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Abstract Cassava mosaic disease (CMD) is the most-
important disease of cassava (Manihot esculenta) in
Africa, and is a potential threat to Latin American (LA)
cassava production. Although this viral disease is ill
unknown in LA, its vector — the whitefly — has recently
been found. The disease is best controlled through host-
plant resistance, which was first found in third backcross
derivatives of an interspecific cross between cassava and
Manihot glaziovii, and is thought to be polygenic. Re-
cently, high levels of resistance were also found in sever-
al Nigerian cassava landraces. Classical genetic analysis
and molecular genetic-mapping of the landraces showed
that a mgjor dominant gene confers this resistance. Bulk
segregant analysis (BSA) was used to quickly identify a
simple sequence repeat (SSR) marker linked to the
CMD-resistance gene. The marker, SSRY 28, is located
on linkage group R of the mal e-parent-derived molecular
genetic map. The gene, designated as CMD?2, is flanked
by the SSR and RFLP marker GY1 at 9 and 8 cM, re-
spectively. To our knowledge, this is the first report of
qualitative virus resistance in cassava, and of molecular
markers that tag CMD resistance in cassava. We discuss
the use of markers linked to CMD2 for marker-assisted
breeding of CMD resistance in Latin America and for in-
creasing the cost-effectiveness of resistance breeding in
Africa
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Introduction

The most-widespread cassava disease of economic im-
portance in Africa is, undoubtedly, cassava mosaic dis-
ease (CMD). Epidemics are particularly ravaging, with
root yield losses as high as 100% (Jennings 1994; Thresh
et al. 1994). Even in the absence of a serious outbreak,
yield losses of 20% to 90% are common in farm
fields throughout sub-Saharan Africa (Hahn et a. 1980b;
Muimba-Kankolongo and Phuti 1987). CMD is com-
monly found in the fields of smallholder cassava farmers
who cannot always consistently follow good crop-sanita-
tion practices, such as planting CMD-free cuttings and
roguing diseased plants. Host-plant resistance to CMD,
based on resistance originally obtained from awild rela-
tive of cassava, Manihot glaziovii (Nichols 1947), is the
best method of containing the disease. Recently, the In-
ternational Institute of Tropical Agriculture found high
levels of resistance in closely related Nigerian cassava
landraces (11 TA 1990).

Cassava mosaic disease is caused by at least four
geminiviruses of the genus Begomovirus (Family Gemi-
niviridae), and is transmitted by the whitefly Bemisia
tabaci (Gennadius) biotype A. These viruses are the
African cassava mosaic virus (ACMV), the East African
cassava mosaic virus (EACMYV), the Ugandan variant of
the EACMV (EACMV-UgV), a hybrid virus of EACMV
and ACMYV, and the South African cassava mosaic virus
(SACMV) (Swanson and Harrison 1994; Zhou et al.
1997). Outside Africa, avariant of the ACMV —the Indian
cassava mosaic virus (ICMV) — causes a similar disease
that is the most important cassava disease in India
(Rajendran et al. 1993). The CMD begomoviruses are
unknown in the Americas.

The whitefly vector does not colonize cassava in the
New World, although, recently, a new biotype of B. tabaci,
biotype B (also referred to as Begomovirus argentifolia),
has become widespread in the Americas and has a wide
host range, including cassava (Polston and Anderson
1997). Thisis a frightening prospect for Latin American
(LA) cassava production, considering that most LA
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germplasm of this root crop is highly susceptible to
CMD (Okogbenin et a. 1998). Identifying and breeding
host-plant resistance to CMD is therefore of strategic im-
portance to all major cassava-producing regions.

Because, as for LA, breeding for CMD resistance
must be done in the absence of the virus, and different
sources of resistance must be pyramided, a project to ge-
netically map CMD-resistance genes, using molecular
markers, was set up. Approaches to the genetic mapping
of cassava — a putative segmental allopolyploid (Magoon
et a. 1969; Umanah and Hartmann 1973) — are similar to
those used in mapping polyploid genomes (Ritter et al.
1991; Wu et al. 1992; Al Janabi et al. 1993; Da Silva et
al. 1993). These approaches attempt to simplify the de-
termination of allelism by analysing a special class of
markers known as single-dose restriction fragments
(SDRFs) (Wu et al. 1992). SDRFs are DNA markers that
are present in one parent and absent in the other, and
segregate in a 1.1 ratio (absence to presence) in the
progeny. They represent the segregation equivalent of an
alele at a heterozygous locus in a diploid or alopoly-
ploid genome, or of asimplex alelein an autopolyploid.

Linkage analysis, using SDRFs in an F1 population,
requires the presence of severa unique aleles in either
or both parents, and results in two separate linkage maps,
based on male and female sources of markers. A molecu-
lar genetic map of cassava has been constructed using an
F1 intraspecific cross at CIAT as a source of markers for
gene tagging (Fregene et al. 1997).

In this paper, we report the results of genetic mapping
of the dominant gene that controls the new source of
CMD resistance.

Materials and methods

Planting materials and CMD resistance evaluation

The mapping population of CMD-resistant cassava was an F;
progeny from a cross between a Nigerian landrace (TME 3) that
represented the new source of CMD resistance and a susceptible
improved line (TMS 30555). The progeny, comprising 158 indi-
viduals, was established in vitro from embryo axes as described by
Akano et a. (1998), then subcloned. Six copies from a total of
eight per genotype were transferred to afield with low CMD pres-
sure in Abuja, Central Nigeria, in July 1997. Stakes, 15-20-cm
long, were cut from these plants and planted in two sites with high
CMD pressure: Onne (humid forest), and Ikenne (subhumid for-
est), both in June 1998. The experiment had a randomized com-
plete block design, with rows comprising ten plants per genotype
and three replicates.

CMD resistance was evaluated at 3 and 6 months after plant-
ing. Visual assessment of symptom intensity for each leaf on each
plant was conducted according to a scale of 1 to 5, where 1 = no
observable symptoms and 5 = very severe chlorosis and heavily
reduced leaf area. Scores on symptoms were averaged across all
leaves per genotype (Hahn et al. 1980a).

Genotypes were observed to be either entirely symptomless
(scoring 1) or altogether diseased (scoring 4 or 5) in al three repli-
cates and at both sites, suggesting qualitative inheritance. A chi-
square test was therefore performed for a monogenic inheritance
model of resistance. After 1 year, all plants were pruned and,
3 and 6 months later, assessed visually for symptoms. On re-grow-
ing, pruned CMD-infected plants generally had very severe symp-

toms. Again, genotypes were observed to be either entirely symp-
tom-free or severely diseased.

Bulk segregant analysis

To quickly identify markers associated with the dominant CMD-
resistance gene, bulk segregant analysis (BSA) was employed.
One bulk of 40 susceptible and another of 40 resistant genotypes
from the mapping progeny and a set of 186 SSR markers (Mba et
al. 2000) were used. The optimal size of bulks for BSA depends
on the type of population and the marker being screened (Michel-
more et a. 1991). In the analysis of single-dose restriction frag-
ment (SDRF) markers in F; populations derived from non-inbred
parents, the probability of a bulk of nindividuals having an SDRF
and a second bulk of not having it when the locus is unlinked to a
targeted geneis:

Probability = 2[1 — (1/2)] (1/2)".

Forty individuals per bulk (i.e. n = 40) would therefore give a
probability of 1.5 x 10-23 of an unlinked marker being polymor-
phic in the bulk. This is a very small chance, even with the large
number of SSR markers being screened. Markers found to be
polymorphic in the two parents and the two bulks were used to
evaluate the 80 individuals of the bulks and another additional
subset of 78 genotypes from the mapping population.

PCR analysis and electrophoresis of amplified products

Genomic DNAwas prepared from about 3 g of young fresh leaves,
according to Dellaporta et al. (1983). The two bulks, along with
the two parental clones, were evaluated, using PCR conditions as
described by Mba et al. (2000). PCR amplification products were
mixed with 4 pl of loading dye (98% formamide, 10 mM EDTA,
pH = 8.0, bromophenol blue and xylene cyanol), heated for 2 min
at 96 °C and chilled on ice for 3 min. Of this mixture, 4 pl were
loaded onto a 6% denaturing polyacrylamide gel. Electrophoresis
wasin 1 x TBE at 40 V/cm for 2 h, and DNA was visualized by
silver staining according to the manufacturer’s manual for the
PAGE gel silver-staining kit (Promega, Madison, Wis).

Genetic mapping of a CMD-resistance gene

Of the 186 SSR markers, the map positions of 80 are known (Mba
et al. 2000). One of these, SSRY 28, could distinguish between
CMD resistant and susceptible genotypes. This marker is located
on linkage group R of the male-parent-derived map of cassava
(Fregene et al. 1997), and is flanked by GY1 (an RFLP marker)
and Ail19b (a RAPD marker). These latter markers were evaluated
in the bulks, parents and individuals of the CMD-mapping popula-
tion to determine the precise location of the CMD-resistance gene.
Southern-hybridization analysis with GY 1 of the bulks and par-
ents, using four restriction enzymes, namely EcoRlI, Hindlll, Dral
and Haelll, and RAPD analysis with Ai19b were performed as de-
scribed by Fregene et al. (1997). The 158 genotypes of the map-
ping progeny were then analysed, using the restriction enzyme
that gave polymorphismsin the bulks and parents.

To develop a linkage group around the CMD-resistance locus,
markers analysed in the CMD mapping progeny and scored as
SDRFs (Wu et al. 1992), and resistance scored in the progeny as a
qualitative trait, were subjected to linkage analysis as described by
Fregene et al. (1997). Testing for linkages and the calculation of
distances were done with the computer package MapMaker 2.0
(Lander et a. 1987) on a G3 Macintosh computer. Thresholds for
declaring linkage were a LOD score of 4.0 and a recombination
fraction of 0.3. Map units (cM) were derived using the Kosambi
function (Kosambi 1944). Maximum-likelihood orders of markers
were verified by the ‘ripple’ function, and markers were said to
belong to the framework map if the LOD value, as calculated by
the ‘ripple’ command, was = 2.0.



If the genetic model of a single dominant gene for CMD resis-
tance is correct, the markers identified as co-segregating with the
gene should explain most of the CMD resistance phenotypic vari-
ance. To test this, single-point marker analysis by simple linear re-
gression was performed, using the IMP statistical package (SAS
Ingtitute 1995) on a G3 Macintosh computer. Association between
amarker and CMD resistance was declared at P < 0.001.

Results

Evaluation and bulk segregant analysis
of CMD resistance

Variation in response to CMD in the mapping population
was qualitative, i.e. all ten plants of each resistant geno-
type in al three replicates and at both sites showed no
visible symptoms, even when re-growing after pruning.
In contrast, all plants of the susceptible genotypes were
always heavily infected. The chi-square of the ratio of
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resistant to susceptible plants gave a value of 1.1, which
is not significantly different from a 1:1 ratio at a proba-
bility level of 0.05. This fits the expected segregation ra-
tio for a single dominant gene heterozygous in the CMD-
resistant parent. The BSA revealed that an alele of the
SSRY 28 marker was present in the resistant parent and
bulk, but was absent in the susceptible parent and bulk.
The polymorphism was confirmed when individuals of
the bulks were screened with the SSR marker (Fig. 1).
The SSR marker was then analysed in all 158 F1 progeny.
The gene was designated as CMD2. CMD1, described
previously by Fregene (2000), controls currently de-
ployed (polygenic) resistance to CMD.

Genetic mapping of a dominant CM D-resistance gene

The marker SSRY 28 was found located on linkage group
R (Fregene et al. 1997) of the male-parent-derived map
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Fig. 1 Polyacrylamide gel image of SSR marker SSRY 28 analysed
in the CMD-resistant parent (RP), susceptible parent (SP), resistant
bulk (RB), susceptible bulk (SB), and 40 resistant and 40 susceptible
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Fig. 2 Linkage group R of the
CM 2177-2-derived map (A)
showing markers GY 1 and
SSRY 28 that flank the domi-
nant gene CMD2, and aTME
3-derived map of the region
around CMD2 (B). Map dis-
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of cassava, linked in coupling to marker GY1 (RFLP)
and in repulsion to marker Ai19b (RAPD). RFLP analy-
sis of the bulks and parents of the mapping population
with GY1 revealed an RFLP allele unique in the CMD-
resistant parent and bulk with the restriction enzymes
EcoRI and Haelll. The 158 progeny were analysed with
a Haelll/GY1 combination. The RAPD analysis, with
primer Ail9b, of the CMD resistant and susceptible par-
ents and bulks showed no polymorphism. Linkage analy-
sisof SSRY 28, GY 1 and CMD resistance in the mapping
progeny revealed that CMD2 is located at a distance of
9 cM and 8 cM to GY1 and SSRY28 respectively
(Fig. 2). The distance of 16 cM between GY1 and
SSRY28 on the CM 2177-2-derived cassava map
(Fregene et al. 1997) is comparable with the combined
distances between GY1, CMD2 and SSRY 28 (17 cM),
based on the TME 3-derived map. Results of single-
marker analysis showed that SSRY 28 and GY 1 explain
68% and 70% (P < 0.0001) of the phenotypic variance of
CMD resistance, which again confirms the hypothesis of
single-gene inheritance of CMD resistance.

Discussion

A dominant gene for resistance to CMD has been found
by conventional genetic analysis and molecular genetic
mapping in a F1 cross between resistant and susceptible
parents. To our knowledge, thisisthe first report of quali-
tative resistance to viruses in cassava. The single-domi-
nant-gene nature of the new source of resistance makes it
particularly useful in breeding for CMD resistance in the
light of the common constraints to cassava breeding: het-
erozygosity and a long cropping cycle. The major gene
nature also means that a genetic marker for marker-assist-
ed selection (MAS) can easily be identified. MAS would
thus become an invaluable tool for breeding CMD resis-
tance in Latin America where the disease is not found,
but where the presence of the vector makes it a threat.

Selecting for high levels of resistance with a marker
may be more efficient than conventional breeding in
Africa, where rapid deployment of high resistance into
cassava gene pools is needed to protect cassava from the
ravages of CMD. The advantage of MAS is that the
breeder can, in early stages, eliminate CM D-susceptible
genotypes. In the case of a heterozygous CM D-resistant
donor parent, elimination would be 50%, reducing the
costs of disease evaluation by half and increasing selec-
tion efficiency. The breeder can then concentrate on fewer
genotypes at the seedling and crucial single-row trial
stages where progenies are reduced by as much as 95%.
Identification of markers for other traits in addition to
CMD resistance can be used to chose parents more effi-
ciently that combine the different traits

The gene designated as CMD?2 is different from the
earlier found CMD1, which controls the currently de-
ployed resistance (Fregene 2000). CMD?2 is located on
linkage group R, whereas CMDL1 is on linkage group D
of the cassava molecular map (Fregene et a. 1997). The

action of the two genesis also different: CMD2 is domi-
nant, whereas CMD1 appears recessive in that its effect
is detected only in backcross progeny, and not in the F1.

The presence of two different sources of CMD resis-
tance, and the markers in tight linkage with them, pro-
vides a means of combining multiple sources of resis-
tance. The recessive nature of the older source of resis-
tance, however, makes it less attractive, given cassava's
out-crossing and heterozygous nature.
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