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Abstract Cowpea bacterial blight (CoBB), caused
by Xanthomonas axonopodis pv. vignicola (Xav), is a
worldwide major disease of cowpea [Vigna unguic-
ulata (L.) Walp.]. Among different strategies to
control the disease including cultural practices,
intercropping, application of chemicals, and sowing
pathogen-free seeds, planting of cowpea genotypes
with resistance to the pathogen would be the most
attractive option to the resource poor cowpea farmers
in sub-Saharan Africa. Breeding resistance cultivars
would be facilitated by marker-assisted selection
(MAS). In order to identify loci with effects on
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resistance to this pathogen and map QTLs controlling
resistance to CoBB, eleven cowpea genotypes were
screened for resistance to bacterial blight using 2
virulent Xav18 and Xav19 strains isolated from Kano
(Nigeria). Two cowpea genotypes Danila and
Tvu7778 were identified to contrast in their responses
to foliar disease expression following leaf infection
with pathogen. A set of recombinant inbred lines
(RILs) comprising 113 individuals derived from
Danila (resistant parent) and Tvu7778 (susceptible
parent) were infected with CoBB using leaf inocula-
tion method. The experiments were conducted under
greenhouse conditions (2007 and 2008) and disease
severity was visually assessed using a scale where
0 = no disease and 4 = maximum susceptibility
with leaf drop. A single nucleotide polymorphism
(SNP) genetic map with 282 SNP markers con-
structed from the same RIL population was used to
perform QTL analysis. Using Kruskall-Wallis and
Multiple-QTL model of MapQTL 5, three QTLs,
CoBB-1, CoBB-2 and CoBB-3 were identified on
linkage group LG3, LG5 and LG9 respectively
showing that potential resistance candidate genes
cosegregated with CoBB resistance phenotypes. Two
of the QTLs CoBB-1, CoBB-2 were consistently
confirmed in the two experiments accounting for up
to 22.1 and to 17.4% respectively for the first and
second experiments. Whereas CoBB-3 was only
discovered for the first experiment (2007) with less
phenotypic variation explained of about 10%. Our
results represent a resource for molecular marker
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development that can be used for marker assisted
selection of bacterial blight resistance in cowpea.

Keywords Cowpea - Bacterial blight -
Source of resistance - SNP - QTL mapping

Introduction

Cowpea [Vigna unguiculata (L.) Walp., Fabaceae
(2n = 2x = 22)] is an essential leguminous crop in
less-developed countries of the tropics and subtrop-
ics, especially in sub-Saharan Africa, Asia and Latin
America (Singh et al. 1997). Besides fungal and viral
diseases, bacterial blight and pustules caused by
Xanthomonas axonopodis pv. vignicola (Xav) (Vau-
terin et al. 1995), formerly X. campestris pv. vigni-
cola (Burkholder 1944) is the most important disease
of cowpea. CoBB is prevalent in all major cowpea
growing areas of the world (Gitaitis 1983; Emechebe
and Florini 1997), causing severe grain yield loss of
more than 64% in some areas of West Africa (Sikirou
1999). When highly susceptible cultivars are sown
the crop may even be completely destroyed (Emech-
ebe and Shoyinka 1985). The symptoms of CoBB
appear as tiny, water-soaked, translucent spots, which
are more clearly visible from the abaxial surface of
the leaves (Williams 1975). The spots enlarge,
coalesce and develop to big necrotic spots, usually
with a yellow halo, leading to premature leaf drop.
The pathogen also invades the stem causing cracking
with brown stripes. Pod infection appears as dark
green water-soaked areas, from where the pathogen
enters the seeds and causes discoloration and shriv-
eling (Sikirou 1999). CoBB is seed-borne (Sikirou
1999) and the pathogen can be spread by wind-driven
rain and insects (Zandjanakou-Tachin et al. 2007),
but also crop debris and weeds can play a role as
inoculum sources (Sikirou and Wydra 2004). Differ-
ent strategies are used to control the disease including
cultural practices (Emechebe and Florini 1997),
intercropping (Sikirou 1999; Sikirou and Wydra
2008), application of chemicals (Rao and Hiremath
1985; Kotchoni et al. 2007), and sowing pathogen-
free seeds (Emechebe and Shoyinka 1985; Soni and
Thind 1991). Cultivation of resistant cowpea geno-
types appears to be a promising strategy with
potential to control CoBB (Emechebe and Shoyinka
1985; Khatri-Chhetri 1999; Sikirou 1999). In cowpea,
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reliable assays have been established for screening
for resistance to bacterial blight. The assays are based
on leaf spray-infiltration with bacterial suspensions
on the abaxial surface without injuring the leaves and
inoculation of the stem by inserting a sharp tooth-
pick, contaminated with bacterial suspension (Sikirou
1999; Sikirou and Wydra 2004). High variability was
found among Xanthomonas axonopodis pv. vignicola
strains from Africa and from worldwide origin, and
also sources of resistance among cowpea genotypes
to CoBB showed wide variation in their reaction to
Xav strains (Bua et al. 1998; Sikirou 1999; Khhatri-
Chhetri  1999; Okechukwu and Ekpo 2004).
However, little is known about inheritance of the
resistance to this disease. Prakash and Shivashankar
(1984) studied the inheritance to CoBB in the field by
crossing the resistant parent ‘779’ with four suscep-
tible cultivars and reported that susceptibility was
dominant over resistance and segregation patterns did
not fit into simple genetic ratios. The resistance
appeared to be inherited quantitatively and segrega-
tion was affected by the genetic background of
parents and modifying factors.

Marker assisted selection (MAS) would help to
develop high yielding cowpea varieties combining
important agronomic traits with resistance to bacte-
rial blight. Until recently only limited use was made
of molecular marker techniques to enhance cowpea
breeding. Restriction fragment length polymorphisms
(RFLPs) have produced only a limited number of
markers that could not facilitate QTL studies (Fat-
okun et al. 1992, 1993a, b; Menancio-Hautea et al.
1993; Myers et al. 1996; Menendez et al. 1997).
Random amplified polymorphism DNA (RAPD) was
used by several researchers (Menendez et al. 1997,
Mignouna et al. 1998; Fall et al. 2003; Sylla Ba et al.
2004; Badiane et al. 2004; Diouf and Hilu 2005;
Xavier et al. 2005). However, RAPDs are not very
reproducible between laboratories, and therefore their
use for breeding is limited. Simple sequences repeats
(SSRs) markers are being used in cowpea breeding,
but the number of markers is still limited (Li et al.
2001; Wang et al. 2004; Diouf and Hilu 2005).
Amplified fragments length polymorphisms (AFLPs)
were found to be the most informative and were used
successfully in many studies (Fatokun et al. 1997;
Ouédraogo et al. 2001, 2002a, b; Coulibaly et al.
2002; Tosti and Negri 2002; Boukar et al. 2004;
Omo-lkerodah et al. 2008; Muchero et al. 2009a).
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Single nucleotides polymorphisms (SNPs) offer
important advantages over the above-mentioned
marker systems used for cowpea breeding so far.
SNPs are the most abundant type of genetic poly-
morphism in most, if not all genomes (coding and
non-coding regions) (Slate et al. 2009). SNPs have
greater utility than the other marker types for their
higher genotyping efficiency, data quality, genome-
wide coverage, analytical simplicity and cost effec-
tiveness (Morin et al. 2004). The development of
SNPs consensus genetic map of cowpea (Muchero
et al. 2009b) opened up new possibilities for cowpea
genomics and breeding, in particular for quantitative
analysis such as bacterial blight resistance in cowpea.

In the present study we focused on foliar bacterial
blight expression of cowpea. By making use of the
SNP information for cowpea we wanted to (i)
determine the genetics of resistance to CoBB, (ii)
identify molecular markers with strong associations
to foliar CoBB resistance and (iii) map chromosomal
regions (QTLs) involved in the resistance. We used a
SNP based genetic linkage map derived from a set of
recombinant inbred lines (RILs) which resulted from
a cross between Danila (resistant parent) and
TVu7778 (susceptible parent). We report here iden-
tification of regions of the genome with QTLs for
resistance to CoBB and discuss the utility of the SNP
loci linked to the disease resistance phenotypes in
MAS of CoBB resistance.

Materials and methods
Sites and greenhouse conditions

Experiments were conducted in the pathology labo-
ratory and greenhouses of the International Institute
of Tropical Agriculture (IITA) in Ibadan (7°30' N,
3°54' E and 243 m altitude) located in the forest-
savanna transition zone of South-West Nigeria. The
mean temperatures and relative humidity were
respectively 29.9°C and 80% in October 2007,
32.6°C and 72% in March 2008.

Inoculum preparation
Highly virulent Xanthomonas axonopodis pv. vigni-

cola strains Xavl8 and Xav19 isolated from Kano
(Sikirou 1999) were grown on nutrient agar (NA)

medium for 48 h at 28°C. After harvesting bacterial
colonies with sterile distilled water, the concentration
was adjusted to an optical density (OD) = 0.06
corresponding to 10® colony forming units/ml
(CFU/ml) with a spectrophotometer. A few drops of
Tween 20 were added both to the bacterial suspension
and to the sterile distilled water to be used for control
plants just before inoculation.

Plant materials and inoculation

Cowpea genotypes IT81D-1228-14 (reported to be
resistant to CoBB; Singh et al. 1997; Amusa and
Okechukwu 1998; Okechukwu and Ekpo 2004),
IT90K-76 and 1T84S-2246-4 (known to be suscep-
tible to CoBB; Sikirou 1999; Okechukwu and Ekpo
2004) were used to determine bacterial concentra-
tion and the optimal growth stage most effective for
inoculations under the greenhouse conditions in
Ibadan IITA station. Two inoculation methods were
employed, one on the leaf and the second on the
stem. A total of eleven genotypes (see Table 1)
including three parental lines of existing RIL
populations (Danila, TVul1986 and TVu7778) were
screened using the two highly virulent strains of
Xanthomonas axonopodis pv. vignicola (Xav) iso-
lated from Kano by Sikirou (1999). Plastic pots
(8 cm diameter) were filled with sterilized topsoil
and genotypes were planted in four sets of which
each set consisted of 22 pots with two pots per
genotypes. Four seeds were sown per pot and were
watered with tap water. The seedlings were thinned
to two plants per pot. Three weeks after planting,
three sets of 22 pots each were arranged in
randomized block design with three replications.
Plants were inoculated with bacterial suspension at a
concentration of 2 x 10° (CFU/ml). Twenty-four
hours before inoculation, plants were placed under
high humidity conditions to allow stomata opening.
Plants were covered with plastic bags and kept
under humidity for 48 h after inoculation to enhance
the establishment of infection. The inoculation was
done by spraying the abaxial surface of the first two
trifoliates until water-soaked spots appeared using a
hand-operated atomizer as described (Sikirou 1999;
Okechukwu and Ekpo 2004). In the fourth set, two
plants per genotype were used for stem inoculation
by inserting a sharp tooth-pick, contaminated with
48 h old bacterial suspension and two plants per
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genotype were inoculated with sterile distilled water
as control.

After the initial analysis was carried out to
determine which genotypes were susceptible or
resistant to CoBB, a set of recombinant inbred lines
(RILs) comprising 113 individuals derived from the
cross between Danila (CoBB resistant line) and
TVu7778 (CoBB susceptible line) was evaluated for
reaction to cowpea bacterial blight infection using the
most virulent strain (Xav18). This experiment used a
completely randomized design with two replications.
Four plants per line and two trifoliates per plant were
inoculated with bacterial suspension as described
above. The experiments were repeated twice under
controlled conditions (October 2007 and March
2008).

Evaluation of disease reactions

Disease severity was visually scored for 27 days after
inoculation (dai) on the infested leaves using a severity
scale of 0 (no symptom), 1 (leaf spots symptoms, i.e.
translucent and water-soacked spots), 2 (leaf blight:
10-50% leaf area infected), 3 (severe blight symptoms:
>50% leaf area infected), 4 (inoculated trifoliate is

shed). Seven evaluations were performed, 5, 7, 9, 12,
16, 21 and 27 dai. Foliar disease severity data of
genotypes and RILs were subjected to analysis of
variance and Duncan Multiple Rank Test (test level
5%) was used to determine significant differences
between genotypes. The area under disease progress
curve (AUDPC) was calculated for each RIL from the
disease reaction scores 5, 7,9, 12, 16, 21 and 27 dai by
using the formula AUDPC = > [(D; + D;) X
(t; — ,_1))/2, where D; = disease score at time ft;
using the 0 to 4 scores and t; = time measured in days
after inoculation (Shaner and Finney 1977).

Genotyping and genetic map construction

Growth of plants and DNA isolation were con-
ducted at the University of California, Riverside
(UCR). Parental genotypes and RILs from the
Danlla x TVu7778 mapping population were geno-
typed with 1536 SNPs using the I[llumina GoldenGate
assay as described in Muchero et al. (2009b). A set of
282 segregating SNP markers with minor allele
frequency MAF >0.3 was used to construct the
genetic linkage map. JoinMap 4.0 (Van Ooijen 2006)
was used to construct the map. The Kosambi

Table 1 Disease severity and reaction of foliar symptoms to CoBB strains (Xav18 Xav19) in eleven cowpea genotypes

Genotype Experiment 1 (March 2007) Experiment 2 (Aug. 2007)

Xav18 Xav19 Xav18 Xav19

S DR S DR S DR S DR
IT81D-1228-14(1)* 0.25a R 0.20a R 0.5a R 0.42a R
Aloka 0.33a R 0.33a R 0.75a R 0.75a R
Danila 0.5a R 0.42a R la R la R
TVul1986 3b S 2.5b MS 3b S 2.75b MS
IT81D-994 3b S 2.75b MS 3b S 2.75b MS
IT98K-205-8 3b S 2.75b MS 3b S 2.85¢ MS
IT90K-76 3.25bc S 3bc S 3.5b S 3.5¢ S
IT98K-216-44 3.5¢cd S 3.5¢cd S 3.8cd S 3.75¢ S
TVu4676 3.75de S 3.75d S 4d S 4d S
TVu7778 3.83de S 3.75d S 4d S 4d S
1T84S-2246-4 4e S 3.85d S 4d S 4d S

2 IT81D-1228-14 (1) is the most resistant genotype selected from the original IT81D-1228-14 received from IITA genebank over 3
generations based on single plant selection with best resistance to both Xav18 and Xav19

Mean values in the same column followed by the same letter(s) are not significant different (P < 0.05) using Duncan Multiple Rank
Test. S: severity, DR: disease reaction; R: resistant (severity score <1), MS: moderately susceptible (1 < severity score < 3); S:

susceptible (severity >3)
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mapping function (Kosambi 1944) was used to
convert recombination frequencies to centiMorgans.
To assign markers to linkage groups, a step-wise
reduction of LOD score above 3 with maximum
recombination of 0.45 was used.

QTL mapping

The SNP genetic linkage map was used to identify
markers associated with QTLs that have effects on
resistance to cowpea bacterial blight using the
computer program MapQTL 5.0 (Van Ooijen 2004).
Entry means for disease scores for each of the 7
evaluation days separately and overall means of all
evaluations days and AUDPC means for each exper-
iment were used for QTL analyses. The analysis
started first with a non-parametric Kruskall-Wallis
test to identify markers that showed significant
(stringent >0.005) association with phenotypic traits.
The next step was Interval Mapping (IM) to identify
putative QTLs. Markers located in the vicinity of the
QTL were selected as initial set of cofactors. The
Multiple-QTL model Mapping (MQM) method was
used to more precisely locate QTL using automatic
cofactor selection. A permutation test was applied to
each data set (1000 permutations) to determine the
LOD (Logarithm of odds) thresholds. A genome wide
(GW) LOD threshold of 2 was used for QTL
significance at 95% confident interval. The chromo-
somal location with the highest GW LOD score was
considered to be the most likely position of a QTL.
Graphics were produced by MapChart software
(Voorrips 2002).

Results

Screening cowpea genotypes for novel sources
of resistance to CoBB

Cowpea bacterial blight (CoBB) symptoms start with
small water soaked spots on leaves which enlarge to
irregular brown necrotic lesions surrounded by yel-
low haloes. The pathogen also invades cowpea stem
causing canker symptoms on susceptible plants.
Therefore a cowpea cultivar with resistance to both
foliar and stem disease expressions is desirable. In
this study, we inoculated leaf and stem of eleven
selected cultivars with the pathogen, but no stem

canker symptoms were observed in all the genotypes
tested. Two types of foliar symptoms were observed
on the cowpea plants: blight translucent spots that
enlarge leading to premature leaf drop on the
susceptible genotypes and brown leaf spots with
limited lesion areas on the resistant genotypes. The
eleven cowpea genotypes screened in this study
differed significantly (P < 0.01) in severity of their
foliar disease symptoms following inoculation with
both Xav18 and Xav19 strains. The overall mean of
visual scores for disease severity and disease reac-
tions are shown in Table 1. After the first appearance
of leaf translucent spots, lesion areas of the inocu-
lated leaves continued to increase with yellow
surroundings in the susceptible genotypes (IT84S-
2246-4, TVu7778, IT90K-76, IT98K-205-8, ITI98K-
216-44, TVul4676). In both experiments, only the
known susceptible control IT84S-2246-4 showed
systemic expression of leaf spots on non-infested
leaves when inoculated with Xav18 and the infected
leaves dropped early. When inoculated with Xav19
the cowpea genotypes TVul1986, IT81D-994 and
IT98K-205-8 were classified as moderately suscepti-
ble (MS) with disease severity ranging between 2.5
and 3 while the same genotypes were classified as
susceptible with severity greater than 3 when inoc-
ulated with Xav18. In the MS genotypes blight spots
enlarged up to 75% of leaf area infected but no leaves
were shed. The resistant genotypes Danila and Aloka
locally developed brown leaf spots with limited
lesion area and severity score ranged between 0.33
and 1. Genotype IT81D-1228-14 (1) showed disease
scores <0.5 for both Xav18 and Xav19. IT81D-1228-
14 (1) and was the most resistant genotype, followed
by Aloka local and Danila. The CoBB strain Xav18
was more aggressive with a shorter latency period
compared to Xav19. The availability of a set of RILs
developed from a cross of Danila and another cowpea
line TVu7778 enabled us to study the genetics of the
resistance.

CoBB resistance segregation

Disease severity was assessed by visual inspection of
lesion areas on infected leaves and scored in five
classes (0—4). The area under disease progress curve
(AUDPC) was calculated using severity score data
according to the formula explained in the methods
section. The correlations between the disease rating
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and AUDPC were 0.96 and 0.94 for the first (2007)
and second (2008) experiments respectively indicat-
ing good agreement between the two methods.
Disease scores were used to study segregation
patterns in the set of RILs from the cross between
Danila and TVu7778. Considerable differences were
observed among of the individual RILs for the first
appearance of leaf spots on the abaxial surface and
days to first leaf drop. The latency period was longer
during the second experiment where disease assess-
ment started seven dai compared to five dai in the first
experiment when the first leaf spot symptoms
appeared on the most susceptible lines including
TVu7778. Based on mean square (MS,) considered
as total phenotypic variation and experimental errors
(MSe) as an estimate of non-genetic variation of
ANOVA, the estimated heritability for disease reac-
tions to CoBB were 0.93 and 0.92 in the first and
second experiments respectively. Disease symptoms
in both experiments were highly correlated (0.87).
The frequency distribution of the RIL population
based on foliar disease severity scores showed a
bimodal pattern in both experiments (Fig. 1) with
some transgressive lines towards resistance and
susceptibility. Each line was classified based on
disease rating of 0 (no symptom) to 1 (symptom with
limited lesion area <10%) as resistant (R), a line with
disease rating between 2 and 3 (10% < lesion
area < 75%) as moderately susceptible (MS) and
disease rating greater than 3 (lesion area >75%) to 4
(leaf drop) as susceptible (S). Based on this classi-
fication, in both experiments there were a larger
number of lines with intermediate and susceptible
reactions than resistant lines, and the distribution of
intermediates was skewed toward susceptibility
(Fig. 2).

Genetic map and QTL mapping

The genetic linkage map of cowpea constructed from
the set of 113 RILs developed from cross between
Danila and TVu7778 consisted of 282 SNP markers.
The markers were selected from the 1536 SNP
genotyping array used for the consensus map of
cowpea (Muchero et al. 2009b). Only markers with
minor allele frequencies >0.3 were used. The map
consisted of 11 linkage groups (LGs) and a total size
of 633 cM. The sizes of LGs and the number of
markers assigned to the different LG varied between
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Fig. 1 Frequency distribution of foliar disease severity of
bacterial blight Xav18 strain in cowpea RILs derived from
cross between Danila and TVu7778. a First experiment
(October 2007), (b): second experiment (March 2008). Arrows
indicate the disease scoring values for Danila (tolerant parent)
and TVu7778 (susceptible parent)

31.6 cM for LG1 (21 loci) and 111.62 cM for LG3
(58 loci). This genetic map was used to perform QTL
analysis using as traits entry means of disease rating
for each evaluation day separately and overall means
disease rating and AUDPC values per experiment.
Results of a (non-parametric) Kruskall-Wallis Test
revealed 11 SNP loci significantly associated (at a
significance 0.01 < P < 0.0001) with phenotypic
data expressed as AUDPC and disease rating. These
marker loci associated with phenotypic data were of
minor allele frequency (MAF) ranging from 0.381 to
0.496 indicating a normal (1:1) segregation pattern.
The 11 SNP loci defined three QTLs on LG3, LG5
and LGY as assessed with interval mapping, and
confirmed with Multiple QTL mapping. Biometrical
characteristics of QTLs are presented in Table 2. All
three QTLs named CoBB-1, CoBB-2 and CoBB-3
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were detected in the first experiment. In the second
experiment the QTLs CoBB-1 and CoBB-2 on LG3
and LGS respectively were found as well. The two
QTLs CoBB-1 and CoBB-2 were consistently dis-
covered using the data sets of the last three evalu-
ations days (16, 21 and 27 dai), and were found using
overall means of disease rating well as and AUDPC
disease scoring data. The QTL CoBB-3 on LG9 was
discovered only with disease ratings (16, 21 and 27
dai) of the first experiment. No QTL was found for
disease rating and AUDPC five and seven dai in
either experiment. The two chromosomal regions on
LG 3 (99.9-111.6 cM) and LGS (4.3-16.8 cM)
where QTLs CoBB-1 and CoBB-2 were consistently
identified for the first and second experiment repre-
sent two major regions for CoBB resistance. The
QTL on LG3 explained up to 22.1% and up to 17.4%
of the phenotypic variance associated with response
of Xavl8 in the first and second experiments

respectively. The most significant QTL (CoBB-2)
was located in LG5 with marker 1_0037 showing
the highest LOD (3.36) and variation explained
(22.1%). The QTL CoBB-3 detected only in the first
experiment showed the lowest phenotypic variation
explaining of about 10% of the variance.

Discussion

Bacterial blight caused by Xanthomonas axonopodis
pv. vignicola (Xav) is one of the major diseases of
cowpea giving rise to yield loss in all cowpea
growing areas. The disease could be particularly
devastating in drought prone areas of sub-Saharan
Africa. The development of cowpea lines with
resistance to this disease would be most attractive
to farmers as a means of ameliorating the adverse
effects of the disease in cowpea fields. Cultural
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Table 2 Biometrical parameters of QTLs identified showing linkage groups, position of QTLs, LOD scores, phenotypic variation
explained and the most significant SNP loci associated with disease resistance phenotypes

QTL LG Position(cM) Marker K-W Relevant MQM

Significant Data set LOD % Explained
CoBB-1 3 95.7-111.6 1_0853 0.001 Expl 2.98 5.6-15.8
CoBB-1 3 99.9-111.6 1_0183 0.001 Exp2 2.69 4.7-13.9
CoBB-2 5 4.3-16.8 1_0037 0.0001 Expl 3.36 9.2-22.1
CoBB-2 5 4.3-18.6 1_0037 0.0001 Exp2 3.10 6.7-17.4
CoBB-3 9 71.2-78.6 1_1202 0.001 Expl 2.28 4.3-9.72

SNP markers are those of higest LOD scores and variation explained within the respective QTL regions, relevant data set indicates
the experiment for which QTL parameters are shown, 0.001, 0.0001 significant level as revealed by Kruskall-Wallis Test. QTLs on
LG3 and LG5 were discovered in identical chromosome regions for the first experiment (Expl) and second experiment (Exp2) and
were therefore named CoBB-1 and CoBB-2. K-W: Kruskal-Wallis test

methods such as intercropping cowpea with maize or
cassava could also help to minimize yield losses due
to the disease (Sikirou and Wydra 2008). Previous
research efforts on quick detection, identification and
characterization of Xav have been -carried out
(Verdier et al. 1998; Sikirou 1999), but genetic
inheritance of CoBB is still poorly understood. Two
strains of CoBB (Xavl8 and XavI9) from Kano
identified as most virulent (Sikirou 1999) were used
for single strain artificial inoculation under green-
house conditions and new sources of resistance to the
disease have been found including the -cultivar
Danila. As Danila and TVu7778 have shown con-
trasting response to CoBB symptoms on leaves, QTL
analysis was performed using RILs population from
the two genotypes and markers associated with QTLs
that have effects on resistance to CoBB have been
identified. These markers can also be placed on the
integrated cowpea genetic linkage map (Muchero
et al. 2009b).

Bacterial blight symptoms were observed on
leaves inoculated with 2 x 10° CFU/ml bacterial
suspensions. However, symptoms were observed on
non-infested leaves of the susceptible line 1T84S-
2246-4 confirming the systemic nature of the disease.
Stem inoculation by inserting a sharp tooth-pick
contaminated with bacterial suspension as suggested
by Sikirou (1999) and Sikirou and Wydra (2004)
using two CoBB strains did not induce canker
symptoms on stems in both susceptible and resistant
cowpea lines tested. It appears that most of the
genotypes investigated here were indeed resistant to
stem canker expression. The absence of stem canker
expression even in genotypes that showed high

@ Springer

expression of leaf symptoms may indicate that
different genes could be responsible for CoBB
expression in leaf and stem. In an earlier study
Nebane (1980) found cowpea varieties with leaves
that were resistant to blight development while the
stems showed canker expression. The author sug-
gested that phytoalexins which confer resistance to
the disease may be produced more in the leaves than
in the stems of such varieties. Okechukwu and Ekpo
(2004) reported that stem canker expression on
cowpea is dependent on genotype. However, it can
not be ruled out that stem inoculation was not
successful in the experiments reported here; further
studies are needed to ascertain this observation.
With a RIL population, a 1:1 ratio for resistant and
susceptible genotypes is expected in case of Mende-
lian single gene segregation. However, this was not
the case with the RILs used in this study in which
plants were inoculated with Xav(/8). The frequency
distribution of disease rating displayed a bimodal
pattern in both experiments with intermediate classes
indicating that at least 2 complementary genes confer
resistance to CoBB in this population, with putative
modifying factors. For the resistance to CoBB in this
population we identified two QTLs named CoBB-1
and CoBB-2 located on LG3 and LG5 which were
consistent over the two experiments both for disease
rating and AUDPC. Possibly a few minor QTLs, one
of which may be CoBB-3 detected on LG9 in the first
experiment, may represent modifying factors influ-
encing disease resistance, which may explain the
partial resistance of some of the RILs. These results
agreed with those of Prakash and Shivashankar
(1984) who reported quantitative inheritance of
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resistance to bacterial blight in cowpea with segre-
gation affected by the genetic background of parents
with modifying factors.

Based on the results obtained with our greenhouse
inoculation and disease scoring procedure we were
able to identify molecular markers that define QTL
regions with effects on resistance to the disease. The
three QTLs CoBB-1, CoBB-2 and CoBB-3 on linkage
groups LG3, LGS and LGY, respectively, represent
resistance gene candidates (RGC) loci. In cowpea,
Kelly et al. (2003) reported on RGCs using RFLP
markers in these genes that were also placed in various
locations on the integrated cowpea map including
LG3, LGS, and LGY. This is a further indication that
these LGs contain disease resistance genes in cowpea.
Nevertheless, none of their RGC loci co-segregated
with disease resistance. This could be due to the fact
different genotypes were used in both studies. The
quantitative nature of the resistance with two consis-
tent QTLs conferring resistance to CoBB detected
under controlled conditions is similar to the results of
Jorge et al. (2001) who found two consistent QTLs for
cassava bacterial blight when screening was per-
formed under greenhouse conditions.

We found high heritability for the disease reaction
to (Xav18) in this population, h* = 0.93 and 0.92 for
the first and second experiment respectively. However,
this estimate obtained under greenhouse conditions
might not reflect the reality observed under field
conditions. Sikirou (1999), Okechukwu and Ekpo
(2004) indicated that the resistance to CoBB is
severely influenced by environmental factors. Ok-
echukwu and Ekpo (2004) and Ajeigbe et al. (2008)
reported that Danila was susceptible under field
conditions in Kano. This is not surprising since at
Minjibir farms (Kano) where they carried out exper-
iments, a mixture of pathotypes and heavy load of
CoBB inoculum might be present in the field as result
of continuous cowpea plantation, while in our study
Danila was found resistant using a single strain
(Xav18, Xavl9) of CoBB under greenhouse condi-
tions. Similarly Miklas et al. (1996) demonstrated that
in common bean different QTLs for resistance to
bacterial blight were identified under greenhouse and
field conditions. Moreover, varietal resistance to
CoBB has been reported (Sikirou 1999) suggesting
the existence of pathogenic variation in isolates of Xav.
Selection of cowpea varieties with more widespread
resistance after inoculation with different pathotypes is

recommended to breeders (Wydra and Singh 1998).
Additional screening in greenhouses and in the field
with different pathotypes like those characterized by
Verdieretal. (1998) is needed to detect other QTLs and
molecular markers associated to CoBB resistance in
order to breed for broad CoBB resistance. To confirm
QTLs across populations, cowpea genotype IT81D-
1228-14(1) identified as most resistant to CoBB among
the genotypes studied herein (Table 1) was crossed
reciprocally with the most susceptible genotypes
IT84S-2246-4 and IT90K-76. These populations rep-
resent potential mapping populations for confirmation
of QTLs associated to CoBB resistance. The high-
throughput SNP marker system as utilized in this study
offers a good opportunity to identify candidate markers
useful for pyramiding different CoBB resistance QTLs
into cowpea varieties, and to produce elite cowpea
varieties with broad resistance to bacterial blight by
marker assisted selection.

Our results showed that only limited lesion areas
were developed on resistant lines while lesion areas
enlarged leading to leaf drop in the most susceptible
lines. This finding agrees with what is known about
cowpea’s defense response mechanism to Xav, repre-
sented by a brown-red discoloration without complete
collapse of the tissue (Gitaitis 1983). Plants employ a
variety of defense mechanisms in response to patho-
gens, including the use of mechanical barriers, defense
proteins and defensive enzymes (Pereira et al. 2003). A
role for proteins in cell wall structure in bacterial blight
disease resistance has been reported by different
researchers in several plant species. In tomato, Wydra
and Beri (2006, 2007) suggested that the structure of
pectin cell wall polysaccharides and specifically the
degree of their esterification might play a role in
defense against a bacterial pathogen. Plant peroxidases
can be directly involved in defense mechanisms acting
as catalysts for the polymerization of phenolic com-
pounds to form lignin and suberin in the cell wall,
which can act as barriers to block the spread of the
pathogen in the plant (Fritig et al. 1987). Flood et al.
(1995) also suggested that peroxidases might play an
important role in resistance to bacterial blight of
cassava. A cationic peroxidase gene, MEPXI1, was
isolated from cassava and the DNA sequence of
MEPX1 showed high homology with other plant
peroxidase genes and contained a large intron typical
of peroxidase genes (Pereira et al. 2003). The amino
acid sequence had 75% homology with two
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Arabidopsis thaliana peroxidases. In cowpea, Kotch-
oni et al. (2007) detected a significant increase in
H,0,-producing  peroxidase (NADH-peroxidase)
activity when cowpea plants were treated with H,O,
at seedling and vegetative growth stages. Although the
mechanism of resistance is not elucidated for cowpea,
the authors argued that treatment with H,O, induces
the synthesis of pathogenesis-related proteins, which
help the plants to resist the pathogen attack. In cassava,
Kpemoua et al. (1996) found that the production of
phenolic compounds in the phloem and xylem of
bacterial blight resistant cassava cultivars was signif-
icantly higher than in susceptible ones. There was also
a higher accumulation of lignin and a greater forma-
tion of callose and tyloses in resistant cultivars which
potentially obstruct the passage of the bacteria from
cell to cell (Kpemoua et al. 1996). Also in cell walls of
tomato genotypes resistant to Ralstonia solanacea-
rum, the cell wall structure was altered compared to
susceptible genotypes, with differences in the distri-
bution of acetyl esters of petic polysaccharides (Wydra
and Beri 2006; 2007). In this study, three of the SNP
markers linked to CoBB resistance were homologous
to extracellular dermal glycoprotein (1_0946), pectin-
acetylesterase family protein (1_0604) and ribosomal
protein fibronectin  (1_0225) (HarvEST:Cowpea
[http://harvest.ucr.edu]). The localization of these
potential proteins in the cell wall tissues may suggest
that these proteins could have disease defense func-
tions. Further investigations on these SNP loci might
help in developing simple PCR markers to be used for
marker assisted selection (MAS).
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