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Abstract

Field surveys in many cassava growing areas of Africa have assessed the incidence and severity of cassava mosaic disease (CMD),
populations of the whitefly vectoBgmisia tabagi and the distribution of cassava mosaic begomoviruses (CMBs). The methods employed
differ greatly between countries and attempts at standardization were made in recent CMD surveys in East and Central Africa, notably in
the systemwide Whitefly IPM Project, which provides a paradigm for future work on CMBs and whiteflies on cassava in Africa and also
elsewhere. However, there is a need for greater standardization so as to assess the continued expansion of the current CMD pandemic ir
eastern Africa. Standardized methods will facilitate the collection of reliable data, which can be used to predict future disease spread, develop
appropriate management strategies and compare disease development between seasons and locations. In this review, the methods used a
the problems encountered during such surveys are discussed and recommendations made on future procedure.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction 2. Factorsto consider in cassava mosaic disease surveys

Cassava mosaic disease (CMD) is caused by viruses of the2.1. Selection of survey area
genusBegomovirusfamily Geminiviridae. These are trans-
mitted by the whiteflyBemisia tabaciand disseminated in The area to be surveyed should be selected to meet the
the stem cuttings used routinely for new plantings. Eight cas- overall objectives of the study. In assessing CMD, the em-
sava mosaic begomoviruses (CMBs) have been recognizedphasis has been on areas where cassava is an important crop,
of which six occur in Africa, either alone or in combination or where the disease has caused serious problems. Adminis-
(Fauquet and Stanley, 2003 trative boundaries, agro-ecology and disease prevalence are

CMD has been known since 1894 and it has long been used to define sampling domains. In countrywide surveys,
regarded as the most important disease of cassava in Africathe major cassava growing zones are selected for study. In
However, until the late 1980s there were no data to confirm Uganda, for example, the country was divided into regions
or deny this suppositiorThresh et al., 1998bThe situation for the surveys undertaken as part of an Integrated Pest Man-
changed when detailed surveys were made of the incidenceagement projectgseruwagi et al., 2004nd into districts,
and severity of CMD and of the CMBs present in 17 of the counties and sub-counties for previous surveysni-Nape
38 main cassava-growing countries of sub-Saharan Africa, et al., 1998a, 2001
which collectively account for ca. 90% of total production in
the continentl(egg and Thresh, 2003This paper considers  2.2. Sample size
the methods used in the surveys and the results obtained.

There are two features of sample size:

* Corresponding author. Tek: 256-41-221009; fax:-256-41-223494. 1. The number of plants selected per field.
E-mail addresscmd@iitaesarc.co.ug (P. Sseruwagi). 2. The number of fields selected per sampling domain.
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In developing an overall sampling plan it is necessary to infections cause disease symptoms on only the upper-most
compromise, since sampling too many plants per field will leaves, whereas ‘C’ infections also cause symptoms on the
mean fewer fields per domain and vice versa. Moreover, the lowest first-formed leaves. Later than 6 MAP, the earliest
number of cassava fields)(sampled per locality will de-  leaves often become senescent and absciss, making it very
pend on the type, amount and precision of the information difficult or impossible to distinguish between the two types.
required and on the resources and time available. Too fewMoreover, large plants form such an interlocking canopy
samples €5) will result in unreliable and unrepresentative that it is difficult to traverse the crop and examine the shoot
data, whereas numerous samples (>100) provide better qualtips where adulB. tabacioccur.
ity data, but require more time and resources. Therefore, During sampling, plants should be selected along repre-
the sample size should be sufficiently representative to give sentative transects of the field and a single diagonal or two
a valid assessment of the disease situation at the least coslliagonals in the form of an ‘X’ have been used. However,
possible. It should also suffice to detect statistically mean- samples have also been selected from two sides and along a
ingful differences between sampled fields, yet should not diagonal across the field in a ‘Z’ configuratio@t{m-Nape,
be so large as to make the cost and duration of the sur-1993; Otim-Nape et al., 199BaField size, any intercrops
vey excessive. For comparisons between fields, it is usual togrown, the cassava cultivars present, the number and proxim-
sample at least 30-50 plants per field, while if the princi- ity of nearby cassava, sampling and planting dates, together
pal comparison is between domains at least ten fields shouldwith disease parameters and adult whitefly population, are
be sampled. It is, however, important that the sample sizerecorded using a suitable record shéettle 1.
is uniform at each level (i.e. plants per field and fields per  Several problems need to be considered when designing
domain) to avoid problems during statistical analysis due to a sampling plan. Lack of sufficient resources and time often

differences in sample size. limit surveys to motorable roads. This may create a ‘road
bias’, leading to the disease situation and whitefly popula-
2.3. Sampling procedure tions being under or over estimated because less accessible

more truly representative fields are omitted. Such problems

A convenient approach is to stop at regular predeterminedmay occur if remote areas differ from those near roads in
intervals along motorable roads traversing each sample areafield size, human population density or cropping system
or to preselect sites at random from grid referent®gdra and intensity. Moreover, farmers tending roadside fields are
and Msikita, 1998 For the former, the intervals between likely to have better access to improved control methods,
stops will depend on the size of the sample area and thefor example new CMD-resistant cultivars and better tech-
availability of suitable cassava fields. Those typically 3—6 nical information, than those elsewhere. A random grid
months after planting (MAP) are sampled. At this stage system of selecting areas to be samplblivéke, 1994a
of growth a distinction is possible between cutting-derived overcomes this problem, but is likely to be time-consuming
(C) and whitefly-derived (W) infections and populations of and inconvenient if some of the pre-selected areas are not
whiteflies are assessed when they are most numerous. ‘W'readily accessible.

Table 1
Sample record sheet for field data collection during surveys of cassava mosaic disease in East and Central Africa

Field level data sheet

District: County:
Sub-county: Crop mixture:
Researcher: Cassava
cultivars:
Date & time: Cultivar
sampled:
Field size: Crop age
(months):
No. of nearby
fields GPS Latitude Longitude
Plant CMD infection CMD CMD WIf. No. | Comments
no. Cutting | Whitefly | Healthy | severity systemicity
inf. inf. (1-5 scale)
1
2
3
4
Mean

Wf.No. Whitefly adult population

CMD, Cassava mosaic virus disease; Inf., Infectieri«); Sev., Severity score; Sys., Systemicity; GPS, Geographical positioning system.



P. Sseruwagi et al./Virus Research 100 (2004) 129-142 131

In assessing CMD and adult whitefly populations, it is Tanzania and Mozambique, records were taken on the first
desirable to sample crops of similar age. However, farmers’ 30 plants encountered in each of the fields sampled, irre-
fields are typically planted on different dates during different spective of cultivar iflillocks et al., 1999, 2002; Thresh and
seasons and therefore there will be considerable variationHillocks, 2003. The latter method can provide at least some
in crop age. This can greatly influence whitefly popula- information on the whole range of cultivars being grown, but
tions, disease incidence and severity and also the ability toa disadvantage is that the number of plants of any one culti-
distinguish between C and W infectionSt{m-Nape et al., var may be too small to provide a statistically useful sample.
1996. However, if the main objective is to assess the overall As cultivar mixtures and intercropping are common, these
incidence of CMD, crops of 1-12 MAP can be considered, issues are important and additional information is required
although crops of 8-12 MAP are more appropriate. This on the relative merits of the two methods of assessment.
is because sampling too early underestimates final disease
incidence and the extent of spread occurring at the site. ~ 2.4. The timing and frequency of sampling

Clear-cut differences between C and W infections are
more easily seen in susceptible than in resistant genotypes. The timing and frequency of sampling depend on the ob-
The phenomenon of symptom recoveryafgette et al.,  jectives, the occurrence of events, the requirement for in-
1994; Gibson et al., 199&nd sometimes the resurgence of formation at different stages in an epidemic and economic
symptoms after a period of remission may cause difficulties, considerations. Some examples of typical requirements are:
leading to incorrect assignment of infection type. This neces-
sitates great care in recording, especially when dealing with
the most resistant cultivars that express limited and generally
inconspicuous symptoms and may become symptomless
during the late stage of crop growth. Moreover, inconsistent
whitefly data are often a consequence of a failure to sample at
a uniform crop age, as whiteflies are usually more abundant
on young (3—6 MAP) than on older cassa¥ti(n-Nape,
1993; Fishpool and Burban, 1994; Legg, 1995; Fishpool Successive assessments may be conducted on the same
et al., 199%. Crop age should, therefore, be well-defined or different fields and sites. Decisions on the timing and fre-
and strictly adhered to, depending on the objectives of quency of sampling are affected by seasonal variability of
the study. weather conditions (especially, rainfall and temperature) that

There are often great differences in the range of cassavainfluence crop growth and symptom expressidagsala,
cultivars encountered in farmers’ fields, even within the same 1987; Gibson, 1994and consequently the quality and con-
area Nweke, 1994b; Nweke et al., 1994; Otim-Nape et al., sistency of the data collected. Rainfall and temperature also
1998a, 2001; Hillocks et al., 20p2Some cultivars are par-  influence adult whitefly populationg-érgette et al., 1994;
tially resistant to CMD and have generally low incidences Fishpool et al., 1995; Legg, 1999 emperatures are usually
and severities, whereas many others are more susceptiblédelow 35°C during the rainy season(s) in Africa and suffi-
and may be severely affected. Big differences are also en-cient rainfall/moisture is available to support plant growth,
countered in cassava cropping systems. Some farmers growvhereas in the dry season temperatures may excee@ 35
cassava as a sole crop, often using a mixture of cultivarsand low soil moisture usually restricts growth and may
even in a single field, while others inter-plant cassava with cause premature leaf senescence and abscission. According
one or more other cropsN(veke, 1994b; Hillocks et al., to Storey and Nichols (1938and Massala (1987)cool
2002. In most surveys, therefore, disease and whitefly as- temperatures enhance CMD symptoms, whereas temper-
sessments were made on cassava in diverse cropping sysatures exceeding 3% suppress symptom&fant, 1959;
tems, which may influence the data collected and complicate Kartha and Gamborg, 1975; IITA, 1979; Gibson, 194
analysis. For instance, less spread of CMD was observed incontrast, whitefly populations are favoured by high temper-
cassava grown as an inter-créfafgette and Fauquet, 1988; atures and solar radiation and moderate rainfall and relative
Ahohuendo and Sarkar, 1995; Fondong et al., 2008 also humidity (Golding, 1936; Fargette et al., 1992; Otim-Nape,
as a cultivar mixture $serubombwe, 1998; Sserubombwe 1993; Fishpool and Burban, 1994
et al., 200} than in sole crops or single cultivars. Therefore,  Time and resources are often limiting and so surveys may
the cropping system should be clearly defined. have no clearly specified and consistent duration or com-

For cassava crops of more than one cultivar, each shouldpletion date. Hence, whitefly populations may be assessed
be recorded, but a common approach is to assess the disat different seasons or stages of crop growth and so do not
ease parameters and whitefly populations on the predomi-necessarily relate closely to the amount of CMD spread ob-
nant cultivar. This was done in the Uganda surveys in the served. In part, this is because of the delay of several weeks
1990s in which the first 30 plants of the predominant cul- between whitefly inoculation and symptom expression
tivar were recorded and any others were listed, but not as-(Fauquet and Fargette, 1990; Fargette et al., 199dnse-
sessed@tim-Nape et al., 1998a, 2001By comparison, in guently, the amount of spread of CMD recorded in a survey

e Annual or less frequent assessments to monitor the
changing disease situation

o ‘Before and after’ assessments at intervals of 2—4 years
to assess the impact of control measures or the adoption
and performance of new cultivars

e More frequent assessments to examine seasonal effects,
or for detailed monitoring of CMD epidemics.
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is not directly related to the whitefly populations at the time, lamina on either side of the mid-rib, whereas the symptoms
but rather to populations several weeks earliear§ette of CMD are usually asymmetrical and the two sides differ.
et al., 1994; Legg and Ogwal, 199&urveys should there-
fore be timed so as to minimise variability in the data due 3.2. CMD severity
to weather conditions. Strict time limits should be observed
during the survey and more focused whitefly studies incorpo- Disease severity usually refers to the degree of symp-
rating more frequent sampling are required to relate whitefly tom expression as assessed visually using an arbitrary scale.
populations to disease spread (d=grgette et al., 1994 Scales of 0-5@ours, 1951; Fauquet and Fargette, 1%t
1-5 Hahn et al., 198phave been used for CMD, where 0 or
1 represent no disease symptoms and 4 or 5 the most severe
3. Parametersto measure during a survey symptoms, including leaf distortion and stunting of plants,
respectively. The scale of 1-Bgble 9 has been used most
3.1. CMD incidence, prevalence, intensity and systemicity commonly for individual plants. A similar scale can also be
used for individual leaves or shoots, or for whole plots or
Several parameters have been used to quantify CMD,fields. If the objective is to relate severity to the marketable
including incidence, prevalence, intensity and systemicity Yyield of tuberous roots, an assessment of overall severity is
Disease incidence refers to the number of visibly diseasedrequired of each plant. In contrast, if the objective is to relate
plants, usually in relation to the total number assessed andseverity to the virus(es) present, only the diseased portions
so expressed as the proportion or percentage of plants in af a plant are considered.
stand with symptoms on a scale of 0-H) (r 0—-100 (%) Two contrasting methods have been used to calculate
(Fargette, 1986 Diseaserevalencas the proportion or per- ~ mean severity and this causes considerable confusion, mis-
centage of production units (usually fields) in which the dis- understanding and controversy. One approach is to consider
ease is foundRutt and Royle, 1980 Intensity by contrast, records forall the plants in the stand being assessed, includ-
is used to describe the severity of symptom expression anding those free of disease, whereas the other only considers
not incidence or the area or volume of diseased plant tissue.data fordiseasedplants. For example, four plants having

Systemicitgan also be used to quantify CMB¢ssel etal.,  CMD severity scores of 3, 4, 4 and 1 on the 1-5 scale have
1992 and is the proportion of shoots per plant expressing a mean of 3.0 using the first method and 3.7 using the sec-
disease symptoms. ond. The second method has been used in recent surveys

Assessments of CMD incidence, prevalence, intensity and field experiments in Uganda and elsewhere, and is rec-
and systemicity are all based on the accurate and reliableommended for use more widely as it provides a true eval-
visual assessment of symptoms. Reliability can be impaired uation of disease severity in the stand assessed. The first
if those responsible lack a thorough understanding of the method underestimates disease severity to an extent depen-
biotic and abiotic factors that affect cassava growth and dent on the proportion of disease-free plants present and so
symptom expressionMalathi et al., 1987; Thresh, 1987 disease incidence and severity are confounded. Neverthe-
and may thereby lead to erroneous records of either theless, the method is widely used by plant breeders and many
presence or absence of CMD. Leaf damage by cassava greenthers, even though it can be very misleading. For this rea-
mite (CGM) Mononychellus tanajoa cassava mealybug sonMahungu et al. (1994)ecordmaximunmsymptom score
(Phenacoccus manihgti cassava bacterial blightXén- for a cultivar or breeding line as well as tlwerall score
thomonas campestrigv. manihotig, drought and mineral  calculated for all plants.
deficiencies can all be confused with CMD. The most com-
mon confusion is with damage due to CGM or mineral defi- 3.3. Type of infection
ciencies, especially of zin¢-(lton and Asher, 1997A key
distinction, however, is that both mineral deficiency symp-  The distinction between ‘C’ and ‘W’ infection is im-
toms and mite damage are usually similar on each half of the portant because the occurrence of W indicates spread at

Table 2
The cassava mosaic disease symptom scale ¢f 1-5
Symptom description Scale
1 Unaffected shoots, no symptoms 1
2 Mild chlorosis, mild distortions at bases of most leaves, while the remaining parts of the leaves and leaflets appear green 2
and healthy
3 Pronounced mosaic pattern on most leaves, narrowing and distortion of the lower one-third of the leaflets 3
4 Severe mosaic distortion of two thirds of most leaves and general reduction of leaf size and stunting of shoots 4
5 Very severe mosaic symptoms on all leaves, distortion, twisting, mis-shapen and severe leaf reductions of most leaves 5

accompanied by severe stunting of plants
a8 From Hahn et al. (1980)
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the locality, whereas cuttings that grow into infected plants negative results with both enzyme-linked immunosorbent
could have been introduced from elsewhere. Moreover, assay (ELISA) and PCR-based diagnostic methods, con-
farmers and even researchers in Africa make extensive usdirms that visual assessments will continue to play an
of infected planting material, in part due to the limited important role in surveying for CMD and the occurrence

availability of virus-free stocks of the cultivars being grown. of CMBs.

3.4. Detection and characterization of cassava mosaic 3.4.2. Virus diagnostics
begomoviruses (CMBSs)
3.4.2.1. Enzyme-linked immunosorbent assay (ELISA).

Initially, CMD in Africa and the Indian sub-continent The introduction of murine monoclonal antibodies (Mabs)
was attributed to one cassava mosaic geminiviBeek and in either double-antibody-sandwich (DAS) or triple
Harrison, 198% Subsequently, three separate geminiviruses antibody-sandwich (TAS) ELISA first made it possible to
were distinguished, of which two occur in Africa: African  distinguish readily between ACMV and EACMM fjomas
cassava mosaic virus (ACMV) and East African cassava mo- et al., 1986; Fargette et al., 1987; Swanson and Harrison,
saic virus (EACMV) Swanson and Harrison, 1994-ive 1994). ELISA is available in many African countries and
additional cassava mosaic geminiviruses of the geBeis has the advantage that it is quick, robust and permits a large
gomovirushave now been described, of which four occur throughput of samples. TAS-ELISA is somewhat more
in Africa (Fauquet and Stanley, 200and a recombinant  sensitive than DAS-ELISA, but both techniques have lim-
virus referred to as EACMV-UG has been associated with itations in that they seldom detect CMBs in symptomless

the current pandemic in East Africeldrrison et al., 1997 leaves. Moreover, ELISA does not detect EACMV in mixed
The increasing number of CMBs identified emphasises the infections with ACMV, or distinguish between ACMV and
importance of determining their geographic distribution. EACMV-UG, which have similar coat protein epitopes.
3.4.1. Symptoms and virus detection 3.4.2.2. DNA-based methodsThe limitations of ELISA

Many of the cassava landraces that predominate inexplain the increasing use of DNA-based polymerase
farmers’ fields in many parts of Africa are susceptible to chain reaction (PCR) and restriction length polymorphisms
CMD and express obvious symptoms when infected by one (RFLPs) to detect and distinguish between the different
or more CMBs. The symptoms are variable, however, as CMBs and to assess their distribution. The techniques are
mildly affected plants exhibit patchy leaf chlorosis and little not available in many laboratories in Africa and they are
or no mottling or impaired growth, whereas severely affected |ess suitable than ELISA for processing numerous samples.
plants have smaller leaves, severe chlorosis and stuntingNevertheless, DNA-based techniques have been used at a
Symptom expression is influenced by several factors includ- few laboratories in Africa and by collaborators in Europe
ing: virus species/strairiibson, 1994; Harrison et al., 1997, and USA to provide important information on the range
Owor, 2003, host responseQtim-Nape, 1993; Byabakama of CMBs present Fondong et al., 20QCPita et al., 2001;
et al., 1997; Otim-Nape et al., 1998b; Sserubombwe et al., Fauquet and Stanley, 2003; Ogbe et al., J00his em-
2001), plant age at infection@tim-Nape, 1987; Fargette phasises need for field studies that utilize the DNA-based
etal., 1988, temperature§torey and Nichols, 1938; Chant, diagnostic techniques now available to determine the bio-
1959; Kartha and Gamborg, 1975; Massala, 1987; Gibson, logical and epidemiological significance of the biochemical
1994 and soil fertility (Mollard, 1987; Spittel and Van  diversity.

Huis, 2000; Sseruwagi et al., 2003

Nevertheless, visual assessments of symptoms provide3 5. Adult whitefly populations
a reliable indication of the incidence of virus infection
in most situations. For example, mild and severe strains Fishpool and Burban (1994)lescribe two main ap-
of CMBs have been detected in plants expressing mild proaches to assessing populations Bxf tabaci use of
and severe symptoms, respective@h¢u et al., 1997 attractive or non-attractive traps for the flying adults and
Harrison et al., 1997; Pita et al., 200IMoreover, the counts of adults and/or nymphs in situ. The method most
severe symptoms that were prevalent at the CMD epi- commonly used to asse& tabaci populations on indi-
demic front in Uganda in the 1990s were due to dual vidual cassava plants involves direct counts of adults on
infections of ACMV and EACMV-UG Harrison et al., representative shoots. At sampling time, the five youngest
1997; Pita et al., 2001 In partially resistant cultivars, apical leaves of the uppermost shoot are examiRacgette,
symptoms may be localized and, sometimes absent on1985. This is because the adults feed preferentially and
the young shoots. This complicates the assessment ofoviposit on the youngest immature leavdshélifa and
CMBs, as plants that have recovered are usually excludedEl-Khider, 1965; Avidov and Harpaz, 1969; Gameel, 1977;
when selecting leaf samples for virus diagnosis. The fre- Ohnesorge et al., 1980; Fargette, 1p85ach leaf is held
quent observation that leaf samples from mildly-diseased by the petiole and gently inverted so that the adults present
or symptomless portions of symptom-bearing plants give on the lower surface can be count&kff, 1981; Fargette,
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1985; Fargette et al., 1985; Fishpool et al., 19%&lults of 3.6. Assessment of farm yields and losses due to CMD
B. tabaciand Bemisia afey which also occurs on cassava,
are similar morphologically but can be distinguished usinga  There is an extensive literature on the losses due to CMD,
hand lensB. tabaciadults have a ‘rod-shaped’ appearance, as determined in field experiments in different countries and
as the wings are held upright and parallel to the body, com- with diverse landraces and improved specially bred cultivars.
monly exposing the abdomeB. aferadults appear slightly  The losses reported range from negligible to almost total
larger than those oB. tabaciand have a ‘wedge-shaped’ and depend on several factors including the virulence of
appearance, as the wings spread to the posterior and ar¢he virus(es) present, the sensitivity of the host, the stage
held flatter, typically covering the abdomerefg, 1995. of growth when infection occurs, soil fertility and growing
B. tabaciis the vector of CMGs Qubern, 199 but conditions Fargette et al., 1988; Fauquet and Fargette, 1990;
the role of B. afer has not been determine#ighpool and Thresh et al., 1994b; Sserubombwe et al., 1999; Calvert
Burban, 199% although it has been suggested as the puta- and Thresh, 2002 However, an important limitation of the
tive vector ofCassava brown streak viryBock, 1994) The results available is that with few exceptions they have been
two whitefly species should be assessed separately in futureobtained in trials at experiment stations with cassava grown
studies, but this will require a change of procedure becauseat regular spacings and without intercrops.
they have contrasting distributions on cassawg(, 1995. There is little information on the effects of CMD in typical
B. afertends to be more evenly distributed on leaves of dif- farmers’ plantings that are often at wide, irregular spacing
ferent age tham. tabaci However, in all areas of cassava and usually with one or more intercrop§weke, 1994h
cultivation, except southern Afric&. tabaciis much more Exceptions are a study on farms in Ivory Codsto{lard,
numerous thaB. afer(Legg and James, 2004nd so even 1987 and one on local landraces in Uganda in which there
general counts of all whitefly on cassava will only slightly was a negative correlation between yield and symptom score
overestimate the prevalence Bf tabaci on the 1-5 scale of increasing severitim-Nape et al.,
Assessments of whitefly populations on representative 1994. Farm sites were also used to study the interaction be-
shoots of different cassava cultivars may give misleading tween soil fertility and yield loss due to CMD in Zanzibar
estimates of numbers per plant due to differences in the (Spittel and Van Huis, 20Q0Moreover, farmers’ fields have
branching habit of different cultivars and there is a need to been sampled recently in Uganda to compare the perfor-
standardize procedures. If the shoot basis is adopted, thermance of the improved CMD-resistant cultivars that were re-
a shoot should be clearly defined in a way that is appropri- leased recently with traditional local landraces, which were
ate for both branching and non-branching cultivars. Alter- almost totally infected. The differences in growth and yield,
natively, if the whole plant is to be considered, the number as determined from representative i m quadrats of the
of shoots per plant should be recorded so that the whitefly stands assessed, were very variable but on average improved
population per shoot can be adjusted to provide a valid es-cultivars produced 2.3 times the yield of landraces (A. Bua,
timate. However, in Uganda shoot number has seldom beenunpublished). There is a need for much more information of
counted in surveys, as in most situations there is consider-this type from Uganda and elsewhere in sub-Saharan Africa
able uniformity in plant architecture so counts of humbers to assess the yields of farmers’ plantings and the losses
on representative shoots are adequate. caused by CMD in different agro-ecologies and cultivars.
An alternative method of assessing whitefly populations Meanwhile, it has been assumed that diseased plants sustain
is to count the sessile nymphs rather than the active adults.losses of 30—40% in recent estimates of the impact of CMD
This provides population estimates that are less prone toin Africa (seeSection 4.5.
variation due to the dispersal of active winged adults, or
to environmental disturbances such as strong winds, heavy
rain or hail. The adults have a restless behaviour and the4. Surveyson cassava mosaic disease in Africa
numbers seen on leaves depend on the time of day and
weather conditionsHishpool and Burban, 1994although The main features of the most important surveys con-
Legg (1995)ecorded similar numbers of adult whiteflies in  ducted regionally or nationally are presentedable 3and
morning and afternoon assessments of the same plantingsdiscussed in the following sections. The 18 countries for
Nymphs are relatively unaffected by rain or hail, but they which results are available account for more than 90% of
are not randomly distributed on cassava leaves and the eggsotal production in Africa. They include Nigeria and Demo-
and early instars are mainly confined to the apical leaves, cratic Republic of Congo, which are the two leading cas-
where the adult females feed and ovipobiaigette, 1986 sava producers in Africa. The most detailed records are for
The older instar nymphs and pupae occur on the older leavesUganda, Tanzania and Kenya where the onset and progress
and so a stratified sample of at least ten successive leavesf the current pandemic has been monitored in successive
of different ages should be counted per plakiticgold and surveys since the early 1990s. Another feature of the results
Fishpool, 1990 This is laborious and rarely used in diag- is that the overall incidence of CMD exceeds 50% in 11 of
nostic field surveys of CMD because of time and resource the 18 countries and was greatest in Congo (79%), Ghana
constraints. (72%), western Kenya (up to 84%), Nigeria (up to 82%),



Table 3

Summary of surveys on cassava mosaic disease incidence and severity and whitefly populations in eighteen African countries

Country Regions Year References Institutions/ No. sites (no. Cassava mosaic disease
project Of Plants) — "06) W.Inf. (%) C.Inf. (%) Sev.1-5 W (Ave) CMBs
identified
Benin Countrywide 1994 Yaninek et al. (1994)Wydra and ESCaPP 31 53 - - - - -
Msikita (1998)
Benin Transition forest, wet and 1997/1998 Gbaguidi et al. (2004) SP-IPM 60 39 2.1 2.8 P
dry savannah
Cameroon Countrywide 1994 Yaninek et al. (1994)Wydra and ESCaPP 61 67 - - - - -
Msikita (1998)
Cameroon South-west, north-west and1997/1998 Ntonifor et al. (2004) SP-IPM 70 61 2.3 3.2 P
centre-south
Chad 1992 Johnson (1992) US: AID 48 40 - - - - -
Congo Four regions 2002 N. Ntawuruhunza (unpublished) DGRST/IITA 105 79 74 6 2.8 2.8 P
DR Congo Nine regions 2002/2003 P. Ntawuaruhunga (unpublished) INERA/IITA 236 60 4 56 3.1 15.0 P
Ghana Countrywide 1994 Yaninek et al. (1994)Wydra and ESCaPP 40 72 - - - - -
Msikita (1998)
Ghana Countrywide 1997/8  Cudjoe et al. (2004) SP-IPM 80 72 2.3 3.7 P
Guinea Countrywide 2003 G. Okao-Okuja (unpublished) IITA/National 60 62 10 52 2.4 1.0 P
Kenya Western and Nyanza 1993 Legg et al. (1999a) NRI/KARI 13 20 2 18 - - -
Kenya Western and Nyanza 1996 Legg et al. (1999a) NRI/KARI 43 57 22 35 3.8 - P
Kenya Coast and Western 1996 QOgbe et al. (1996) NRCRIU/KARI  [160] - - - - - E
Kenya Western and Nyanza 1997 Legg et al. (1999b) NRI/IITA/KARI 50 70 37 33 3.3 - P
Kenya Western and Nyanza 1998 Legg et al. (1999b) IITA/KARI 17 84 14 70 2.9 0.2 P
Kenya Southern Nyanza 1998 Legg et al. (1999b) IITA/KARI 15 5 1 4 2.1 0.6 P
Kenya Coast, Western and Nyanza 1998 Kamau et al. (2004) SP-IPM 50 51 25 1.2 P
Kenya Coastal 2000 Munga and Thresh (2002) NRI/KARI 29 60" - - 2.6 - -
Madagascar Countrywide 1998 Ranomenjanahary et al. (2004) SP-IPM 111 47 3.2 5.0 P
Malawi 1993 Nyirenda et al. (1993) National 450 21 - - - - -
Malawi Three regions 1994 Sweetmore (1994) 34 17 <1 17 - - -
Malawi 1997 Ogbe et al. (1997) [36] E
Malawi Central and Northern 1997/1998 Theu and Sseruwagi (2004) SP-IPM 41 42 2.8 1.3 P
Lakeshore, Central
Mozambique Two provinces 1999 Hillocks et al. (2002) NRI/INIA/WV  [4163] 25+ - - - - -
1999-2002 Thresh and Hillocks (2003) NRI/INIA/WV 377 40" - - - - -
Nigeria Countrywide 1994 L.C. Dempster, unpublished IITA 93 55 - - - -
Nigeria Countrywide 1994 Yaninek et al. (1994)Wydra and ESCaPP 111 82 - — — - -

Msikita (1998)
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Table 3 Continued

Country Regions Year References Institutions/No. sites (no. Cassava mosaic disease
project of plants)
Inc. (%) W. Inf. (%) C. Inf. (%) Sev. 1-5 Wf. (Avé&) CMBs
identified
Nigeria Four regions 1997/1998  Echendu et al. (2004) SP-IPM 80 54 2.3 1.8 P
Rwanda Three regions 1997 Legg (2000) IITA/ISAR 22 P
Rwanda Five regions 2000 Legg (2000); Legg et al., 2001  [ITA/ISAR 26 26 5 21 2.7 - P
Rwanda Countrywide 2001 P. Sseruwagi (unpublished) IITA/ISAR 120 30 13 17 35 0.4 P
South Africa Three regions 1998 Jericho et al. (1999) National 20 31 2.4 -
Senegal Western 2003 G. Okao-Okuja, unpublished IITA/National 20 83 12 71 2.4 3.2 P
Tanzania Countrywide 1993-1994 Legg and Raya (1998) NRI/TRTCP 242 27 3 24 - 5.0 -
Tanzania Countrywide 1997 Ogbe et al. (1997) [138] E
Tanzania Lake Victoria Zone 1998 (Januaryegg et al. (1999a) IITA/TRTCP 35 ~35 P
Tanzania Zanzibar 1998 Thresh and Mbwana (1998) NRI/TRTCP 13 71 P
Tanzania Lake Victoria Zone, Mtwaral998 (May) Ndunguru et al. (2004) SP-IPM 60 34 15 19 3.0 3.0 P
and Tanga

Tanzania Eight regions 1998 (June) Legg (2000) OFDA 60 21 P
Tanzania Lake Victoria Zone 1999 (July) Ndunguru and Jeremiah (1999) TRTCP/IITA 89 72 36 36 3.2 49.0 P
Tanzania Kagera region 1999 Legg (2000) IITA 19 65 P
Uganda 28 districts 1990-1992 Otim-Nape et al. (1998a) NARO/NCP 1350 57 -
Uganda 27 districts 1994 Otim-Nape et al. (2001) NARO/NCP 1215 65 -
Uganda Countrywide 1996 Otim-Nape et al. (1997) NARO/NCP 1215 -
Uganda 12 districts 1996 Ogbe et al. (1996) [157] E
Uganda 12 districts 1997/1998  Sseruwagi et al. (2004) SP-IPM 80 68 22 46 2.9 3.9 P
Uganda Five districts 1997 IITA/NARO (unpublished) PL-480 225 74 15 59 2.9 3.9 P
Uganda Five districts 1998 IITA/NARO (unpublished) PL-480 225 76 3 73 3.1 6.3 P
Uganda Six districts 1999 IITA/NARO (unpublished) PL-480 270 83 35 P
Uganda Six districts 2000 IITA/NARO (unpublished) PL-480 270 74 15 59 3.2 8.5 P
Uganda Six districts 2001 IITA/NARO (unpublished) PL-480 270 66 22 44 3.0 3.7 P
Uganda Masaka and Rakai 1998 IITA/NARO (unpublished) OFDA 90 67 19 48 3.3 2.0 P
Zambia Countrywide 1994 Muimba-Kankolongo et al. (1999)RTP-Zambia 62 45 - - - 50.5 -
Zambia 1997 Ogbe et al. (1997) [100] E

Inc., Total incidence; W. Inf., whitefly infection; C. Inf., cutting infection; Sev., severity (1-5 scale), whetend disease symptoms and=5very severe symptoms; Wf.: whitefly adult population;

9€T
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CMBs: Cassava mosaic begomoviruses) (ata absent; E, ELISA-based diagnostics; P, PCR-based diagndstioeviations DGRST, General Delegation for Scientific Research and Technology;

INERA, Institut de I'Environment et de Recherches Agricoles; INIA, Institut Nacional Investigaciones Agricole; ISAR, Institut des Sciencesnigress du Rwanda; KARI, Kenya Agricultural
Research Institute; NRCRIU, Nigerian Root Crops Research Institute, Umudike; NRI, Natural Resources Institute, UK; OFDA, US Office for Fost@nABsstance; TRTCP, Tanzania Root and

Tuber Crops Programme; USAID, United States Agency for International Development; WV, World Vision.
* Mean of values for maximum whitefly count on top five leaves.

+ The incidence of cassava brown streak disease was also assessed in these surveys.
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Senegal (83%) and Uganda (up to 83%). The lowest inci- ternational partners in eighteen countries are summarised in
dences were in Chad, Malawi, Madagascar, Rwanda, SouthTable 3

Africa and the parts of Tanzania not yet affected by the cur-

rent pandemic. 4.5. Overall estimates of crop loss in Africa

4.1. The collaborative study of cassava in Africa (COSCA) Thresh et al. (1997¢stimated the overall yield loss due

to CMD in Africa using a conservative estimate for inci-

This was a multi-million dollar project funded by the dence of 50-60%, based on the survey data then available

Rockefeller Charitable Foundation and involved several re- from eight countries, and assuming a yield loss of 30-40%
search organisations. Phase | of the project was in six coun-for affected plants. On these assumptions, Africa-wide
tries: Uganda, Tanzania, Ivory Coast, Nigeria, Ghana andyield losses were estimated to be 15-24%, equivalent to
Zaire (now Democratic Republic of Congo) between 1989 12-23 million tonnes in relation to actual production at the
and 1990. The project considered production factors affect- time of 73 million tonned.egg and Thresh (2003)sed a
ing cassava, including CMD incidence and symptom sever- similar approach to update this estimate based on an ex-
ity and assessed yields using a random sampling methodpanded and updated set of survey data for 17 countries
However, the results for CMD were of limited value as too which together represented almost 90% of total African pro-
few plants were assessed in each country and no distinctionduction. FAOSTAT production data for 200EAO, 2003
was made between C and W infectioméweke, 1994a,b were used together with the 30-40% CMD loss estimate
Thresh et al., 1994aFor these reasons the results are omit- adopted previously and actual incidence figures to calculate
ted fromTable 3 an estimated loss range for each country. National losses

were summed and added to estimated losses for unsurveyed
4.2. The ecologically sustainable cassava plant protection producer countries which were calculated using the average
project (ESCaPP) incidence for those surveyed. Total losses in Africa were

estimated to be 19-27 million tonnes, compared to actual

This was a collaborative initiative executed by IITA and production of 97 million tonnesFAO, 2003. Such calcula-

involved the national root crop programmes in Benin, Ghana, tions are simplistic and markets in Africa could not readily
Nigeria and Cameroon. In each country there was a compre-absorb such a big increase in productivity. Nevertheless, the
hensive survey of pests and diseases of cassava, includingstimates indicate the ineffective way in which land, labour
CMD (Wydra and Msikita, 1998 As in the COSCA sur-  and resources are currently being used in cassava produc-
vey, a random grid system was used in selecting areas to beion. Control of CMD would greatly increase productivity,
sampled. Assessments were made of CMD incidence andrelease land and labour for other crops and permit extended
severity and adult whitefly populations in the main dry and periods of fallow to restore soil fertility.

wet seasons of 1994. Regional studies have also used survey data combined
with yield loss approximations to estimate yield loss, most

4.3. The systemwide programme for integrated pest notably for the pandemic-affected area of East Africagg

management (SP-IPM) et al., 1999a Based on the assumptions of a 40% yield loss

in pandemic-affected areas, a 13% yield loss in unaffected
Surveys were made in nine African countries on whiteflies areas $serubombwe, 199&nd a value for cassava of US$

as vectors of viruses in cassava and sweet potato in 1997100 per tonne, total monetary losses in pandemic-affected
and 1998 Anderson and Markham, 20P4The main objec- areas of Uganda and Kenya were put at US$ 74 million,
tive was to identify the whiteflies and whitefly-transmitted whilst those in areas of Kenya and Tanzania which were
viruses of cassava and sweet potato. Moreover, additionalunaffected at that time were estimated to be US$ 19 million.
information was gathered on the natural enemies of white-
flies, which were not considered in the earlier COSCA or
ESCaPP surveys. This project has obtained the most detailed. Monitoring the spread and distribution of cassava
and recent sets of data on the incidence and severity of CMDmosaic begomoviruses (CMBs)
in the countries assessddefg et al., 1998; Anderson and
Markham, 2004 (Table 3. An important feature of the as- Only the most recent surveys of CMD in Africa have con-
sessments was the use of molecular techniques to identifysidered the identity and distribution of the CMBs present.
the CMGs present in each countiyegg and Okao-Okuja,  ELISA and usually small numbers of samples per country

1999; Markham et al., 2004 were first used bySwanson and Harrison (19940 map
the distribution of ACMV and EACMVOgbe et al. (1996,
4.4. National surveys 1997)adopted a similar approach, albeit with larger numbers

of samples for more restricted geographical areas of east-
The results of surveys for CMD by the National Agricul- ern, southern and western Africdaple 3. PCR and RFLP
tural Research Services (NARS) together with local or in- analyses were then introduced. They facilitated compar-
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isons of the DNA of virus isolates collected from different ing of crop debris to decrease the risk of infectiaigette
locations in Uganda in 1996-97, distinguished between et al., 1985; Otim-Nape, 1993lt is also possible to adjust
ACMV, EACMV and EACMV-UG (Zhou et al., 199yand the disposition of crops and cropping practices to decrease
provided evidence of an association of EACMV-UG with the risk of infection Fargette et al., 1985; Otim-Nape, 1987,
the severe epidemic occurring in the countiafrison Thresh and Otim-Nape, 1994nd to use virus-resistant
et al., 1997. Consequently, the techniques have been usedcultivars (Nichols, 1947; Jennings, 1957, 1994; Otim-Nape,
widely to detect ACMV, EACMV, EACMV-UG and other  1993; Mahungu et al., 1994; Thresh and Otim-Nape, 1994;
CMBs in virus samples collected during recent diagnostic Thresh et al., 1998a
surveys Table 3, and to map the distribution and spread  Although these methods are available for use either singly
of EACMV-UG and mixtures of CMBs in East and Central or in combination, host plant resistance is the most widely
Africa (Legg et al., 1999b, 2001; Legg and Okao-Okuja, used approach in both national and regional CMD man-
1999; Markham et al., 2004; Neuenschwander et al., P001 agement programmes. In Uganda and other areas already
and in Nigeria Ogbe et al., 2003 affected by the current pandemic the strategy has been to
select, multiply and distribute CMD-resistant cultivars to
) o farmers. This has helped to restore cassava production in
6. Forecasting future spread of cassava mosaic disease areas where the crop had been largely abandoned. The in-
cidence and severity of CMD has been considerably de-
creased in these areas depending on the extent to which the
CMD-resistant cultivars were adopteldegg et al., 1999b;
Otim-Nape et al., 1998a, 2000, 2001
The approach in recently affected and threatened areas
includes:

Information from CMD surveys can be used to forecast
the future spread of the severe form of the disease that is
causing the current pandemic and this is of vital importance
in control. Forecasting future spread requires regular diag-
nostic surveys in key cassava growing areas to establish:

e the spread of CMD both in space and time;

e the epidemic characteristics of CMD, i.e. the amount
and relative proportion of W and C infections;

e the identity and distribution of the different CMBs

e germplasm introduction of CMD-resistant material us-
ing an ‘open quarantine’ procedure in recently affected
areas and as specially prepared in vitro plantlets in
threatened areas;

present e development of a ‘fast-track’ approach to evaluate
e the population and distribution of the whitefly vector : .
(B. tabad); new CMD-resistant germplasm through on-station and

on-farm trials including targeted evaluation in CMD
‘hot spot’ areas;

e participatory evaluation of new germplasm at technol-
Using this information, the rate of spread of the dis- ogy transfer centres and within farmer field schools and

ease can be monitored over time and computer-generated  other farmer research/development groups;

maps can be produced. By mapping CMD epidemic-affected e training of agricultural workers and farmers in cassava

e the occurrence, frequency, amount and type (resis-
tant/susceptible) of cassava cultivars being grown.

zones, establishing the prevailing epidemic characteristics, pest and disease control using formal training courses
CMB identity and distribution, whitefly populations and the and in-field practical exercises to promote an integrated
rate of spread of the epidemic, it is possible to map the areas approach;

at risk and predict when they are likely to be affecteddg, e ‘early warning systems’ to inform researchers, agricul-

1999. Using this information, a model could be produced tural workers and farmers of the impending epidemic

to forecast future spread of the epidemic and to provide a through media, bulletins, workshops, field days, open

decision support system for disease management. days. etc.;

e networking through consultative project planning and

o implementation by both national and regional steering
7. Management of cassava mosaic disease committees.

Data obtained from CMD field surveys are vital in devis- A weakness in the current approach is over-reliance on
ing appropriate control measures to manage the disease irhost resistance. For the future, adoption of an integrated
severely affected areas and to make adequate preparationapproach including phytosanitary and cultural measures to
in threatened areas. A number of CMD control measures complement host resistance offers the prospect of more ef-
are available including the use of phytosanitation involving fective control.
selection of cuttings for propagation solely from symp-
tomless plants Hauquet and Fargette, 1990; Otim-Nape,

1993; Thresh and Otim-Nape, 1994; Thresh et al., 1998a 8. Conclusion

the removal (‘roguing’) of diseased cassava from partially

infected stands@tim-Nape, 1993; Thresh and Otim-Nape, CMD has been known for more than 100 years and for
1994; Thresh et al., 1998aand proper disposal and burn- much of this period it has received at least some attention
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from researchers and extensionists in one or more African Ahohuendo, B.C., Sarkar, S., 1995. Partial control of the spread of
countries. However past activities have been sporadic lim-  African cassava mosaic virus in Benin by intercropping. Z. Pflanzenkr.
) ' . . ' Pl hutz 102, 249-256.

ited to few of the many countries where the disease occurs, | nanzenschutz 102, 245-256 - .

. . . Anderson, P.K., Markham R.H., 2004. Whiteflies and whitefly-borne
and seldom sustained for a sufficiently long peridtiresh . viruses in the tropics: building a knowledge base for global action.
et al., 1994 Consequently, the overall effort has been in- Centro Internacional de Agricultura Tropical, Cali, Colombia, in press.
adequate in relation to the magnitude of the losses sus-Avidov, Z., Harpaz, I., 1969. Plant pests of Israel. Israel University Press,
tained. The situation has changed considerably in recent_ Jke'i‘isi;"eggi“gsp%_ A Cvirus di .
years following the onset of the serious epidemic in Uganda °°Tr'0p' S an 1;‘1_';:;” cassava brown streak virus disease in Kenya.
in the late 198Qth|m-Nape and Thresh, 1.998; Otlm-Nape Bock, K.R., Harrison, B.D., 1985. African cassava mosaic virus. AAB
et al., 2000. This has since become a major pandemic that  Descriptions of Plant Viruses No. 297. Associated of Applied Biolo-
is affecting other countries in the region and the full extent  gists, Wellesbourne, Warwick, UK, 6 pp.
of the problem posed by CMD in sub-Saharan Africa has Butt, D.J., Royle. D.J., 1980. The importance of terms and definitions
only recently become apparentegg, 1999. These devel- for a conceptually unified epidemiology. In: Palti, J., Kranz, J. (Eds.),

. . ; . Comparative Epidemiology: A Tool for Better Disease Management.
opments have prowded a powerful mce.nt've for increased Centre for Agricultural Publishing and Documentation, Wageningen,
research on all aspects of CMD and its control and for  pp. 29-45.
crop improvement projects based on the release of improvedByabakama, B.A., Adipala, E., Ogenga-Latigo, M.W., Tusiime, G., Otim-
virus-resistant cultivars_egg and Thresh, 2003 Nape, G.W., 1997. The resistance of improved cassava varieties to

The surveys considered in the foregoing sections have cassava mosaic disease in Uganda. Afr. J. Plant Prot. 7, 45-57.

. . L . Calvert, L., Thresh, J.M., 2002. The viruses and virus diseases of cas-
pla'ye‘.:i an |_mporta|jt role ”_1 9Stab“3h|ng the importance of g5y n; Hillocks, R.J., Thresh, J.M., Bellotti, A.C. (Eds.), Cassava:
CMD in Africa and in identifying the nature of the problem Biology, Production and Utilization. CAB International, Wallingford,
and the areas at greatest risk from the current pandemic. The UK, pp. 237-260.
data obtained have also been used to justify the allocationChant, S.R., 1959. A note on the inactivation of mosaic in cassava
of additional funds for research and extension projects on ~ (Manihot utilissimaPonl) by heat reatment. Emp. J. Expt. Agric. 27,

. . 556-58.
CMD and to C_ie_monStrate the benefits that have been game%ours, G., 1951. Le Manioc & Madagascar. Mémoires de I'Institut Sci-
from past activities. Surveys have been only a small part of  enifique de Madagascar. Série B, Biologie Végétale 3, 203—400.
the overall effort and have not led to a major diversion of Cudjoe, A., James, B., Gyamenah, J., 2004. Whiteflies as vectors of plant
resources and personnel. Nevertheless, at least some infor- viruses in cassava and sweetpotato in Africa: Ghana. In: Anderson
mation is available on the status of CMD in 18 of the 3g _ 2nd Markham. . . . o
. h . . fri h . | Dubern, J., 1994. Transmission of African cassava mosaic geminivirus by

.COUI"I'[I‘Ie.S whnere cassava IS growp in Africa. T -ere IS also the whitefly Bemisia tabaci Trop. Sci. 34, 82-91.
information on the CMBs present in representative samples gchendu, T.N.C., Ojo, J.B., James, B.D., Gbaguidi, B., 2004. Whiteflies as
collected in 13 of the countries surveyed. It is important to  vectors of plant viruses in cassava and sweetpotato in Africa: Nigeria.
initiate surveys in additional countries, including the impor- _ In: Anderson and Markham. ) o _
tant cassava-growing areas of Angola Burundi. Liberia and Fargette, D., 1985. Epidémiologie de la Magee Africaine du Manioc

. . . corr ’ en Mte d’lvoire. University Thése de la Faculte des sciences des
Sierra Leone, although this will be difficult because of con- Montpellier, 203 pp.
tinuing civil unrest and chronic insecurity. Surveys should Fargette, D., Fauquet, C., 1988. A preliminary study on the influence
also be repeated or extended in countries where the assess- of intercropping maize and cassava on the spread of African cassava
ments were incomplete or done several years ago and where mosaic virus by whiteflies. Asp. Appl. Biol. 17, 195-202.
there is little or no information on the identity and distribu- 29tte, B., Fauquet, C., Thouvenel, J-C., 1985. Field studies on the
tion of the CMBs present. A further requirement is to re- spread of African cassava mosaic. Ann. Appl. Biol. 106, 285-294.

) P : aq ) Fargette, D., Fauquet, C., Thouvenel, J.-C., 1988. Yield losses induced
fine the current procedures and address the issue of sample py African cassava mosaic virus in relation to the mode and date of
size and some of the limitations identified in this review. infection. Trop. Pest Man. 34, 89-91.
The effectiveness with which C and W infections are being Fargette, D., Thouvenel, J.-C., Fauquet, C., 1987. Virus content of leaves
distinguished should be assessed and the extent to which of cassava infected by African cassava mosaic virus. Ann. Appl. Biol.

. . . 110, 65-73.

survey results are r_epr(_)du0|ble when carried out_ by _d|ffer- Fargette, D., Fauguet, C., Fishpool, L.D.C., Thresh, J.M., 1992. Ecol-
ent personnel and in different seasons. Information is also gy of African cassava mosaic virus in relation to the climatic and
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yield loss in farmers’ plantings so that survey results can be the Environment. Abstracts of the 5th International Plant Virus Epi-
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ial i t of CMD in diff ¢ . 107-108.
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