 
nonspecific yellowing symptoms could have 
been overlooked or confused with physiolog­
ical disorders during the rare surveys con­

ducted in these regions. Despite this apparent 
discontinuity, RYMV surveys are still among 
the most comprehensive for any plant virus. 

Analyses of the spatial distribution of the 
genetic diversity further elucidated the disper­
sal process. RYMV showed a high level of spa­
tial population structure. lt was marked at the 
continental scale with three subdivisions: East 
Africa, West-Central Africa, and West Africa. 
At the continental scale, a close relationship 
was found between pairwise geographic and 

genetic distances, whether genetic distances 
were calculated on the full genome or on in­
dividual genes (1, _) 1). This relationship re­
flects the fact that dispersal and genetic differ­
entiation of RYMV are both time-dependent 
processes and that they develop on a simi­
lar timescale. It suggests that the overall dis­

semination of RYMV in Africa was progres­
sive. This trend, apparent at the continental 
scale, averages variable and sometimes con­
trasted relationships between genetic and ge­

ographic distances at regional or local scales. 
This indicates that the rapidity with which 
RYMV spreads over landscapes was not uni­
form, and that genetic differentiation does 
not reflect spatial separation simply mea­
sured as physical distances per se. Examples of 



deviations from a close relationship between 
genetic and geographical distances revealed 
the physical, ecological, and historical factors 
that influenced dispersal. 

Three studies conducted at regional scales 
illustrate the complex interplay between these 
factors and showed the impact of rice cul­
tivation (cultural practices, cropping inten­
sity, crop spacing, field spatial arrangement) 
on virus dispersal and the subsequent strain 
distribution. (a) Isolates from northern Tan­
zania arc similar to those from Uganda and 
Kenya around Lake Victoria, but quite dif­
ferent from those of western Tanzania near 
Lake A1alawi and from those of eastern Tan­
zania, although a similar distance of circa 700 
km separates the different populations (102). 
Thus, geographic distances do not account 
for such genetic differences. Isolation from 
the rest of 'Emzania by a 1500 to 2000 m 

high-altitude plateau with little rice cultiva­
tion explains the specificity of the Lake Vic­
toria strain. Year-round growth of wild and 
cultivated rice around the lake ensures host 
continuity in time and space that facilitates 
virus spread, which accounts for the homo­
geneity of the isolates of this area. (b) lsolates 
from Niger, Benin, and Togo are more closely 
related to isolates of Chad and Cameroon 
in Central Africa 1500 kilometers eastward 
than to those ofBurkina-Faso, Mali, and Cote 
d'Ivoircin West Africa 300-500 km westward. 
Neither distance nor physical obstacles ex­
plain the split in the distributions of the West 
and West-Central strains (126). Actually, the 
north/south limit between the two distribu­
tion areas of the strains is also the border be­
tween an area of traditional continuous rice 
cropping in the west ("rice belt") and discon­

tinuous rice cropping in the east ["yam belt" 
and "millet belt," respectively (I 05) ]. The sub­
sequent isolation and differences in rate of 
virus spread between the two regions likely 
explain the West and West-Central strain dif­
ferences. (c) There was no relationship be­

tween genetic and geographic distances in the 
two far opposite parts of Africa. In eastern 
Tanzania, a series of highly variable strains 

occurred within a restricted geographical 
range. Such pronounced genetic differentia­
tion within a limited area reflects the older 
endemicity of RYMV in this region bordered 
by mountains and a high-altitude plateau. By 
contrast, in West Africa, populations have low 
variability with extended spatial distribution. 
Habitat connectivity, due to the lack of phys­
ical barriers and continuous rice cropping re­
inforced by the current intensification in rice 

cultivation, may have favored spread in the 
more recent phases of RYMV dispersal in 
West Africa. 

Center of Origin 

The origin and route of RYMV dissemina­
tion throughout Africa is revealed by the 
anisotropy of the spatial diversity of the virus. 
The highest diversity was observed in East 
Africa, with a pronounced peak in eastern 
Tanzania, and a decrease from the east to 
the west of the continent. The asymmetri­
cal ladder-like pattern of the phylogram is 
characterized by a branching order of the se­
ries of internal to distal nested nodes which 
correlates with the geographic origin of the 
isolates along an east-to-west transect across 
Africa (31). This pattern also suggests a west­
ward expansion with a succession of founder 
effects and subsequent diversification phases. 

Accordingly, genetic diversity would be ad­
versely affected by recurrent bottlenecks oc­
curring along the route of colonization, re­
sulting in the lowest diversity in the extreme 

west. This, together with accumulation of de 
novo mutations postdating population sepa­
ration, provides an explanation for the ge­
netic differences among strains across Africa. 

Within Tanzania, most of the strains, includ­
ing the most divergent ones, were found in the 
east, suggesting that this region is the center 
of origin of RYMV Accordingly, the RYMV 
ancestor is likely to have diversified in this re­
gion before spreading to other parts of Africa 
following the easiest routes of transmission, 
in particular along rivers and lakes harbor­
ing wild and cultivated rice. The continental 
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westward orientation of the RYMV expansion 
was an inevitable consequence of the eastern 
position of the center of origin. At regional 

and local scales, the direction and rate of dis­
semination resulted from landscape patterns. 

Interestingly, an analogous scenario has 
been suggested recently for cassava mosaic 
geminiviruses in Africa after an in -depth study 
of their distribution and variability across the 
continent (92; see below). The highest diver­

sity, at the species level, was in Tanzania with 
both localized and divergent species. This 
pattern of variability also suggested an East 
Mrican origin for CMGs, and a subsequent 
spread by the whitefly vector Bemisia tabaci 

from East to West Africa with corridors of 
propagation favoring spread and also barriers 
curtailing it. Eastern Tanzania is a biodiver­
sity "hotspot" for a wide range of plant and 
animal species and is referred to as the East­

ern Arc Mountains and coastal forest region 
(89). It may have harbored the primary indige­
nous hosts of RYMV and also those of cassava 
mosaic geminiviruses. The natural and exper­
imental host range of RYMV includes sev­
eral Gramineae species of the tribe Oryzeae 
(4, 69). Its discontinuous host range is consis­
tent with tl1e view that wild and cultivated rice 
species were not the original hosts of RYMV 
More probably, these were montane grasses, 
endemic to the Eastern Arc Mountains 

region. 
Field spread of several vector-borne plant 

viruses results from jump spread by wind­
borne vectors that initiate new outbreaks, fol­

lowed by radial spread from this source and 
additional satellite outbreaks (120). The rel­
ative importance of radial and jump spread 
depends on the pathosystem (64, 66, 67). De­

spite the major differences in time and space, 
there is a link between such epidemic progress 
within a field, consisting of both expansion of 
existing foci and initiation of new foci, and 
dispersive traveling waves in an assemblage of 
distant and scattered fields over several suc­
cessive cropping seasons (132). At regional 
scales, fronts of propagation have been ob­
served for a few plant viruses (26), includ-
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ing CMGs that were estimated to advance at 
circa 30 km per year (95). At continental scale, 

waves of propagation of several animal viruses 
have been inferred recently from phylogeo­
graphic studies (8, 22, 108, 134, 135), and 
sometimes confirmed by direct epidemiolog­
ical observations (15). Such a traveling wave­
like process on a continental scale is proposed 
here for plant viruses. This is apparent from 
phylogeographic studies ofRYMV where spa­

tial dispersal and genetic ditierentiation oc­
cur on similar timescales. With RYMV, the 
slow spatial dispersal (limited flight ability of 
the beetle vector, generally adverse west-to­
east orientated wind currents, nonpersistent 
virus/vector relationship, patchy habitat) is 
consistent with the high diversification rate 
(up to 16% in nt diversity of the coat pro­
tein gene). Figure 2 illustrates how a sim­
ple simultaneous dispersal and diversification 
process from eastern Africa across the conti­
nent restitutes the main characteristics of the 
phylogeography of RYMV. Development of 
evolutionary scenarios from phylogeographic 
studies is likely to be more complex and/or 
less informative for plant viruses with a low 
genetic diversity (40), a fast dispersion ability 
by vector or by human (121), or a high recom­
bination rate (13). 

Emergence 

RYMV is often presented as an example of a 
virus causing an emergent disease triggered 
by agricultural intensification (3). Our studies 
indicate that a recent and massive long-range 
virus dissemination by vectors from Kenya 
since 1966 (when and where it was first re­

ported) to the rest of Africa as often assumed 
or implied (3) is most unlikely. More likely, 
the virus was present unnoticed in the wild 
grasses and in subsistence rice after its dissem­

ination across Africa. The limited areas of rice 
grown previously had been mainly in small, 
seasonal, rain-fed plantings that provide little 
opportunity for major outbreaks to develop. 
Epidemics developed only after rice inten­
sification in the 1960s. lndim cultivars from 



F igure 2 

Phylogeographic implicatio ns o f a dispersa l fro m a 
East Africa. (a) Dispersa l ofRYMV fro m a putative 
center of o ri gin in East Africa. Four stages of the 
dispe rsa l across inte rtropica l Africa (to, t1, tz, t3) 
are considered . The approximate north and south 
lim its of rice culti va ti o n are indicated by dotted 
hori zontal lines. During each stage the virus 
diversifi ed geneticall y, a fractio n of the po pulatio n 
dispersed westward , whereas the rest remained 
loc.1 li zed. The disease extension at the fo ur stages 
was chosen to co incide approximately with the 
present limi ts o f the distribu tion areas of the fo ur 
lineages (eastern T.1nzania, East Africa, 
\Vest-Central Africa, and W est Africa). \Ve 
considered four representati ve isolates collected 
recently, o ne in each o f tl1e fo ur areas (A, B, C, D). 
The cladogram was reconstructed (b) and tl1e 
relatio nships between geographica l and gene tic 
di stances ca lculated (c) . (b) C ladogram. The 
hori zontal axi s is a spati al axis which represents the 
distances o f the four iso lates (A, B, C, D) fro m the 
putative center o f orig in. Genetic d ive rgence was 
taken as a marke r of tempora l d ive rgence. T he 
verti cal axis is a temporal axis wh ich represents the 
geneti c diversifi ca tio n o f a puta t ive ancestor iso late 
tl1roughout tl1e fou r periods t0 , t 1, tz, tJ leading to 

the four pre ent isolates . The resu lting cladogram 
showed the phylogeneti c relationships betw een 
the four lineages. l t restituted the characteristi c 
asym metrica l ladder-like structure o f the o bserved 
RYNIV cladograms with a nested seri es o f internal 
nodes fro m East to W est Africa ( 17) . Co nsequentl y, 
the dive rsity decreased from the east to tl1e west. 
(c) Relatio nship between geograph ic and genetic 
distances. Geographica l and genetic di stances 
were ca lculated fo r each pair o f isolates assigning 
one unit of temporal difference between two 
successive periods and one unit o f spati al 
difference between two adjacent areas. T hey were 
plotted, respectively, on the X and Y axes o f the 
diagram. [To a given distan ce o f separation 
between two iso lates is associated a minimal t ime 
o f separation, tl1e greater tl1 e distance, tl1 e grea ter 
this time.] T he di agonal represents the ;we rage 
rate o f expansio n CV1 ). Un de r tl1 e hypothesis o f 
molecular clock fo r nucleotide substitutio ns and 
assuming a unifo rm speed of dispe rsal, all tl1e 
experimental po ints should be below the diagonal. 
T his was verifi ed witl1 a representati ve sa mple o f 
isolates fro m each stra in (!). \Vhen the full corpus 
o f isolates was considered , however, deviatio ns 
from this relationshi ps were o bserved with clusters 
of points above the diagonal (D. Fargette, . Pine! 
& G . Konate, un published resu lts) . T his re fl ects 
higher expansion rates at loca l o r regio nal sca les 
(Vz) . Reasons fo r the changes in expansion rates 
are discussed in the text. 
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Asia that are very susceptible to RYMV were 
introduced in Africa. Irrigation allowed con­
tinuous cropping and an extensive growth of 

grasses, weeds, and self-sown rice plants that 
persisted through the dry season. These con­
ditions facilitated the build-up of virus and 
beetle vectors. Rice area expansion also re­
sulted in decreased interfield distances that fa­
vored spread to more remote or less favorable 
environments. Infection soon became preva­

lent in many areas, thereby changing RYMV 
from an endemic low-level disease that failed 
to attract attention to one causing recurrent 
severe epidemics. 

Rice yellow mottle emergence tlms 
resulted from a three-phase process: an ex­
tension of the host range, an expansion in 
geographical range, and an increase in dis­
ease incidence. It can be speculated that each 
phase was associated with different stages of 
rice intensification. Introduction of rice cul­

tivation in the putative center of origin was 
followed by infection from the primary in­
digenous wild hosts. Development of rice cul­
tivation allowed the propagation of the virus 
across Africa. Intensification of rice cultiva­
tion resulted in the present pandemy. This 
scenario can be confirmed only when the 
time-scale of the evolution ofRYMV is known 

(see below). 

CASSAVA MOSAIC DISEASE 
IN AFRICA 

The first report of cassava mosa1 c disease 
(Figure 1) in Africa was in 1894 from what is 
now Tanzania. By the end of the 1940s, CMD 
had been reported in virtually all cassava­

growing regions of the African continent and 
several islands, and the transmission of the 
disease by the whitefly Bemisia tabaci was es­
tablished. In the late 1970s, Bock and col­

laborators, using classical virological methods 
including electron microscopy and virus pu­
rification techniques, established the viral eti­
ology of CMD, geminate particles were de­
scribed, and soon thereafter the first sequence 
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of the African cassava mosaic virus (ACMV) 
was determined (72). 

In I 993 on the basis of serology and 
genome sequencing, a second virus was de­
scribed originating from East Africa (59, 118). 
The etiological situation of CMD in Africa 
was therefore simple with the occurrence only 
of two cassava mosaic geminivirus (CMG) 
species now referred to as African cassava mo­

saic virus and East African cassava mosaic virus 

(EACMV), respectively. The first full-length 
DNA-A sequences published were both from 
ACMV, collected from Kenya (116) and 
Nigeria (83). The situation became more 

complicated in the 1990s with more sam­
pling and sequencing, but above all by the 
appearance of a cassava geminivirus outbreak 

in Uganda, leading to the discovery of gem­
inivirus recombination and a wealth of epi­
demiological and molecular studies. 

Importance of Geminivirus 
Recombination 

An important development in the under­
standing of the molecular characterization 
of CMGs came in 1997 following reports 
of the rapid spread of an unusually severe 
form of CMD in central Uganda (45). Se­
quences determined for virus isolates obtained 
from severely infected plants suggested for 
the first time the occurrence of a CMG for 
which the DNA-A had arisen by interspecies 
recombination between two different bego­
movirus species (ACMV and EACMV) (24, 
13 7). The recombinantvirus had an EACMV­
like genome, but showed in the capsid pro­
tein sequence a typical ACMV fragment of 

459 nts. The recombinant virus was finally 
considered to be a strain ofEACMV (24), and 
was definitively designated as EACMV-UG in 
a comprehensive review of the taxonomy of 

the family Geminiviridae (3 6, 115). 
After this first evidence of geminivirus re­

combination, sequence comparisons of many 
geminivirus representatives of species and 
strains have shown that recombination is 



a very common occurrence worldwide, and 
clearly plays a very important role in their evo­
lution and emergence (96). For the CMGs, 
however, it appears that an important distinc­
tion can be drawn between ACMV, which 
shows a high degree of identity regardless 
of the origin of the isolates in Africa (above 
94% identity, Figure 3a ), and EACMV-like 
viruses, for which variation is considerable 
and recombination very frequent (92, 103) 
(Figure 3a ). 

The African CMD Pandemic 

The epidemic of severe CMD that affected 
most of Uganda in the 1990s devastated the 
country's cassava production, causing losses 
estimated at more than U.S. $60 million 
annually between 1992 and 1997 (94) 
(Figure 3b, c). Key characteristics of the 
CMD pandemic were the high incidences 
of severe CMD ( 45) (Figure 3b, c), rapid 
vector-borne spread (94), and superabundant 
B. tabaci populations (74) (Figure 3d). Since 
the 1990s, the disease has progressed from 
Uganda to Gabon in West Africa (red arrow 
in Figure 3a ), and a complete description of 
the pandemic has been published (72). Stud­
ies of the relationship between CMGs and 
the pandemic revealed a consistent association 
of the recombinant EACMV-UG (137), fre­
quently in mixed infection with ACMV (56, 
103, 104). However, despite the constant as­
sociation of EACMV-UG with very severely 
affected plants, there is currently no clear ex­
planation for the presence of the ACMV re­
combinant fragment in the capsid protein of 
EACMV-UG and the rapid CMD spread in 
Africa. Similarly, the presence of EACMV­
UG in mixture with other CMGs does not 
always cause a pandemic of CMD. EACMV­
UG does not seem to be unique in being able 
to elicit very severe symptoms in cassava, as 
similar symptoms have been described both 
for ACMV (103) and other EACMVs (72, 
104). These facts suggest that the synergism 
between EACMV-Iike viruses and ACMV is 
indispensable but not sufficient for EACMV-

like viruses to be spread by vectors. This is 
also related to the fact that single infections 
of EACMV-Iike viruses most often accumu­
late very low levels of viral DNAs, as exempli­
fied by EACMCV in Cameroon (38). 

Synergism Between Cassava Mosaic 
Geminiviruses 

Mixed ACMV and EACMV-UG infections 
were shown to be a frequent feature of the se­
vere CMD pandemic (56, 71,103, 104). Plants 
infected in the field with EACMV-UG ex­
pressed more severe symptoms than those in­
fected with ACMV, but plants infected with 
both viruses showed more severe symptoms 
than anyofthe singly infected plants (56, 1 04). 
This observation was later confirmed in labo­
ratory experiments where virus concentration 
evaluations in all three infection conditions 
demonstrated that ACMV and EACMV-Iike 
viruses interact synergistically (3 8, 104, 131) 
(Figure 3e-h ). For EACMCV and ACMV, 
the accumulation of DNA-A and -B for each 
virus can be boosted by 20- to 50-fold or 
more in a synergistic interaction compared 
with single infection (38, 130). This syner­
gism is the only example known for gemi­
niviruses and also for plant viruses of the same 
genus in the same family. This biological phe­
nomenon seems to be of primary importance 
for the emergence of this new geminivirus dis­
ease and is certainly a key factor in the spread 
of the CMD pandemic in East and Central 
Africa (56, 71) (red arrow in Figure 3a) but 
alone cannot explain the pandemic. 

Synergism is Caused by the 
Combined Effect of Two Viral 
Suppressors of Gene Silencing 

The molecular biological mechanism behind 
the synergism between ACMV and EACMV­
Iike viruses has been elucidated recently and 
shown to result from a differential and com­
bined action of two geminiviral suppressors of 
gene silencing (14, 130, 131). It was demon­
strated previously that CMGs possess two 
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(n) Map of Africa dep icti ng the putative inter-species recombinations o f components A and B of CMGs 
identified in different parts of Africa from an analysis of GenBank accessions. The significance of the 
color codes is given in the figure. Where the component B of a parti cular virus has not been cloned it is 
indicated in letters for a different species representative, or as a faint shading for a different isolate. For 
simplification of the drawing, not all th e ACMV isolates have been drawn, as d1ey are very similar (a ll 
white in d1e diagram). Simi larly, d1e EACMV-UGs associated wid1 d1e CMD pandemic, now present in 
several central African countries, have been depicted as red stars, and d1e large red arrow represents the 
progress of CMD pandemic in East and Central Africa. The solid blue arrows represent the possible 
"route" of dissemination of d1e EACMCV viruses, and d1e pink arrows represent the possible "route" of 
dissem ination of the EACMV-Ii ke viruses. (b, c) CMD synergistic-type symptoms on naturall y infected 
cassava plants (band c) in d1e fi eld in Uganda (photo courtesy ofJames Legg). (d) Ve1y high whi teAy 
population density of adu lts on cassava in Uganda (photo courtesy of]ames Legg). (e-b) Symptom 
severi ty and levels of viral D TA accumulation associated with CMD induced by ACMV-[CM] and 
EACMCV or bod1. From left to right, cassava plants mock- inoculated (control, e); inoculated wid1 
ACMV-[CM] alone (f ), EACMCV alone (g), and dua l inoculation wid1 ACMV-[CM] and EACMCV 
toged1er (b). Southern blot strips next to each plant indicate relative amount of vi ral DNA accumu lation, 
AC: ACMV-[CM], EC: EACMCV, and AC & EC accumulation in doubly infected plant. 

posttranscriptional gene sil encing (PTGS) 
suppressors named AC2 and AC4, respec­
tively. ACMV uses the AC4 protein (known in 
some cases to enhan ce pathogenici ty) as an ef­
fi cient PTGS suppressor, whereas EACMV-

UG and EACMV use the AC2 protein (a tran­
scriptional activator protein). When a cassava 
plant is i11fecred by both viruses, the AC4 of 
ACMV provides an immediate PTGS sup­
pression. It benefits both viruses to enhance 

244 Fmgette et 11/. 



Control ACMV-[CM] 

Figure 3 

(Cominued) 

their replication and increase their concentra­
tion, wh ich in turn produces more AC2 pro­
tein of the EACMV-like virus that wi ll sup­
press PTGS more effectively for the rest of 
the plant's life. T his combined effect will boost 
both ACMV and EACMV-like virus D NAs, 
accumulating 20 to 50 times more than each 
control (Figure 3f-h ). Consequently, the du­
ally infected cassava plant will litera ll y coll apse 
from the virus load (14, 130, 131). The result­
ing symptoms are called candle-type symp­
toms (Figure 3h) and are typical of syner­
gistic interactions recorded in the fields with 
thick stems and leaves reduced to a fraction of 
their size with very thick veins (Figure 3h ). 
T hese findings provided the first indication 
of tl1e importance of the control of gene si-

EACMCV Dual 

lencing of tl1e host plant for geminiviruses, 
despite the fact that geminiviruses are ssD NA 
viruses with no dsRNA phase in their cycle. 
T his discovery enhances the importance of 
molecular studi es in understanding ecological 
phenomena. 

Molecular Characterization 
of Bemisia Tabaci 

Bemisia tabaci has been recorded from more 
than 1000 crops and weed host species i11 
the tropics and pan-tropics, and occupies a 
great diversity of niches with variable ecolog­
ical conditions. Genetic markers have been 
used to separate popu lations (10, 11). Ev­
idence for tl1e occurrence of an invasive 
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pandemic-associated B. tabaci genotype based 
on MtCOI sequence analyses of B. tabaci 

adults collected along a transect running 
perpendicular to the pandemic "front" has 
been reported (73). Studies in Uganda sug­
gested that severely CMD-affected cassava 
plants interact synergistically with B. tabaci 

populations (93). This interaction is char­
acterized by an increased colonization of 
CMD-infected plants by whiteflies, higher 

concentration of eggs on symptom-free leaves 
of diseased plants, and increased rates of 
fecundity on CMD-diseased plants. This 

important phenomenon could explain the 
greater spread of the viruses associated with 
the pandemic (18). 

Conclusion 

Since the 1990s, the use of molecular tools 

has greatly expanded our knowledge of viruses 
infecting cassava in the world, particularly in 
Africa. Although still limited, our apprecia­
tion of virus diversity in nature is much larger 

and much more detailed than previously. It 
is now clear that interspecies recombination 
of geminiviruses plays an important role in 
the evolution, spread, and survival of these 

viruses. This conclusion also applies to the 
whitefly geminivirus vectors, where informa­
tion about the genetic and behavioral differ­

ences between geographically distributed vec­
tor populations is emerging. The molecular 
explanation for the synergistic interaction of 
geminiviruses and the role of gene silencing 

of the host plant in regulating or promoting 
these viruses helped in elucidating the epi­
demiological and economic consequences of 

such interactions. Although the causes of the 
CMD pandemic in Africa are incompletely 
understood, it seems that the synergistic inter­
action of ACMV with EACMV-like viruses, 
combined with the spread of the EACMV­
like virus via newly adapted populations of 
whiteflies, has been crucial in the rapid devel­
opment of this disease on a continental scale. 
Molecular ecology is therefore essential to un-
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derstanding epidemiological and evolutionary 
phenomena. 

STREAK DISEASES CAUSED BY 
MASTREVIRUSES IN AFRICA 

"Streak" was the name given in 1925 to 30 
virus diseases in Africa (Figure 1), affect­
ing maize, sugarcane, and wild grasses, be­

cause of the typical symptoms consisting of 
chlorotic streaks developing on the leaves par­
allel to the veins (117). Until the late 1980s, all 
viruses causing streak disease in Africa were 
included as strains of an all-encompassing 
maize streak virus, mainly because they had 
twinned quasi-isometric virion morphology, 
similar transmission with leafhopper species 
of the genus Cicadulina, and the existence of 
serological relationships (7, 2 3, 99). However, 
using molecular tools, it appeared that the se­
quence nucleotide identities between mem­
bers of the so-called strains of maize streak 
virus were sufficiently low, according to the 
current species demarcation criteria, to dis­

tinguish several virus species belonging to 

the genus Mastrevirus, family Geminiviridae. 

Besides Maize streak virus, three geminivirus 

species were identified from sugarcane (6, 
Ill) and one from panicum (Panicum streak 

virus) (9). The species from sugarcane are 

the Sugarcane streak virus from South Africa, 
which was the first to be identified, and sub­
sequently Sugarmne streak Reunion vi111S and 
Sugarcane streak r,;f!,ypt vint.l". Two strains of 
Panicum .w·eak vints were described, one from 

Kenya (PanSV-[Ken]) and one from South 
Africa (PanSV-[Kar]). Mastreviruses of Pan­

icum sp. and sugarcane were less studied than 

those isolated from maize, mostly because 
they cause relatively mild syn1ptoms on their 
original host and on maize. 

Phylogenetic analysis revealed that these 
viruses form an intrageneric cluster of 
African streak viruses (11 0). Surprisingly, 
Digitaria streak vh·us, a mastrevirus species 
which was isolated from Vanuatu (east of 
Australia) and transmitted by a leafl1opper 



of a distinct genus (Nesoclutha declivata), 

groups with this African cluster and not 
with Chloris striate mosaic virus, an Aus­
tralian mastrevirus species transmitted by a 
distinct leafhopper of the genus Nesoclutha, 

N. pallida. 

IV!aize streak virus is the most studied mas­
trevirus species because it causes the most 
important virus disease of maize in Africa. 
Incidence of nearly 100% was recorded in 

Burundi (136). Yield loss of3 3% was recorded 
in Kenya (48). Five Maize streak virus strains 
were identified: strain A containing mainly 
maize isolates, strain B found in wheat, rye, 
and grasses, and three rare strains detected 
in Setaria sp. (strain C), in U1-ochloa sp. 
(strain D), and in Digitaria sp. (strain E) 
(81). Six subtypes were distinguished within 
the A strain. Isolates from Reunion Island 
form subtype A6, which is the most diver­

gent, probably because of a founder effect 
(98). Unlike the isolates of the maize strain 
that cause severe symptoms in maize, iso­
lates of the other strains cause mild symptoms 
in maize. With the exception of the wheat 
strains that generally cause severe symp­
toms in wheat, the strains isolated from wild 

grasses cause mild symptoms in their original 
hosts. 

Maize was introduced into Africa in the six­
teenth century. Because maize is not a peren­
nial host and lv1aize streak virus is not seed 
transmitted, the isolates detected on maize 
in different countries are predictably of lo­
cal origin. Thus, isolates of the maize strain 

(strain A) collected over several thousand 
kilometer distances all around the African 
continent, from Nigeria, Kenya, Zimbabwe, 
and South Africa, and share 96% to 99% 

nucleotide identity on their whole genome 
(81, 98), it is suggested that highly simi­
lar isolates occurred in these countries in 
wild species and/or that different viruses have 
adapted in a similar fashion to maize, result­
ing in near-identical sequences. It was pro­

posed that adaptation to annual grasses re­
sulted in quick and pronounced symptoms. 
This would help to ensure leafhopper trans-

mission before death of the host or, in the case 
of maize, before harvest time (6, 81). Differ­

ent selection pressures are expected in veg­
etatively propagated weed grass hosts and in 
sugarcane, also an introduced host in Africa, 
because viruses can be perpetuated through 

the vegetative propagation of the host, even 
if the fitness of the virus is relatively low (6). 
This may explain why sugarcane was found to 
be infected by representatives of several dis­

tinct species of African streak geminiviruses, 
whereas maize was infected by only one (6). In 
addition, the geographic distribution of gem­
iniviruses infecting sugarcane may have been 
influenced by the movement of infected cut­
rings. For example, it cannot be discounted 
that Sugarcane streak Reunion virus isolate that 
was detected in millet in Nigeria has not the 
same geographic origin as the Sugarcane streak 

Reunion virus sugarcane isolates from Mauri­
tius and Reunion Islands. 

BANANA STREAK VIRUS 

Banana streak virus belongs to the genus Bad­

navirus, family Caulimoviridae. The impor­
tance and diversity of badnaviruses has been 

recognized only relatively recently and par­
ticularly in tropical plants, due to progress 
made in molecular diagnostic techniques. In 
addition to Banana streak virus (BSV), other 
badnaviruses commonly reported are Cacao 

swollen shoot vi1·us (CSSV) in cocoa, Dioscorea 

bacilliform virus (DBV) in yam, Taro bacilli­

form virus (TaBV) in taro, Sugarcane bacilli­

form IM vi1·us (SCBIMV) in sugar cane, and 
Citrus mosaic bacilliform virus (CMBV) in cit­
rus species. Banana streak disease was first ob­
served in Cote d'Ivoire in 1958. It was then 

reported from southern Morocco in 1986, 
and the bacilliform particles responsible for 
the disease were described (77). It was sub­
sequently found in different Musa cultivars 
in many countries in Africa (Figure 1) and 
elsewhere (78). The realization that banana 
streak disease was widespread and that the 

causal agent could be carried in banana with­
out showing symptoms has caused problems 
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for quarantine authorities and organizations 
involved in the international exchange of ba­

nana germplasm. 

BSV is naturally transmitted to banana 
(Musa species) in a semipersistent manner 
by at least three mealybug species, of which 

Planococcus citri is the most prevalent. Field 

observations in many countries suggest that 
natural dissemination of BSV by mealybug 

vectors is limited in occurrence and does 

not play a major role in epidemiology. BSV 

mainly spreads by the vegetative propaga­
tion of asymptomatic infected source plants. 

Temperature fluctuation, rather than absolute 

temperature, may be a critical factor in ex­
pression of banana streak disease symptoms. 
Moreover, foliar symptoms appear sporad­

ically during the year, and leaves showing 

symptoms may be succeeded by leaves ex­
pressing few or none. 

Constraints to the Development 
of Molecular Studies 

Molecular studies of BSV have been ham­

pered by several factors. The tedious extrac­
tion process needed to obtain viral DNA from 
banana plants, the lack of alternate indica­

tor hosts, and the inability of this virus to be 

transmitted by mechanical inoculation have 
been the main constraints on its molecular 

characterization. 

Molecular characterization of BSV was 
boosted in 1990, due to the improvement of 

the techniques of purification (77). The first 

complete sequence of a BSV isolate was then 

determined in 1998 (52). As shown by sev­
eral studies, badnaviruses are highly variable 

at both the genomic and serological levels, 

a feature that complicates the development 
of both molecular and antibody-based diag­

nostic tests (42, 79). Recently, many BSV se­

quences of the polymerase coding region of 
ORF 3 became available. Because of the im­

portant variability found between these se­
quences, the Caulimoviridae study group of 

the International Committee on Taxonomy 

of Viruses decided that BSV sequences hav-
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ing more than 20% of nucleotide differences 
in the polymerase (RT + RNAse H) region 

will now be considered as different badnavirus 

species (61). Three different BSV species are 

now clearly identified in the Badnavirus genus: 
Banana streak Mysore vinLs (BSMyV), Banana 

streak GF virus (BSGFV), and Banana streak 

OL virus (BSOLV). The term BSV used here 
is based on the symptoms observed on the ba­

nana from which sequences were obtained and 

not from a taxonomic standpoint. 

Highly Original Ecology of BSV 
Revealed by Molecular Tools 

Banana streak disease has only recently been 
considered to be a serious problem. The spon­

taneous appearance of the disease in cer­

tain tissue culture and breeding lines then 

caused increasing concern. The modern va­
rieties of ]\;fusa are mainly interspecific hy­

brids of ploidy combinations of two parental 

species, lv1usa acuminata (A genome) and lv1usa 

balbisiana (B genome). A significant number of 

interspecific Musa genotypes, including newly 

created hybrids, showed a tendency to pro­
duce BSV-infected propagules when either 

virus-free source plants were propagated by 

tissue culture or virus-free mother plants are 

used for sexual hybridization (20, 75). 
By combining different molecular tools 

(PCR, molecular hybridization, and in situ hy­

bridization), it was possible to prove the exis­
tence in the Mum genome of integrated BSV 
sequences that can cause episomal infection 

under certain circumstances (54, 91 ). BSV in­

tegrated sequences appear to be relics of an­
cient infection events and probably arose from 

"illegitimate" recombination between host 

and viral DNA. For BSOLV (Banana streak OL 
virus), the integrated sequence found in Musa 

sp. cv. Obina l'Ewai (Musa AAB group) con­
tains a rearranged but complete virus genome, 
and a model for activation to the episomal 
form has been proposed (91). The original 
finding of BSOLV sequences integrated in 

the lv1usa genome has since been extended, 
and this unique source of infection may 



occur for other BSV-like viruses species (44). 
In all cases so far, these potentially activat­
able sequences have been found in only some 
B genome-containing Musa, although there 
are other badnavirus sequences, found in both 
i\llusa A and B genomes, that have not been as­
sociated with disease (43, 91). Genetic mark­
ers and BSOLV sequence integration linked 
to the expression of banana streak disease in 
interspecific Musa hybrids progeny have been 
identified together only in theMusa B parental 
genome (7 5). 

This phenomenon has prevented the de­
ployment of tissue cultures of improved inter­
specific hybrids of banana and plantain and has 
seriously hampered all Musa breeding based 
on utilization of the Musa B genome. A bac­
terial artificial chromosome (BAC) library of 
the banana M. balbisiana genome is now avail­
able as a valuable resource to study the in­
tegration and activation mechanisms of BSV 
sequences (112). A more detailed characteri­
zation of integrated badnavirus sequences is 
now required to define the roles of the dif­
ferent integrants in infections. Mustl breeding 
programs need to find a parental genotype 
without an episomally expressible viral inte­
grant. The use of IC-PCR (119), provided 
that appropriate negative and internal Musa 
PCR controls are used, avoids false positives 
due to integrated viral sequences and remains 
a potentially useful tool in diagnosing BSV 
infection. 

Ecological Significance of Genetic 
Variation 

As showed in Figure 4, the range ofBSV-like 
sequence variability, estimated with a frag­
ment of the RT gene, is very high compared 
to the variability of other badnaviruses stud­
ied so far. The high divergence between BSV 
isolates has led recently to the creation of 
three different BSV species despite their close 
biological properties (61). The list of BSV 
species will probably extend when new full se­
quences become available. The origin ofBSV­
like variability is still not clearly elucidated, 

but has most probably occurred from different 
sources (51). Indeed, BSV-like viruses from 
Uganda can be separated into three different 
clades, each more closely related to other bad­
naviruses than to BSV viruses in the other 
clades (Figure 4). The first clade included 
viruses derived originally from activatable in­
tegrated sequences within the B genome, epi­
somal infections having been transmitted hor­
izontally thereafter to other banana plants 
(51). However, it has not yet been proved that 
some of the sequences included in this first 
clade were integrated. The second clade con­
tained sequences integrated in various Musa 
genotypes on the basis of comparisons with in­
tegrated sequences (43). The third clade con­
taining 60% of the viral sequences identified 
in Uganda is hypothesized to have originated 
from other alternative hosts, but evidence is 
still lacking. Moreover, an SCBV isolate from 
Mauritius has been found closely related to 
BSOLV (clade I) (63). Many other SCBV 
sequences closely related to this clade have 
been detected from sugarcane in Guadeloupe 
(E. Muller, unpublished results). Complex re­
lationships found between SCBV and BSV se­
quences reflect close ecological relationships 
between these two viruses. Additional studies 
are now needed to gain a better understand­
ing of the origin of the BSV sequence diver­
sity and to clarify the complex taxonomy of 
badnaviruses. 

Currently, no obvious correlation has been 
established between a particular BSV clade, or 
individual sequence, to specific Musa geno­
types, cultivars, or to disease severity and 
symptoms. There is only one geographical re­
lationship demonstrated between a BSV clus­
ter and a region of Uganda. A long history of 
banana cultivation, movement of vegetative 
material, and trade may explain this lack of 
association (51). Moreover, the recent infec­
tions arising from endogenous BSV-like se­
quences are responsible for the wide spread 
of still very homogenous sequences such as 
BSOLV sequence along with dissemination 
of hybrids. Molecular epidemiology of the 
BSV-like viruses is thus highly complicated 
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Phylogenetic neighbor-joining trees generated by the Darwin 4 program (97) based on nucleotide 
sequences of 543pb of the ORF3 ~"'Jase H region from BSV-like sequences, and other badnaviruses. 
Numbers at the nodes of the branches represent percentage bootstrap values (I 000 replicates) exceeding 
90%. Sequences used have the following accession numbers: AJ0022 34 (BSOLV), AF215814 (BSGF\ '), 
AF214005 (BSMyV), AY750155 (BSV-AcViet), DQ092436 (BSV-AcYu), AJ968458 (BSV-UgA), 
AJ968464 (BSV-UgC), AJ968465 (BSV-UgD), AJ968467 (BSV-UgE), AJ968469 (BSV-UgF), AJ968470 
(BSV-UgG), AJ968472 (BSV-UgH), AJ968486 (BSV-Ugi), AJ968501 (BSV-Ug)), AJ968504 (BSV-UgK), 
AJ968510 (BSV-UgL), AJ968542 (BSV-UgM), AJ968450 (BSV-Im), X52938 (ComYMV), AF347695 
(CBMV), Ll4546 (CSSV-Agou1), AJ781003 (CSSV-Wobe12), AJ609019 (CSSV-Peki), X94576 (DBV), 
M89923 (SCBV), AJ277091 (SCBIMV), AF357836 (laBV-PNG), A¥186612 CJaBV-F1), A¥186615 
(TaBV-S2), AJ292232 (RTBV-AP), X57924 (RTBV-Phil1). 

by the difficulty in distinguishing between 
episomal sequences derived from a classical 
viral evolutionary process and those derived 
from a long history of coevolution inside the 
banana genome. A better knowledge of the ba­
nana genome's content concerning BSV-like 
integrated sequences, based on the study of 
bacterial artificial chromosome (BA C) library 
of these banana genomes, would facilitate in­
terpretation of the origin of BSV-like virus 
variability. 
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CONCLUDING REMARKS 
AND PERSPECTIVES 

Analyses of the emergence of the plant viruses 
reported here, although globally referred to 
as molecular ecology, have applied tools and 
concepts of population genetics, landscape 
ecology, ecological genetics, ecological func­
tional genomics, phylogeny, phylogeography, 
and molecular epidemiology. This underlines 
the need to combine different approaches 



within interdisciplinary studies (3 7, 62) to ad­
dress the issue of virus emergence. Moreover, 
the limits are increasingly blurred between 
evolutionary and ecological studies for RNA 
viruses whose rapid rates of nucleotide sub­
stitution means that the epidemiological pro­
cesses that shape their diversity act on a similar 
timescale as mutations are fixed in viral pop­
ulations (47, 88). A wide range of molecular 
techniques was applied, but they all involved 

analysis and comparison of partial or full­
length sequences. Further accumulation of se­
quences, new statistical frameworks to ana­
lyze them, and development of user-friendly 
software to implement the analyses are open­
ing new avenues for studies of ecological rel­
evance. They are currently applied to assess 
the risk of emergence of virulent strains (see 
below). 

This review illustrates, through a re­

stricted number of examples, the variety of 
mechanisms, most unsuspected until recently, 
that have led to the emergence of plant viruses: 
recombination and synergism between virus 

species, new vector biotypes, genome inte­
gration of the virus, host adaptation and 
host range expansion, long-distance disper­
sal, and agro-ecological changes. The same 
term "emergence" covers contrasting situa­
tions, with, respectively, emphasis on eco­
logical changes (RYMV), species interactions 
(CMGs), host adaptation (MSV), and host 
genetics (BSV). It partly reflects differences 
in the focus of the studies, and subsequent 
generalizations are difficult to make. For in­

stance, symbiosis is critical in plant virus evo­
lution (1 09) and may be decisive in virus emer­
gence. This is apparent with new CMGs in 

Uganda whose emergence is driven by recom­
bination and synergy, but not with RYMV, 
BSV, or MSV Integrated sequences of BSV 
led to episomal viral infections, but gemi­

niviral sequences found in plant genomes did 
not (53). Although, as stressed here, agro­
ecological changes were critical in RYMV dis­
semination, host adaptation, as postulated for 

MSV, may also be involved in shifts from wild 
grasses to 01yza species, from wild to culti-

vated rice species, from 0. glaberrirna to 0. 
sativa, from susceptible to resistant rice culti­
vars. This should be considered, as markedly 
distinct and nonoverlapping host ranges of 
most sobemoviruses signify a high degree of 
biological specificity and host adaptation ( 60). 

Accordingly, the differences in substitution 
rates across the genome among strains (31) 
is more likely associated with virus/host in­
teractions than with the nonspecific transmis­

sion. Moreover, pathotypes of RYMV infect­
ing rice cultivars and other gramineaceous 
species previously thought to be highly re­
sistant or immune have been found recently 
(69; G. Konate, 0. Traore & M. Allarangaye, 
unpublished results), and a single point mu­
tation was sufficient to induce some of these 
host changes (32, 57). 

Actually, emergence is multifactorial and 
remains poorly understood. It sometimes 
results from a combination of changes in 
the different components of the pathosys­
tem (virus, vector, host, environment). For in­
stance, emergence of new CMGs implied a 
complex interplay, not yet fully elucidated, of 
modifications of the virus, its vector and of 
their interaction. Several agricultural changes 

triggered the emergence of the epidemics. 
Massive dissemination of infected cassava cut­

rings enhanced mixed infection and favored 
recombination and synergism between differ­
ent CMGs. The introduction of maize and 
sugarcane in Africa was followed by infection 
by indigenous streak viruses. The production 
of inter-specific Musa hybrids and tissue cul­
ture stress led to the expression and dissem­
ination of BSV Rice intensification favored 
RYMV dispersal throughout Africa. Addi­

tional work will further elucidate, and pos­

sibly enlarge, the range of underlying causes 
of emergence of plant viruses and will identify 
the role of the interactions operating at differ­
ent scales. Overall, the range of processes of 
emergence and their increased likelihood due 
to further intensification of agriculture pro­
vide a likely explanation of why viruses are the 

pathogens responsible for the highest number 
of emergent diseases (3). 
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A major challenge is to complement the 
analysis of the causes by an assessment of the 

risks of emergence. Appreciation of these risks 

is most needed in tropical areas that rely heav­
ily on agriculture for subsistence and rural 
livelihoods. Risk is defined as a combination 

of hazard and vulnerability (21, 50): hazard of 

the emergence of a pathogen, and host vul­
nerability to this pathogen. Such risk is high 
in tropical countries where the current phase 

of agricultural intensification increases the 

opportunities for disease emergence, whereas 

crops arc still highly vulnerable owing 

to the lack of alternative resources to 

design and implement appropriate con­
trol measures. The properties of com­

plex biological systems such as virus emer­

gence are difficult to predict because of 
the intricate chain of distal and proximal 

underlying causes (133). This is quite appar­

ent with new CMGs in Uganda whose emer­

gence was impossible to anticipate. By con­
trast, significant efforts to assess and to reduce 

crop vulnerability have been made. Surveys 

of the progress of the epidemics in Uganda 

and knowledge of the general characteristics 
of the CMGs epidemics (30, 33) were used 

to define the neighboring regions and coun­

tries likely to be at risk within the next decade 

(71). Large-scale multiplication of highly re­
sistant cultivars (27) helped to control CMGs 

in Uganda and provided an efficient way to 

decrease vulnerability of cassava in regions at 
risk (124). 

Studies on the dissemination of RYMV 

showed that all rice culture in Africa is at 

risk to RYMV unless high, nonspecific and 
durable resistances are deployed. High resis­

tance to RYMV of a few 0. sativa and 0. glaber­
rirna cultivars, i.e., effective against all strains 

ofRYMV (2, 90), offered promising prospects 
to control the disease (29). However, experi­

mental inoculation of field isolates to highly 
resistant cultivars sometimes resulted in suc­
cessful infections (32, 69, 125). Then, the 

durability of these resistances, once deployed 

in the fields, is questioned (114). Altogether, 
when resistances are available, crop vulnera-

2 52 Fargette et al. 

bility and risk are highly dependent on the 
durability of the resistances. This is important 

as high resistances to plant viruses are rare, 

and critical in tropical environments where 

additional control methods such as use of 
virus-free material, other phytosanitary mea­

sures, appropriate cultural practices, and in­

secticide treatment of the vectors are diffi­
cult to implement for socioeconomic reasons 

(I 23). 

Accordingly, various criteria to predict the 

durability of resistance to plant viruses have 

been tested. They encompass a wide range 

of features including the ecology of the dis­

ease, the nature of the resistance, the spread 
and fitness of virulent strains, and the char­

acteristics of the virulence gene (41, 55, 70, 
123). As a corollary, it can be considered that 
the pathogen's life history provides clues to 

assess the durability of resistances. A virus 

with a fast substitution rate and clear molecu­

lar signatures of selection events would eas­
ily adapt to new environmental conditions, 

such as those caused by widespread cultiva­

tion of resistant plants (70). With animal RNA 

viruses, substitution rates were estimated by 
analysis ofheterochronous sequences, and the 

rapid timescale of the changes was inferred 

(2 5, 65, 1 07). By contrast, no estimates of 

substitution rates are available for plant RNA 

viruses. This may be due to the shorter range 

ofheterochronous sequences available, or re­

flect an intrinsic lower rate of substitution. 

Although the lack of timescale is a major de­
terrent to an appreciation of the evolutionary 

potential of RNA plant viruses, assessment of 

the relative substitution rates of genes among 
strains is still most informative ( 16, 84 ). 

Another difficulty is the lack of neutral 

markers as both coding and noncoding re­
gions are under selection pressure. However, 

advances in the analyses of the distribution 

of synonymous and nonsynonymous substitu­
tions at the gene and cod on levels revealed the 
selection forces that shaped RNA virus evo­

lution. Applied first to animal viruses, they 

are increasingly being used for plant viruses 

(J 2, 49, 76, 84, 87, 128), and recently to relate 



sites under positive selection with amino acid 
found experimentally to be determinants of 
pathogeny (84, 86). Inferences on the dura­
bility of resistances can be made, as resistance 
is expected to be durable if the matching vir­
ulence gene is highly conserved, but at risk 

if the virulence gene is variable, especially 
if sites under diversifying selection are de­
tected (85). In Beet necrotic yellow vein virus 

(BNYVV), one codon was under high posi­

tive selection. This amino acid position was 
suspected to determine the ability to over­
come partial resistance in recently introduced 
beet cultivars (113). With Potato virus Y and 
Potato virus A, correspondence was detected 
between sites under positive selection in the 
genome-linked viral protein (VPg) and amino 
acids involved in virulence to virus-resistant 

plants (86). With RYMV, a single amino acid 
under positive selection was detected in the 
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