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ABSTRACT 

Wydra, K., Zinsou, V., Jorge, V., and Verdier, V. 2004. Identification of 
pathotypes of Xanthomonas axonopodis pv. manihotis in Africa and 
detection of quantitative trait loci and markers for resistance to bacterial 
blight of cassava. Phytopathology 94:1084-1093. 

Cassava suffers from bacterial blight attack in all growing regions. 
Control by resistance is unstable due to high genotype–environment inter-
actions. Identifying genes for resistance to African strains of Xantho-
monas axonopodis pv. manihotis can support breeding efforts. Five F1 
cassava genotypes deriving from the male parent ‘CM2177-2’ and the fe-
male parent ‘TMS30572’ were used to produce 111 individuals by back-
crossing to the female parent. In all, 16 genotypes among the mapping 
population were resistant to stem inoculation by four strains of X. axono-
podis pv. manihotis from different locations in Africa, and 19 groups with 
differential reactions to the four strains were identified, suggesting that 
the strains represent different pathotypes. Four genotypes were resistant 
to leaf inoculation, and three were resistant to both stem and leaf inocu-
lations. Genotypes with susceptible, moderately resistant, and resistant 

reactions after leaf and stem inoculation partly differed in their reactions 
on leaves and stems. Based on the genetic map of cassava, single-marker 
regression analysis of disease severity after stem-puncture inoculation 
was performed. Eleven markers were identified, explaining between 16 
and 33.3% of phenotypic variance of area under disease progress curve. 
Five markers on three and one linkage groups from the female- and male-
derived framework of family CM8820, respectively, seem to be weakly 
associated with resistance to four strains of X. axonopodis pv. manihotis. 
Based on the segregation of alleles from the female of family CM8873, 
one marker was significantly associated with resistance to two X. axono-
podis pv. manihotis strains, GSPB2506 and GSPB2511, whereas five 
markers were not linked to any linkage group. The quantitative trait loci 
(QTL) mapping results also suggest that the four African strains belong to 
four different pathotypes. The identified pathotypes should be useful for 
screening for resistance, and the QTL and markers will support breeding 
for resistance.  

Additional keyword: molecular markers. 

 
Cassava is a basic component of the farming system in most 

areas of Sub-Saharan Africa (36). It provides more than 60% of 
the daily calorie intake of some 500 million people in the sub-
Saharan region of Africa (14). Bacterial blight, caused by Xantho-
monas axonopodis pv. manihotis Vauterin et al. (46), previously 
X. campestris pv. manihotis Bondar (7), is one of the most impor-
tant cassava diseases in Africa (3,52,54). Symptoms include angu-
lar leaf spots, blight, wilting, and stem dieback after systemic 
infection. Among the proposed control measures (50,53), host-
plant resistance is the most suitable for farmers. Resistance of 
African cassava cultivars to bacterial blight originated from inter-
specific-cross breeding with the wild species Manihot glaziovii 
and is assumed to be polygenic (19). Resistance in cassava is 
quantitative (23), because a hypersensitive reaction has not been 
reported in cassava cultivars in the interaction with X. axonopodis 
pv. manihotis strains. Race- and cultivar-specific reactions never 
were observed between cassava cultivars and X. axonopodis pv. 
manihotis strains, although pathotypes and haplotypes were evi-

dent among Latin American strains (38–40). The variability of X. 
axonopodis pv. manihotis, based on pathogenicity and on physio-
logical, biochemical, and molecular characterization, revealed 
greater diversity in Latin America than in Africa (2,6,15,18,38–
40,47,51).  

Quantitative trait loci (QTL) mapping can reveal the regions of 
specific resistance loci and may identify race-specificity of partial 
resistance genes (57). For instance, molecular genetic mapping of 
resistance to bacterial blight in rice revealed that a single locus 
confers resistance to a specific race of the pathogen (30,56). In 
potato, 5 of the 11 genomic regions showed no specificity against 
the two races of Phytophthora infestans tested. However, the six 
others were effective against just one race (29). Several QTL are 
known against bacterial wilt of tomato, with loci on chromosome 
six playing a predominant role in resistance to Ralstonia solana-
cearum (11,37,44,48). Separate QTL may be responsible for dif-
ferent resistance mechanisms. In soybean, QTL on two linkage 
groups conferred separate components of resistance to Fusarium 
solani f. sp. glycine, causing the sudden death syndrome (33,34).  

Resistance in the form of preformed mechanisms, such as 
deposition of lignin and other phenolic compounds (16,26,37), as 
well as latex and leaf pectins (50) were suggested to be involved 
in resistance of cassava against bacterial blight. Genetics of resis-
tance to bacterial blight in cassava and genes governing resistance 
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were investigated by inoculating a mapping population of 244 
genotypes with four Colombian and one African strain of X. axono-
podis pv. manihotis (21–23). Six markers were involved in re-
sistance to these strains.  

The objectives of the present studies were to (i) test 111 geno-
types of the mapping population derived from an intraspecific 
cross of ‘TMS30572’ and ‘CM2177-2’ for their reaction to bac-
terial blight using leaf and stem inoculation methods, and identify 
(ii) possible X. axonopodis pv. manihotis pathotypes and (iii) 
bacterial blight resistance-related genetic markers.  

MATERIALS AND METHODS 

Cassava genotypes. The five F1 genotypes used in this study 
were chosen for their fertility from the cassava mapping popu-
lation comprising 90 F1 plants from an intraspecific cross. 
TMS30572 was the female parent, an elite cassava cultivar devel-
oped at the International Institute of Tropical Agriculture (IITA), 
Nigeria, and CM2177-2, a successful cassava cultivar resulting 
from breeding at the Centro Internacional de Agricultura Tropical 
(CIAT) in Colombia, was the male parent. Genotype TMS30572 
is partly resistant (1,13,55) and genotype CM2177-2 is tolerant to 
cassava bacterial blight. The overall crossing scheme was de-
signed to combine the resistance of TMS30572 with the tolerance 
and quality of CM2177-2. Genotype TMS30572 derives from an 
interspecific cross of M. esculenta genotype F279 (Java) and  
M. glaziovii, of which the hybrid has been backcrossed and the 
progeny selected for several characters and pollinated with 
several landraces, resulting in genotype TMS30572. In our previ-
ous studies, genotype TMS was the overall most resistant geno-
type across ecozones; nevertheless, it showed susceptible reac-
tions in some environments (3,13,61). Cassava genotypes used in 
this study were the two largest families of backcross (BC1) popu-
lations, CM8820+B (= CM8820 × CM8820B, the reciprocal 
cross) and CM8873+B (= CM8873 × CM8873B, the reciprocal 
cross) derived from the backcross of two F1 genotypes (CM7857-
4 and CM7857-77) with TMS30572, from which the genetic map 
was built (17,21). In all, 111 genotypes derived from the back-
cross of five F1 individuals (CM7857-4, CM7857-10, CM7857-
51, CM7857-77, and CM7857-115) to the female recurrent parent 
TMS30572 were used. These genotypes were grouped in seven 
populations (CM8820 and CM8820B [reciprocal cross], CM8870, 
CM8872, CM8873, and CM8873B [reciprocal cross], CM8877) 
(Table 1). Genotype ‘Ben86052’ was used as a susceptible refer-
ence genotype (13).  

All experiments were conducted in the greenhouse. Stem cut-
tings 20 cm in length from apparently healthy plants were re-
ceived from IITA, Nigeria. They were planted in plastic pots 16 cm 
in diameter containing sandy soil at the IITA station in Cotonou, 
Benin, in six replicates per inoculated bacterial strain. After  
6 weeks, plants were transferred to the glasshouse (26°C, 70% 
relative humidity) for inoculation and the subsequent studies. Six 
plants per bacterial strain and per genotype were used. Plants 
were kept under quarantine conditions and no diseases other than 
bacterial blight occurred. IITA Ibadan, Nigeria, could not provide 
sufficient planting material for all the trials (e.g., the leaf infil-

tration) because only a few individual plants were kept from the 
mapping population. Due to these obstacles and the space-con-
suming trial set up under greenhouse conditions, repetitions of 
trials were not possible, though six replicates were used under 
controlled conditions.  

Bacterial strains and their origin. The three highly virulent 
strains of X. axonopodis pv. manihotis, GSPB2506, GSPB2507, 
and GSPB2511 (Göttinger Sammlung Phytopathogener Bakterien, 
Institut für Pflanzenpathologie und Pflanzenschutz der Univer-
sität, Germany), were isolated by K. Wydra, IITA, in Cotonou, 
Benin, and Ibadan and Onne, Nigeria, respectively. The strain 
Uganda 12 was isolated by B. Boher, IRD France, in Uganda. The 
four strains were used for stem inoculation. In addition, strains 
GSPB2506, GSPB2511, and Uganda 12 also were used for leaf 
infiltration inoculations. 

Stem inoculation and symptom evaluation. Four-week-old 
plants of 111 genotypes (six plants per genotype) were inoculated 
in the stem at the third leaf axil from the top by inserting a sharp 
toothpick, contaminated with ≈107 CFU/ml by passing through a 
48-h-old culture of X. axonopodis pv. manihotis (G. Sanchez,  
S. Restrepo, and V. Verdier, unpublished data) grown on nutrient 
glucose agar (NGA: nutrient broth, 8 g/liter; glucose, 11 g/liter; 
yeast extract, 3 g/liter; agar, 15 g/liter; pH 7.2). Plants were 
evaluated 5, 10, 15, 20, 25, and 30 days after inoculation. Disease 
scores were 0 = no symptom, 1 = 1 leaf wilted, 2 = 2 to 4 leaves 
wilted, 3 = more than 4 leaves wilted, 4 = dieback of plant or 
shoot. The area under the disease progress curve (AUDPC) was 
calculated for each inoculated plant from the disease reaction 
scores 5, 10, 15, 20, 25, and 30 days after inoculation by using 
the following formula AUDPC = Σi[(Di + Di–1) × (ti – ti–1)]/2, 
where Di = disease score at time ti using the 0-to-4 scores and ti = 
time measured in days after inoculation (41). AUDPC was calcu-
lated to compare the resistance of each genotype to the four 
strains and the aggressiveness of strains toward the cassava geno-
types after inoculation of stems. On the basis of the percentage of 
AUDPC of each strain used in stem inoculations (the reaction on 
the highly susceptible genotype CM8820-47 being set as 100%), 
resistant (0 to 33.2%), moderately resistant (33.3 to 49.9%), and 
susceptible genotypes (50 to 100%) were identified for each 
strain inoculated. Calculating the mean AUDPC values of the four 
strains per genotype, groups of resistant, moderately resistant, and 
susceptible genotypes were defined using the same percentage 
ranges as above. The strains were ranked for their virulence 
considering their reaction on all the genotypes (GSPB2507 = 
GSPB2511 > Uganda 12 > GSPB2506). To identify differential 
reactions, AUDPC values of the four strains were compared for 
each genotype, and genotypes with values differing by ≥33% in 
the reverse direction of GSPB2507 = GSPB2511 > Uganda 12 > 
GSPB2506, in order of decreasing virulence, were selected as dif-
ferential genotypes. Additionally, genotypes for which strains 
differed by ≥43% were defined as differential genotypes. Evalua-
tions following these criteria allowed the most detailed descrip-
tion of the disease reactions. Incremental principal component 
analysis (IPCA) based on AUDPC values after stem inoculation 
of 43 genotypes was established to demonstrate the position of 
differential genotypes compared with the other genotypes.  

TABLE 1. Cassava genotypes derived from the backcross of five F1 individuals (CM7857-4, CM7857-10, CM7857-51, CM7858-77, and CM7857-115) to the 
female recurrent parent TMS30572  

Population Genotype code 

CM8820 1, 2, 4, 5, 9, 11, 12, 13, 16, 19, 23, 27, 30, 31, 32, 33, 34, 38, 40, 43, 46, 47, 48, 50, 53, 56, 58, 61, 64, 67, 70, 72, 75 
CM8820B 3, 6, 7, 8, 10, 12, 13, 14, 17, 20, 21, 23, 25 
CM8870 1, 3, 6, 13, 14, 15, 17 
CM8872 3, 13, 14, 15, 16 
CM8873 1, 7, 11, 12, 13, 14, 18, 25, 28, 30, 31, 35, 38, 39, 40, 42, 44, 48, 54, 58, 63, 64, 67, 69, 71, 74, 77, 78, 80, 81, 84, 86 
CM8873B 1, 3, 5, 7, 9, 14, 15, 16, 17, 20, 25, 31, 35, 36 
CM8877 6, 8, 9, 11, 13, 15, 52 
F1 individuals CM7857-4, -10, -51, -77, -115 
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Leaf infiltration and symptom evaluation. Eight genotypes 
identified as resistant and moderately resistant in the previous stem 
inoculation test (CM8873-64, CM8873-69, CM8820-34, CM8820-
40, CM8877-11, CM8820B-23, CM8870-1, and CM8820-30) 
were used. The abaxial surfaces of the first two nearly fully ex-
panded leaves were infiltrated by means of a glass atomizer (20) 
with a bacterial suspension of X. axonopodis pv. manihotis  
(106 cells/ml) in 0.01 M MgSO4 obtained from 48-h-old strains 
on NGA agar. Infiltration was carried out until a temporary water-
soaking appeared without leaf damage. Two leaves per plant and 
five plants per genotype and bacterial strain were used. Control 
plants were treated similarly with sterile 0.01 M MgSO4 solution. 
The area of water-soaked and necrotic lesions on leaves was de-
termined each third day starting 14 days postinoculation (dpi) 
using a transparent plastic sheet on which the areas were repro-
duced and calculated. The two-dimensional biplot of the principal 
component analysis (PCA) on 10 leaf-infiltrated genotypes based 
on the AUDPC (leaf-AUDPC) was calculated from the lesion area 
measures 14, 17, 20, 23, 26, and 29 dpi by using the formula 
above, with D lesion area on leaves, t days after inoculation, and i 
evaluation days. The lesion area of dropped leaves was added to 
the measured area at each evaluation date. Genotypes were identi-
fied as resistant (AUDPC 0 to 16.6%), moderately resistant (16.7 
to 33.2%), and susceptible (33.3 to 100%) compared with the 
reaction of the most susceptible reference genotype Ben86052, 
which was set as 100%. The leaf-AUDPC of three strains was 
established to compare genotypes and demonstrate their related-
ness in reaction.  

Restriction fragment length polymorphism analysis. A set 
of 58 restriction fragment length polymorphism (RFLP) markers 
was selected from markers of the cassava genetic map. They were 
distributed on 17 of the 20 linkage groups of the published link-
age map (17). The other three linkage groups did not carry RFLP 
markers or the RFLP was not polymorphic in the population. 
Hybridization protocols were identical to those published (17).  

Microsatellites. Screening for simple sequence repeats (SSRs) 
and design of primers has been performed previously (17,32). A 
set of 63 microsatellites were chosen to evaluate the BC1 popu-
lation and construct the genetic map. DNA amplification was per-
formed in 25 µl of the following reaction: 25 µg of DNA, 10 mM 
Tris-HCl, 50 mM KCl, 1.5 mM MgCl2, 0.2 mM dNTP, 0.2 µM 
each primer, and 2.5 units of Ampli-Taq (Perkin-Elmer-Cetus, 
Emeryville, CA). Amplification was performed according to the 
following steps: one denaturation cycle was performed at 94°C 
for 5 min, prior to 34 cycles of denaturation at 94°C for 1 min, 
annealing at 55°C for 2 min, and extension at 72°C for 2 min; and 
a final extension at 72°C for 5 min. Polymerase chain reaction-
amplified products were separated on 6% polyacrylamide gels for 
≈2 h. Gels were silver stained and dried before reading. Scoring 
was repeated twice, by two different readers. 

Construction of linkage map and QTL analysis of cassava 
bacterial blight resistance. Linkage maps were constructed 
using the pseudotestcross strategy and the Mapmaker program 
(28) as previously explained (17). In this strategy, only markers 
segregating 1:1 were considered and linkage analysis was per-
formed separately for markers coming from female and male 
parents, considering each case as a backcross-type population. We 
built two linkage maps, one for each parent, using the 58 RFLP 
and 63 SSR markers from 17 of the 20 linkage groups from the 
original map (17,32), while three linkage groups did not carry any 
RFLP markers or the RFLP markers were not polymorphic in our 
population. A log of the likelihood ratio (LOD) score, represent-
ing the likelihood ratio between the two best maps, of 3.0 and 
recombination fraction of 0.30 served as the threshold for declar-
ing linkage. Orders of markers were verified by the “ripple” com-
mand (LOD threshold at 2.0). The 67 and 56 markers of female 
and male maps, respectively, of family CM8820+B were associ-
ated in 18 linkage groups. Also, 50 and 45 markers identified for 

the female and male map, respectively, of family CM8873+B 
were associated in 18 linkage groups.  

A simple linear regression between molecular markers and 
AUDPC of X. axonopodis pv. manihotis strains was performed 
per marker with the QTL cartographer program (QTL Cartogra-
pher version 1.13; Department of Statistics, Raleigh, NC) (5). We 
considered also, in this case, two linkage maps, one derived from 
each parent. For each marker, two classes were used: presence 
(A1A0) and absence (A0A0) of the marker; and regression analysis 
using the linear model yi = b0 + b1xi + e, where yi is the phenotype 
of the ith individual and xi is an indicator variable for the marker 
phenotype (for backcrosses 0 = A0A0 or 1 = A0A1), and b0 and b1 
are the basic parameters of the linear regression. A significant 
association between DNA marker and cassava bacterial blight re-
sistance was declared, when the probability obtained from regres-
sion was equal to or less than 0.05 and the likelihood ratio (LR) 
statistic was more or equal to 6 in order to minimize the detection 
of false positives. The phenotypic variance explained by each 
marker was computed as sum of squares associated with the 
marker per total sum of squares.  

RESULTS 

Stem inoculation. In stem inoculations of 111 genotypes with 
four highly virulent X. axonopodis pv. manihotis strains from 
diverse African origin, 16 genotypes showed a resistant reaction, 
26 showed a moderately resistant reaction, and 69 a susceptible re-
action (data not shown) (58). Strains GSPB2507 and GSPB2511 
were the most virulent, followed by Uganda 12 and GSPB2506, 
with mean values per strain between 28.3 and 37.0 considering 
the 111 genotypes (Table 2). Among the 111 genotypes, 29 geno-
types expressed a differential reaction to the four strains. Addi-
tionally, values of all the resistant genotypes and representatives 
of the moderately resistant and susceptible groups are given, 
demonstrating the high variability in these groups. The reference 
genotypes BEN86052 and TMS30572 were susceptible and 
resistant, respectively.  

From the stem inoculation data, a set of 19 differential geno-
type groups from 29 genotypes were identified after analyzing 
strain–genotype interactions (Table 3). The susceptible (S), mod-
erately resistant (MR), and resistant (R) reactions of genotypes to 
the four strains suggested that the strains were of four different 
pathotypes. Using a more stringent differentiation by combining 
MR and S reactions resulted in the formation of eight differential 
groups of genotypes (data not shown). The two-dimensional 
biplot of the PCA demonstrates the positions and relatedness of 
genotypes in terms of their reaction to the four strains (Fig. 1). In 
all, 12 genotypes showing low means of stem-AUDPC, with 
lowest values for genotypes CM8877-11 (G42) and CM8873B-25 
(G43), belonged to the resistant group; 9 genotypes (G23 to G30 
and G41) were moderately resistant; and 22 genotypes with high 
means of stem-AUDPC, with highest values for genotypes 
CM8820-47 (G1), CM8873-44 (G2), and CM8873-74 (G3), be-
longed to the susceptible group. Eleven genotypes with high dif-
ferential reactions (IPCA 2 > 0.5) and nine genotypes with low 
differential reactions (IPCA 2 < –0.5) were identified. An addi-
tional 9 genotypes, identified as differential genotypes (Table 3), 
and 14 nondifferential genotypes were located closer to the hori-
zontal zero line.  

Leaf inoculation. Considerable differences in lesion areas and 
day of first leaf drop were observed when eight stem-resistant 
genotypes, the susceptible genotype BEN86052, and the resistant 
TMS30572 were leaf infiltrated with three highly virulent strains 
of X. axonopodis pv. manihotis (GSPB2506, GSPB2511, and 
Uganda 12) (Table 4). Total lesion areas of inoculated leaves con-
tinued to increase in some genotypes after the first leaf drop (data 
not shown). Thus, the resistant genotypes TMS30572, CM8820-
40, CM8820-30, and CM8873-69 developed limited lesion areas, 
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with late (23 to 26 dpi), early (17 dpi), late, or no leaves shed, re-
spectively. The susceptible genotypes developed large lesion areas 
and shed leaves early or late. Genotypes CM8873-69, CM8820-
30, and CM8820-40 were identified as resistant; CM8870-1  
and CM8870-11 as susceptible due to their reaction to strain 
GSPB2506; and the susceptibility of BEN86052 and general 
resistance of TMS30572 were confirmed. Strain GSPB2506 was 
most virulent, followed by Uganda 12 and GSPB2511. Differ-
ential reactions (S and R) suggest occurrence of two pathotypes, 
strains Uganda 12 and GSPB2506, differentiated by their resis- 
tant and susceptible reactions on genotypes CM8877-11 and 
CM8870-1 (Table 5). Genotypes (i) Ben86052, (ii) CM8877-11 

and CM8870-1, and (iii) the genotypes showing moderately 
resistant and resistant reactions after leaf infiltration are suitable 
to differentiate the two pathotypes.  

The two-dimensional biplot of the PCA of genotype reactions 
after leaf infiltration, showing the relatedness of genotypes and 
comparing their reaction to three inoculated strains, revealed—
additionally to the differential genotypes CM8873-69 and 
TMS30572 with high and CM8873-64 with low IPCA 2 scores—
as genotypes with diverse reactions to the inoculated strains (data 
not shown). The individuals of the mapping population selected 
for resistance to stem inoculation are located far from the highly 
susceptible reference genotype BEN86052 with high IPCA 1 score.  

TABLE 2. Reaction of a set of 29 differential cassava genotypes, 4 genotypes with representative susceptible and moderately resistant reactions, and 8 resistant
genotypes selected from 111 BC1 mapping population genotypes after stem puncture inoculation with four highly virulent strains of Xanthomonas axonopodis pv. 
manihotis  

 Stem-AUDPC for bacterial strains 

Cassava genotype GSPB2507 GSPB2511 Uganda 12 GSPB2506 Meant Reactionu 

G1 CM8820-47 60.0 ± 0.0 60.0 ± 0.0 60.0 ± 0.0 60.8 ± 2.7 60.2 Sv 
G2 CM8873-44 36.6 ± 5.9 56.0 ± 2.2 60.0 ± 0.0 57.5 ± 0.7 52.5 Sw 
G3 CM8873-74 50.8 ± 9.4 52.9 ± 1.3 37.5 ± 1.4 60.0 ± 0.0 50.3 Sw 
G4 CM8873-48 36.5 ± 3.0 58.3 ± 1.9 50.0 ± 8.8 22.5 ± 3.3 41.8 Sw 
G5 CM8873-81 30.0 ± 0.0 60.0 ± 3.8 42.5 ± 2.2 30.0 ± 0.0 40.6 Sw 
G6 CM8820-61 48.3 ± 0.9 34.5 ± 1.8 20.0 ± 0.0 52.5 ± 0.0 38.8 Sw 
G8 BEN86052x,y 37.5 ± 5.0 40.8 ± 2.2 42.9 ± 2.7 33.7 ± 5.4 38.7 S 
G7 CM8820B-17 28.7 ± 3.6 49.0 ± 3.3 35.0 ± 0.0 40.0 ± 2.2 38.2 Sw 
G9 CM8820-16 50.0 ± 0.0 26.2 ± 6.3 25.0 ± 0.0 47.5 ± 2.4 37.2 Sw 
G10 CM8877-9 34.0 ± 7.1 52.5 ± 2.2 40.0 ± 0.0 13.2 ± 1.8 34.9 Sw 
G11 CM8873-39 29.1 ± 4.7 48.7 ± 2.0 30.8 ± 2.1 30.4 ± 3.7 34.8 Sw 
G12 CM8820-46 23.3 ± 5.4 41.2 ± 1.9 42.0 ± 1.7 30.6 ± 8.6 34.3 Sw 
G13 CM8873-7 35.8 ± 1.2 27.9 ± 4.1 48.7 ± 4.5 24.1 ± 4.9 34.1 Sw 
G14 CM8873B-1 27.9 ± 4.3 39.1 ± 6.7 51.2 ± 4.6 16.2 ± 4.0 33.6 Sw 
G15 CM8873B-7 45.4 ± 4.8 32.5 ± 9.1 42.5 ± 3.8 13.7 ± 4.2 33.5 Sw 
G16 CM8820-56 34.1 ± 9.7 54.5 ± 9.4 32.0 ± 1.2 12.5 ± 0.0 33.3 Sw 
G17 CM8820B-25 44.5 ± 2.2 44.5 ± 0.0 0.0 42.0 ± 1.9 33.0 Sw 
G18 CM8873-35 19.1 ± 2.5 32.0 ± 1.7 40.0 ± 0.0 35.8 ± 5.0 31.7 Sw 
G19 CM8820-13 22.5 ± 5.2 23.3 ± 4.8 52.5 ± 0.0 28.3 ± 9.5 31.7 Sw 
G20 CM8873B-31 50.0 ± 0.0 20.8 ± 7.0 33.7 ± 4.4 20.8 ± 7.7 31.3 Sw 
G21 CM8820-9 36.2 ± 6.8 32.9 ± 6.3 32.9 ± 6.2 22.0 ± 3.2 31.0 Sv 
G22 CM8877-52 30.0 ± 3.6 46.0 ± 7.9 24.1 ± 0.9 37.0 ± 5.5 30.7 Sv 
G23 CM8820-38 24.0 ± 3.3 30.0 ± 0.0 46.6 ± 1.2 18.5 ± 2.7 29.8 MRw 
G24 CM8820B-7 25.8 ± 4.3 37.5 ± 1.4 50.4 ± 2.7 0.0 28.4 MRw 
G25 CM8873B-20 22.0 ± 5.9 44.1 ± 10.2 35.4 ± 7.6 9.5 ± 3.1 27.8 MRw 
G26 CM8873B-36 31.6 ± 6.4 0.0 35.8 ± 2.0 27.5 ± 3.9 23.7 MRw 
G27 CM8820-4 37.5 ± 0.0 27.5 ± 0.0 26.2 ± 0.6 0.0 22.8 MRw 
G28 CM8873-25 32.9 ± 2.2 27.5 ± 0.7 2.5 ± 0.0 27.9 ± 3.0 22.7 MRw 
G29 CM8873B-16 18.7 ± 1.6 31.6 ± 4.2 17.9 ± 2.7 16.5 ± 2.6 22.2 MRv 
G30 CM8820-64 25.0 ± 3.0 45.0 ± 5.2 11.8 ± 3.1 0.0 20.5 MRw 
G31 CM8820-30y 30.4 ± 0.4 21.5 ± 4.4 18.6 ± 5.9 11.2 ± 1.7 20.4 MRv 
G32 CM8873-86 15.4 ± 0.4 37.9 ± 5.6 15.8 ± 0.6 9.5 ± 2.2 19.7 Rw 
G33 CM8873-69y 25.0 ± 4.1 21.5 ± 4.4 17.5 ± 4.3 12.5 ± 0.0 19.1 R 
G34 CM8873-78 17.5 ± 1.8 45.0 ± 2.0 0.0 13.3 ± 2.9 19.0 Rw 
G35 CM8870-1y 16.2 ± 0.6 16.2 ± 2.0 16.6 ± 2.2 15.0 ± 1.9 16.0 R 
G36 CM8873-64y 34.1 ± 7.5 22.9 ± 7.7 6.8 ± 1.3 0.0 16.0 Rw 
G37 CM8870-17 40.0 ± 8.6 0.0 5.0 ± 0.0 17.0 ± 3.8 15.5 Rw 
G38 TMS30572x,y 13.0 ± 1.3 18.3 ± 2.4 16.6 ± 1.2 10.0 ± 1.4 14.5 R 
G39 CM8820B-23y 14.5 ± 0.4 21.8 ± 8.2 15.0 ± 0.0 3.1 ± 0.4 13.6 R 
G40 CM8820-34y 25.0 ± 2.9 15.6 ± 2.1 11.6 ± 2.1 0.0 13.1 R 
G41 CM8820-40y 19.0 ± 2.2 12.5 ± 0.0 11.6 ± 0.4 6.8 ± 0.4 12.4 R 
G42 CM8877-11y 10.0 ± 0.0 6.8 ± 1.3 0.0 0.0 14.2 R 
G43 CM8873B-25 0.0 0.0 0.0 0.0 0.0 R 
Means of 41 genotypesz 28.7 31.6 22.6 20.1 … … 
Means of 111 genotypesz 37.0 36.8 32.9 28.3 … … 

s Stem-AUDPC = area under disease progress curve after stem inoculation. X. axonopodis pv. manihotis strains from Ibadan (GSPB2507) and Onne (GSPB2511), 
Nigeria, Uganda (Uganda 12), and Cotonou (GSPB2506), Benin. 

t Mean of highest stem-AUDPC values of four strains used as 100% to determine the reaction group. 
u S = susceptible, means of AUDPC of four strains correspond to 50 to 100% of highest mean AUDPC with values 30.1 to 60.2; MR = moderately resistant, 33.3 

to 49.9% with values 20.1 to 30.1; and R = resistant, 0 to 33.2%, with values 0 to 20.0. 
v Genotypes selected among the 111 tested genotypes, which show highest or lowest reactions in the susceptible and moderately resistant groups; all genotypes of 

the resistant group are included in the table. 
w Genotype belongs to the groups of differential genotypes. 
x BEN86052 and TMS30572 are susceptible and resistant controls, respectively. 
y Genotype selected for leaf inoculation. 
z Mean of 41 and 111 (data not shown; 65) individuals of the mapping population without consideration of the control genotypes.  
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Comparison of reaction of genotypes to stem and leaf inocu-
lation. Among the resistant and moderately resistant genotypes 
selected after stem inoculation, two were grouped as susceptible 
due to their reaction to strain GSPB2506 and three as moderately 
resistant after leaf inoculation (Table 4). Genotypes TMS30572, 
CM8820-40, and CM8873-69 were resistant to the four strains 
after both leaf and stem inoculations, and genotype CM8820-30, 
moderately resistant after stem inoculation, was resistant after 
leaf inoculation.  

Comparison of virulence of X. axonopodis pv. manihotis 
strains after stem and leaf inoculations. Strains Uganda 12 and 
GSPB2506 belong to different pathotypes according to their reac-
tions on stems and leaves (Tables 2 and 5), whereas strain 
GSPB2511 showed no differential reaction with the genotypes 
after leaf inoculation. Strain GSPB2507 was not tested on leaves 
(sufficient cuttings not available). Strains GSPB2507 and 
GSPB2511 were most virulent after stem inoculation, followed by 
Uganda 12 and GSPB2506 (Table 2). The converse was observed 

TABLE 3. Pathotypes of Xanthomonas axonopodis pv. manihotis identified according to their reaction after stem puncture inoculation of 111 cassava genotypes, 
and a set of 19 differential cassava genotype groups, clustered according to the percentage of the area under disease progress curve into resistant (R), moderately
resistant (MR), and susceptible (S) genotypes 

 Reaction with strainy  

Genotypes GSPB2507 GSPB2511 Uganda12 GSPB2506 Differential genotypesz 

G2 CM8873-44      
G3 CM8873-74 S S S S 1 
G4 CM8873-48 S S S MR 2 
G7 CM8820B-17      
G11 CM8873-39      
G12 CM8820-46 MR S S S 3 
G13 CM8873-7      
G20 CM8873B-31 S MR S MR 4 
G9 CM8820-16 S MR MR S 5 
G5 CM8873-81 MR S S MR 6 
G10 CM8877-9      
G15 CM8873B-7      
G16 CM8820-56 S S S R 7 
G17 CM8820B-25      
G6 CM8820-61 S S R S 8 
G18 CM8873-35 R S S S 9 
G19 CM8820-13 MR MR S MR 10 
G14 CM8873B-1      
G24 CM8820B-7      
G25 CM8873B-20 MR S S R 11 
G26 CM8873B-36 S R S MR 12 
G27 CM8820-4 S MR MR R 13 
G28 CM8873-25 S MR R MR 14 
G23 CM8820-38 MR MR S R 15 
G36 CM8873-64 S MR R R 16 
G30 CM8820-64 MR S R R 17 
G37 CM8870-17 S R R R 18 
G32 CM8873-86      
G34 CM8873-78 R S R R 19 

y  S = area under disease progress curve after stem inoculation (stem-AUDPC): 30.4 to 60.8; MR = stem-AUDPC: 20.3 to 30.3; R = stem-AUDPC: 0 to 20.2. 
z  Groups of differential genotypes. Genotypes 2 and 3 showed susceptible reactions with all strains, but differed in reaction to strain GSPB2507 and Uganda12, re-

spectively, by more than 33% from the highest symptom value caused by these strains and, therefore, are grouped under differential genotypes (differential group 1).

 

Fig. 1. Principal component analysis (PCA) of area under disease progress curves after stem inoculation of 43 cassava genotypes with four Xanthomonas 
axonopodis pv. manihotis strains, with cassava genotypes G1-G22 (susceptible), G23-G31 (moderately resistant), and G32-G43 (resistant).  
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after leaf inoculation with three of the strains, with GSPB2506 
being the most virulent (Table 4). Genotype CM8873-64 was 
moderately resistant after stem and leaf inoculation with strain 
GSPB2511 (Table 3), but resistant to strains Uganda 12 and 
GSPB2507 using both inoculation methods.  

Detection of QTL for cassava bacterial blight resistance. 
Single-marker regression analysis of AUDPC values from stem 
inoculation of each strain, based on the genetic linkage map of 
cassava, revealed 11 markers associated with resistance to the 
four strains of X. axonopodis pv. manihotis (Table 6). These 
markers can be classified in two types, based on the significance 
level of the simple linear regression. The first type corresponds to 
six markers that were significant at P value of <0.005, and the 
second type to five markers significant only at P values between 
0.005 and 0.05. The latter type should be considered with pre-
caution and confirmed by further studies.  

Among the 11 markers associated with resistance to the four 
strains, 6 markers were identified as related to five (O, N, C, A, 
and ND) linkage groups, whereas 5 markers were not linked to 
any group. Five markers on three and one linkage groups of the 
female- and male-derived framework of family CM8820, respec-
tively, were linked to disease reactions caused by the four strains 
of X. axonopodis pv. manihotis (Table 6). Based on the seg-
regation of alleles from family CM8873, one marker (SSRY83) in 

the female-derived framework map was found to be associated 
with resistance to X. axonopodis pv. manihotis strains GSPB2506 
and GSPB2511. The position of the six markers associated with 
resistance is shown on linkage groups of genetic maps of families 
CM8820+B and CM8873+B, developed by Jorge (21) (Fig. 2).  

Two regions within group O (QTL 1 and 2) were found to be 
associated with strains GSPB2507 and GSPB2511, groups N and 
C (QTL 3 and 4) with strain Uganda 12, one region of group A 
(QTL 5) with strains Uganda 12 and GSPB2507, and group ND 
(QTL 6) was linked to strains GSPB2511 and GBPB2506. These 
results underlined that the four African strains belong to four 
different pathotypes. Among the 10 genotypes inoculated by leaf 
infiltration, 7 (e.g., CM8820B-23, CM8820-30, CM8820-34, 
CM8820-40, CM8873-69, CM8873-64, and TMS30572, which 
also showed a resistant or medium resistant reaction against three 
strains) have marker data. This small number of genotypes does 
not allow analysis of linkage between leaf resistance and markers.  

DISCUSSION 

Host–pathogen interactions among 111 genotypes of a cassava 
mapping population and four strains of X. axonopodis pv. mani-
hotis from different geographic origins in Africa were studied 
using stem puncture and leaf infiltration methods. Results from 

TABLE 5. Reaction of seven genotypes selected as resistant, one as moderately resistant after stem inoculation, and two reference genotypes to stem and leaf
inoculationsu 

 GSPB2507 GSPB2511 Uganda 12 GSPB2506 

Genotypes Stemv Stem Leafw Stem Leaf Stem Leaf 

G8 BEN86052x S S MR S S S S 
G42 CM8877-11y R R MR R R R S 
G35 CM8870-1y R R R R R R S 
G36 CM8873-64y S MR MR R R R R 
G39 CM8820B-23 R MR R R MR R MR 
G40 CM8820-34 MR R R R MR R MR 
G31 CM8820-30z S MR R R R R R 
G33 CM8873-69 MR MR R R R R R 
G38 TMS30572 R R MR R R R R 
G41 CM8820-40 R R R R R R R 

u Strain GSPB2507 not used for leaf inoculation due to insufficient number of cuttings. 
v Stem: S = susceptible, 50 to 100% (stem-AUDPC 30.4 to 60.8); MR = moderately resistant, 33.3 to 49.9% (stem-AUDPC 20.3 to 30.3); and R = resistant 0 to 

33.2% (stem-AUDPC 0 to 20.2). 
w Leaf: S = susceptible, 33.3 to 100% (leaf-AUDPC 17,110.5 to 51,382.7); MR = moderately resistant, 16.7 to 33.2% (leaf-AUDPC 8581.0 to 17,070.7); and R = 

resistant, 0 to 16.6% (leaf-AUDPC 0 to 8,529.5); reactions defined for each genotype–strain reaction. 
x Susceptible control. 
y Set of differential genotypes identified by leaf inoculation (genotypes with R and S). 
z Moderately resistant genotype after stem inoculation. 

TABLE 4. Lesion areas on leaves expressed as area under disease progress curve (AUDPC) and day of first leaf drop (Drop) for eight genotypes of the cassava
mapping population and for reference genotypes after leaf infiltration with three highly virulent strains of Xanthomonas axonopodis pv. manihotisw 

 GSPB2511 Uganda 12 GSPB2506   

Genotypes AUDPC (mm2) Drop (dpi) AUDPC (mm2) Drop (dpi) AUDPC (mm2) Drop (dpi) Means of strainsx Reactiony 

G8 BEN86052z 10,756.0 ± 1,534.5 23 36,377.7 ± 2,834.8 17 51,382.7 ± 7,721.1  20 32,939.1 ± 17,835.3 a S 
G42 CM8877-11 9,322.0 ± 3,248.7 23 5,975.8 ± 474.4 17 27,873.5 ± 14,277.3 17 13,757.1 ± 12,828.3 b S 
G35 CM8870-1 7,582.7 ± 4,116.0 23 6,288.5 ± 1,621.1 17 22,267.7 ± 5,203.9 17 12,046.3 ± 8,324.8 bc S 
G36 CM8873-64 16,726.2 ± 5,867.6 23 6,756.2 ± 473.3 17 8,211.0 ± 3,419.1 17 10,574.5 ± 5,829.9 bc MR 
G39 CM8820B-23 7,057.3 ± 1,668.9 17 12,034.6 ± 3,586.2 17 11,413.6 ± 1,117.7 20 10,168.0 ± 6,942.2 cd MR 
G40 CM8820-34 5,050.6 ± 602.4 20 12,616.2 ± 473.3  20 9,902.1 ± 3,548.2 20 9,189.6 ± 2,212.9 cd MR 
G38 TMS30572z 9,459.6 ± 602.4 23 3,176.1 ± 682.3  26 3,240.9 ± 451.7 23 5,302.2 ± 3,206.9 d R 
G41 CM8820-40 4,560.4 ± 623.2 17 3,913.1 ± 1078.5  17 3,457.7 ± 764.1 17 4,157.1 ± 941.4 e R 
G31 CM8820-30 2,185.7 ± 267.9 23 4,028.8 ± 1351.2  23 4,358.0 ± 1,162.5 23 3,184.0 ± 1,756.3 e R 
G33 CM8873-69 0.0 ± 0 … 397.5 ± 120.0  … 342.9 ± 61.2 … 246.9 ± 195.9 f R 
Means 7,270.0 ± 473.3 c  … 9,156.4 ± 911.0 b … 14,245.0 ± 1570.9 a … … … 

w AUDPC calculated from lesion areas measured in square millimeters after infiltration of two leaves per plant with 106 CFU/ml. 
x Mean of reaction (AUDPC of lesion area development) of three strains. Highest mean value used as 100%. 
y S = susceptible, 33.3 to 100% (mean of strains-AUDPC = 10,968.7 to 32,939.1); MR = moderately resistant, 16.7 to 33.2% (mean of strains-AUDPC = 5,500.8 

to 10,935.8); R = resistant, 0 to 16.6% (mean of strains-AUDPC = 0 to 5,467.9). 
z BEN86052 and TMS30572 are the susceptible and resistant reference genotypes, respectively. 
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stem inoculation with X. axonopodis pv. manihotis suggest the 
existence of 19 differential genotype groups and 3 differential 
genotype groups by leaf inoculation, which allow differentiation 
of pathotypes. Four X. axonopodis pv. manihotis pathotypes were 
described after stem inoculation and two pathotypes after leaf 
inoculation. Also Banito (3) identified high strain–genotype inter-
actions and identified the same strains as pathotypes after stem 
inoculation by six groups of differential genotypes, using im-
proved and local Togolese cassava cultivars. Although not all of 
the 111 genotypes of the mapping population were compared by 
both stem and leaf infiltration, the results showed obvious differ-
ences between genotypes and strains after inoculation with each 
of the two methods. Sample size was limited due to limited avail-
ability of cuttings and of greenhouse space for experiments.  

Both stem inoculation and leaf infiltration were revealed to be 
necessary to screen for resistance to bacterial blight in order to 
identify genotypes with a combined resistance. The leaf infiltra-
tion method was also recommended by other authors (15,20, 
25,42) to determine the resistance of genotypes against cassava 
and cowpea bacterial blight and bacterial pustule of soybean, 
whereas this method was not recommended by Restrepo et al. 
(38), who did not find resistant reactions in cassava leaves. These 
contradictory observations may be due to the different leaf inocu-
lation method used by the latter authors (e.g., inoculation by 
placing 10 µl of a bacterial suspension in a small hole in the leaf 
without detailed symptom observation). The inoculum concentra-
tion of 106 cells/ml was identified as the most effective concentra-
tion to differentiate between the reactions of genotypes in previ-
ous trials with different inoculum levels (58).  

After leaf infiltration, the resistant genotypes developed small 
symptom areas with no, early, or very late leaf abscission. The 
resistant genotype CM8820-40, which dropped inoculated leaves 
early, also was resistant after stem inoculation. Thus, an early leaf 
drop may indicate a resistance mechanism. Indications for resis-
tance mechanisms in leaves and stems were also found in our 
former studies (58,60), when the bacterial multiplication in leaves 
and stems was reduced in the resistant genotype TMS30572 com-
pared with a moderately resistant genotype and the susceptible 
genotype Ben86052. A similar observation was reported only for 
the stem by Restrepo et al. (38). Kpémoua et al. (26) suggested 
that suberin and tyloses in vessels may limit disease extension in 
stems of a resistant genotype. Only recently, possible resistance 
mechanisms on leaf level were suggested, such as cassava cell 
wall pectins (50) and latex production and, in cell culture studies, 
PR-proteins (9,24). Our results suggest that resistance mecha-

nisms in leaves and stems are not associated and depend on dif-
ferent resistance mechanisms. Similar observations are reported 
from resistance of potato cv. Pimpernel to P. infestans, where 
resistance of the foliage and quantitative resistance of the tubers 
were not associated (45).  

The four X. axonopodis pv. manihotis strains were identified as 
different pathotypes according to their reactions on leaves and 
stems. Strain–genotype interactions on the leaf level might have 
been more discriminative after inoculation of more host geno-
types. Among the same strains used in this study, tested with dif-
ferent host genotypes (3), and also among Latin American strains, 
strain–genotype interactions in stems were detected and related to 
the possible presence of pathotypes (38–40,44,45). The ranking 
of genotypes based on the percentages of the mean of AUDPC 
over strains was similar to the ranking according to the PCA and 
confirmed the effectiveness of the method. Nevertheless, the 
identification of differential genotypes by our resistance class 
grouping after stem inoculation was more discriminative than the 
PCA, though the PCA better describes the relatedness between re-
actions of genotypes.  

Six QTL and five unlinked markers that explained between 16 
and 33.3% of the phenotypic variance were characterized using 
quantitative data of symptom development after stem inoculation 
by the four African strains. Nevertheless, some of these QTL and 
markers have to be confirmed by further studies because the 
population size was small, but they give some evidence that, with 
a larger sample size, we could be able to detect more QTL, 
especially in the CM8820 family. Our results suggest that several 
genes are involved in resistance to cassava bacterial blight. 
Microscopic observations of resistance reactions within infected 
vessels support the concept of a polygenic base of resistance to 
bacterial blight (26). Quantitative resistance based on strain-
specific QTL has been reported from various crop–pathogen sys-
tems (8,27,29,43). Complex resistance traits are measured quanti-
tatively and the identified QTL were defined by Young (57) as 
synonymous to partial resistance loci.  

In the F1 population, Jorge et al. (22) identified 12 QTL for 
resistance to five different strains. For the African strain ORST X-
27 and one Colombian strain, resistance QTL appeared to be 
introgressions from a wild Manihot sp. and are located on one 
linkage group of the female-derived map, which has a large num-
ber of polymorphic markers and shows much lower recombi-
nation frequency than the rest of the genome (22). Using the same 
BC1 population as in the present study, Jorge (21) identified five 
QTL linked to bacterial blight resistance against four Colombian 

TABLE 6. Markers showing most significant likelihood ratio (LR) values (threshold = 6) after simple linear regression (quantitative trait loci [QTL] cartographer)
for each female- and male-derived map and for each strain inoculated, and identified QTL 

Family, map Strain Linkage groupy Marker LR Pz Variance explained (%) QTL 

CM8820        
Female GSPB2507 O SSRY6 7.9 0.010 16 QTL1 
 GSPB2511 O SSRY6 6.7 0.011 18 QTL1 
 … … SSRY170 6.5 0.012 19.7 QTL2 
 Uganda 12 N SSRY55 7.4 0.027 18.1 QTL3 
 … C SSRY93 6.7 0.011 23.2 QTL4 
Male GSPB2507 A GY12 6.1 0.015 21.8 QTL5 
 Uganda 12 A GY12 6.0 0.015 33.3 QTL5 

 … NL SSRY17 6.7 0.011 17.4 … 
CM8873        
Female GSPB2507 NL SSRY104 6.1 0.015 12.8 ... 
 GSPB2511 ND SSRY83 15.4 0.000 19.6 QTL6 
 Uganda 12 NL SSRY104 7.6 0.007 19.3 … 
 GSPB2506 ND  SSRY83 9.5 0.002 18.2 QTL6 
 … NL SSRY104 8.0 0.005 23.4 … 
Male GSPB2507 NL SSRY7 8.2 0.005 18.4 … 
 GSPB2511 NL SSRY84 8.6 0.004 21.8 … 

 GSPB2506 NL SSRY157 7.9 0.005 22.6 … 

y  NL = not linked and ND = no name assigned.  
z  Significance. 
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and one African strain. Among these QTL, two were located on 
linkage groups N and O, where we also found markers linked to 
resistance in the present study.  

The low number of QTL detected in the case of the BC1 popu-
lation compared with the F1 population (21) could be due to the 
number of markers selected for the BC1 mapping (121 markers) 
compared with the number selected for the F1 population (142 
markers). Although the limited data did not allow the analysis of 
linkage between leaf resistance and markers, it may be speculated 
that different loci may be significant after leaf and stem inocula-
tion. Effects of QTL on phenotype varying according to inocula-
tion method were identified in the pathosystem R. solanacearum 
and tomato, indicating, that different QTL may act in different 
plant organs (10).  

In barley, three QTL, accounting for nearly 30% of the pheno-
typic variation detected on chromosomes 3 and 7, are involved in 
partial resistance to bacterial leaf streak (X. axonopodis pv. 

hordei) (12). In tomato, resistance to R. solanacearum is con-
trolled by QTL on several chromosomes, and the number of de-
tected QTL, which partly are strain-specific, is increasing with 
each study (10,44). In bean, seven QTL are involved in resistance 
to common bean bacterial blight (X. axonopodis pv. phaseoli) 
(35); whereas, in rice, 10 QTL were detected correlated to resis-
tance against rice bacterial blight (30). Thus, resistance based on 
strain-specific resistance can be improved by introducing the QTL 
underlying the resistance into a desirable genetic background or 
using them in gene pyramiding. Knowledge about the race- or 
pathotype-specific nature of partial resistance loci is the basis for 
this process (57).  

Strain-specific resistance loci may contribute to explain the 
high genotype–environment interaction observed in selection of 
cassava genotypes for resistance to bacterial blight (3,49,55,59–
61). Therefore, to identify genotypes with more widespread resis-
tance, inoculation with different pathotypes is necessary. We 
recommend that breeders select resistant genotypes after stem and 
leaf inoculation with a representative set of X. axonopodis pv. 
manihotis pathotypes under glasshouse conditions to identify 
genotype–pathogen interactions.  

The newly identified markers for cassava bacterial blight resis-
tance can be used to increase the efficiency of identifying resis-
tant genotypes for Africa. Incorporation of resistance loci in new 
lines by gene pyramiding and identification of additional resis-
tance loci will contribute to selection of cassava genotypes with 
more effective and possibly durable resistance to X. axonopodis 
pv. manihotis.  
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