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GENETIC ANALYSIS OF THE RESISTANCE TO BRUCHIDS  
(COLEOPTERA: BRUCHIDAE) IN THE GENUS VIGNA  

SUBGENUS CERATOTROPIS 
 

INTRODUCTION 
  

The genus Vigna subgenus Ceratotropis (the Asian Vigna) is an important 

legume group in Asia. It is composed of 21 species of which 8 species are cultivated 

as for food and feed (Tomooka et al., 2002). The two most economically important 

species in this group are mungbean and azuki bean. Mungbean is mainly produced in 

South and Southeast Asia and is a major source of dietary protein for people in the 

region. While azuki bean is principally produced and consumed in East Asia, 

especially in Japan and Korea where it is the second most important legume crop after 

soybean (Lumpkin and McClary, 1994). 

 

 Bruchid beetles or seed weevils, particularly azuki bean weevil Callosobruchus 

chinensis and cowpea weevil (C. maculatus) are the most serious storage pests of 

Vigna. The insects can damage 100% of a seed lot within 3-4 months under normal 

storage condition (Banto and Sanchez, 1972). The damaged seeds are unsuitable for 

human consumption, commercial use or cultivation. The extent of losses caused by 

bruchids is seed weight loss, seed viability/germination loss and seed nutritional 

changes. Therefore, genetic study of and breeding for bruchid resistance in mungbean 

and azuki bean is a major objective for improvement of these two crops.  

  

 In this study, the genetics of bruchid resistance in two sources of bruchid 

resistance for azuki bean breeding were investigated through QTL mapping approach 

in rice bean (V. umbellata) and the wild species, V. nepalensis. 
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OBJECTIVES 

 

The objectives of this study are: 

 

1.  To determine the mode of inheritance of the bruchid resistance in rice bean 

and V. nepalensis. 

 

2.  To identify and locate the bruchid-resistance gene(s) on the genome map. 

 

3.  To compare the QTL location(s) of bruchid resistance gene(s) in rice bean 

and V. nepalensis to the previous mapped gene(s) in other Vigna species.   

 

4.  To compare the V. umbellata genome map developed with that of azuki 

bean (V. angularis). 
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LITERATURE REVIEW 

 

Vigna species are an important source of protein for people particularly in 

tropical Africa and Asia. The subgenus Ceratotropis or “Asian Vigna” is a 

homogeneous group and specialized group (Baudoin and Maréchal, 1988). The 

subgenus Ceratotropis comprises of 21 species (Tomooka et al., 2002). All of them 

are diploid (2n=2x=22) with exception to V. reflexo-pilosa which is a natural 

amphidiploid (2n=4x=44). Among the cultigens, mungbean [V. radiata (L.) Wilczek], 

black gram [V. mungo (L.) Hepper], azuki bean [V. angularis (Willd.) Ohwi & Ohashi] 

and rice bean [V. umbellata (Thunb.) Ohwi & Ohashi] are economically importance.  

 

Economic and important species of the subgenus Ceratotropis 

 

Mungbean (V.  radiata (L.) Wilczek): mungbean is one of the most important 

pulse crops in Asia. This bean is used as a major source of dietary protein in many 

Asian countries. It is used in various forms such as porridge, fresh sprouts, noodles 

and vegetables. In addition, it is an important component in Asian cropping systems. 

Mungbean is believed to have been domesticated from the wild variety V. radiata var. 

sublobata (Smart, 1990). It is grown in South Asia, Southeast Asia and China. The 

total area of mungbean was 5,720,000 ha in 1997 (Tickoo and Satyanarayana, 1998). 

India is the principal producer, followed by China, Myanmar, Thailand and Vietnam.  

 

Black gram (V. mungo (L.) Hepper): black gram is similar to mungbean but 

less popular. This crop has been domesticated from its wild counterpart V. mungo var. 

silvestris (Lukoki et al., 1980).  Black gram is consumed mainly in India in similar 

ways to mungbean. In Japan, the bean is used to produce bean sprouts. India, 

Myanmar and Thailand are principal producers.  

 

Azuki bean (V.  angularis (Willd.) Ohwi & Ohashi): azuki bean is an annual 

legume which is an ancient crop of  East Asian people. The bean was domesticated in 

East Asia, Nepal and Bhutan from its wild ancestral form V.  angularis var. 

nipponensis (Tomooka et. al, 2002). The main production area is East Asia. In Japan 
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and Korea the bean is the second most important legume crop after soybean. Most 

azuki bean are consumed in Japan, it is used in various forms for traditional 

ceremonies, celebrations, sweet paste and food (Takeya and Tomooka, 1997).  

   

Rice bean (V. umbellata (Thumb.) Ohwi & Ohashi): rice bean is widely 

cultivated in northern South Asia, Southeast Asia and the Pacific islands (Duke, 1981). 

Wild forms of rice bean, V. umbellata are distributed in northeastern India, Myanmar, 

Thailand, Laos and Vietnam (Tomooka et al., 2002). The main rice bean producers are 

India, China and Thailand. Japan consumes most rice bean which it imports as a 

substitute for azuki bean. Since the nutritional quality of this bean is excellent due to 

its high content of protein and appreciable quantities of limiting amino acids, 

tryptrophan and methionine (Mal, 1994), it may have further potential in the human 

diet and as a forage crop. 

 

Moth bean (V. aconitifolia (Jacq.) Maréchal): moth bean is believed to have 

been domesticated in South Asia (Maréchal et al., 1978). Due to its dought resistance, 

it is commonly grown in semi-arid and arid areas of desert region of South Asia. 

Green pods, matue seeds and sprout of this bean are eaten, in South Asia (Takeya and 

Tomooka, 1997).   

 

V. nakashimae (Ohwi) Ohwi & Ohashi: V. nakashimae is a wild species in the 

subgenus Ceratotropis. This species generally distributes in East Asia. V. nakashimae 

is cross-compatible with azuki bean and rice bean (Siriwardhane et al., 1991). This 

species is useful for azuki bean breeding.    

 

V. nepalensis Tateishi & Maxted: V. nepalensis is a new species in the genus 

Vigna which is endemic to Nepal (Tateishi and Maxted, 2002). It is very closely 

related to and constitues primary gene pool with azuki bean (Tomooka et al., 2002). 

Therefore, V. nepalensis is very useful for azuki bean breeding.  
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Bruchid beetles (Coleoptera: Bruchidae) 

 

Bruchid beetles are classified into the order Coleoptera family Bruchidae. 

There are some 20 species in the family Bruchidae that infest stored grain legumes. 

Among Bruchidae the genus Callosobruchus has the greatest number of pest species 

and is considered to be the most serious storage pest of grain legumes worldwide, 

although other genera such as Acanthoscelides and Zabrotes can also be serious pests 

(Talekar, 1988). Among the species in the genus Callosobruchus, the most destructive 

are C. chinensis (azuki bean weevil) and C. maculatus (cowpea weevil). Both species 

have a wide distribution in Asia, Europe, America, Australia and Africa. However, 

they are most common in tropical or subtropical areas (Southgate, 1979). Other 

important Callosobruchus species that have a wide distribution are C. analis, and C. 

phaseoli. The Z. subfasciatus is found in most parts of Africa and it also has become 

established in India, Japan, China, the Pacific Islands and West Indies. The widespread 

distribution of these pests is caused by movement of grains during trading. 

 

Damages of Vigna seeds by bruchid beetles 

 

A major production constraint of the Vigna crops is their susceptibility to 

bruchid beetles (Coleoptera; Bruchidae) that eat seeds of legumes in storage. The most 

important of the bruchid beetles in Asia are azuki bean weevil (Callosobruchus 

chinensis L.) and cowpea weevil (C. maculatus F.) (Southgate, 1979). The principle 

hosts of the two bruchid species are azuki bean, cowpea and mungbean. Bruchid 

beetles start to infest Vigna species in the field where the adult bruchid lays eggs on 

young pod, hatched larva, bore through pod and feed concealed within seeds 

(Southgate, 1979). When the crop is harvested and stored the bruchid continues 

feeding and eventually comes out as an adult and causes secondary infestation, which 

can result in total destruction of a seed lot within a period of 3-4 months (Banto and 

Sanchez, 1972).  
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Extent of losses caused by bruchids 

 

Damage in the field  

 

Although bruchids attack host plants in the field, damage to seeds is only 

minor. However, when the infested seeds which harbored bruchids larvae at varying 

stages of development are stored, the adults emerge and lay eggs on the neighboring 

seeds. This secondary infestation is very damaging (Talekar, 1988). 

 

Damage during storage 

 

Seeds attacked by bruchids are unsuitable for human consumption, agricultural 

commercial use. Bruchid infestation has effects on seeds as the following (Talekar, 

1988): 

 

1. Seed weight loss: weight loss is a direct consequence of bruchid feeding on 

the seeds. It may also occur as a result of accelerated loss of moisture due to 

perforation by bruchids of the seeds. 

 

2. Seed quality changes: bruchid feeding can cause change in nutritional 

quality of seeds. Also, the presence of insect excrement, cast larval skin, pieces of 

insect chitin or dead insects can have an abrasive effect on the human alimentary canal. 

 

3. Seed viability/germination loss: feeding damage by bruchids to the seed 

embryo impairs germination. Feeding on the cotyledon will not affect germination but 

the vigor of the young seedlings will be reduced. 



 
 

   7 

Sources of bruchid resistance and breeding for the resistance in Vigna species 

 

Southgate (1979) stated that seed resistance to bruchids in legumes might be 

the result of one or more of the following factors: 

 

1. Seed hardness; hardedness of seed may prevent the larval penetration into 

the cotyledons. 

 

2. Small seed size or unsuitable seed shape; small seed or unfit shape may 

result in larva failing to reach adult size. 

  

3. Seed chemicals; toxin or other substances in seed coat or cotyledons inhibits 

the growth and development of larvae. 

 

4. Inferior nutritional content. Seeds may contain insufficient or unsuitable 

food to support growth and development of larvae. 

 

Plant breeders have long been seeking suitable sources of resistance to 

bruchids for developing resistant varieties. The most studied source of bruchid 

resistance is the wild mungbean [V. radiata var. sublobata (Roxb.) Verdc.], accession 

TC1966, which has complete resistance against azuki bean weevils and cowpea 

weevils (Fujii et al., 1989). The resistance in TC1966 is controlled by a single 

dominant gene (Br) (Kitamura et al., 1988; Fujii et al., 1989) and has been mapped 

with molecular markers (Young et al., 1992; Kaga and Ishimoto, 1998) and 

successfully used in a breeding program (Tomooka et al., 1992). Wild black gram (V. 

mungo var. silvestris Lukoki, Marechal & Otoul) is also reported to be immune to the 

both bruchid beetles (Fujii et al., 1989; Dongre et al., 1996). Unfortunately, with the 

exception of their cultivated counterparts, these two sources are not cross compatible 

with other Vigna species.  

 

A core collection of the subgenus Ceratotropis has systematically been 

evaluated for bruchid resistance (Tomooka et al., 2000). Among them, the cultivated 
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rice bean [V. umbellata (Thunb.) Ohwi & Ohashi] is considered to be potentially most 

useful because it shows complete resistance to the bruchids, is a cultivated species and 

can be crossed via a bridging species such as V. nakashimae to azuki bean (V. 

angularis) (Vaughan et al., 2005). The chemicals responsible for bruchid resistance in 

V. umbellata (cv. Menaga) have recently been identified (US Patent 6,770,630B2). 

These chemicals are derivatives of the flavonoid naringenin and quercetin. 

 

Another source of resistance to bruchids is V. nepalensis Tateishi & Maxted, a 

wild relative of azuki bean. It has a high level of resistance to bruchids and is cross 

compatible with azuki bean (Vaughan et al., 2005).  

 

Genetic markers 

 

Genetic markers are DNA fragments and morphological characters that are 

transmitted to progeny of a cross between two different genotypes and used to 

distinguish the allelic difference of gene(s) on the chromosomes. Genetic markers can 

be divided into four categories  

 

1. Morphological markers: morphological markers are simple plant 

morphological characters that can be visually scored, such as seed coat color, flower 

color, leaf pubescence and dwarfism. The weakness of these types of markers is that, 

for some traits that are dominant in nature, morphological markers cannot distinguish 

between homozygous and heterozygous genotypes. Moreover, morphological markers 

can differentiate only particular loci at the whole plant level and may have undesirable 

phenotypic effects on and epistatic effects with loci under study (Stuber, 1992).  

 

2. Cytogenetic markers: cytogenetic markers are useful for studying and 

identifiing of chromosome components, such as centomeres, telomeres, nucleolar 

organizing regions and other regions (Schulz-Schaeffer, 1980). In situ hybridization, 

the most recent advance in cytogenetic markers, has been applied to identifying the 

introgression of alien chromatin into chromosomes. However, cytological markers are 

not useful to identify individual loci to a high degree of precision. 
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3. Biochemical markers: biochemical markers are protein based markers that 

are identified based on their electrophoretic mobility, including isozymes and seed 

storage proteins (Tanksley, 1993). The advantage of biochemical markers over 

morphological markers are that they can distinguish between homozygous and 

heterozygous genotypes of dominant loci, and are phenotypically neutral, simple and 

economic to apply in genetical analysis. In addition, they are more abundant than 

morphological markers 

 

4. DNA markers: DNA markers represent a powerful tool in plant genetic 

analysis. These types of markers are abundant, phenotypic neutrality and lack of 

environment influence and have the ability to be analyzed at any stage of plant growth 

(Tanksley, 1993). Several DNA marker types have been developed as followed: 

 

4.1 Restriction Fragment Length Polymorphisms (RFLPs). RFLPs are one of 

the most widely used DNA markers. Bostein et al. (1980) first proposed the concept of 

RFLP. The basis of this technique is that DNA fragments, which are cut at specific 

sites by a restriction enzyme, are separated by size difference under electrophoresis. 

The DNA fragments are identified by labeled DNA probes specific to certain 

sequences.  The length polymorphism of a locus is caused by insertion or deletion 

mutation at the cutting site that alters fragment size of the different genotypes.   

 

4.2 Random Amplified Polymorphic DNA (RAPD). This method was 

developed independently by Williams et al. (1990) and Welsh and McClelland (1990). 

RAPD uses a single arbitrary primer of nine to ten nucleotides length with a G+C 

content of at least 40% to amplify DNA fragments by the polymerase chain reaction 

(PCR). Amplification occurs randomly at multiple sites along the chromosome and 

thus several PCR products are obtained (Waugh and Powell, 1992). Polymorphism of 

a locus is obtained based on mis-match of the primer due to DNA sequence difference 

between the two alleles at a given priming site or insertion/deletion between priming 

site resulting in size polymorphism. Genotypic differences are detected by the 

presence or absence of the PCR products. RAPD is a dominant marker. 
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4.3 Amplified fragment length polymorphisms (AFLPs). AFLPs methodology 

was developed by Vos et al. (1995), and is based on selective amplification of 

restricted fragments of genomic DNA. This technique combines aspects of RFLP and 

RAPD methodologies. DNA is digested with two enzymes having different 

frequencies of cutting sites followed by ligating adapters overhang to the ends of the 

digested DNA. The adapters are used as priming sites for primers containing selective 

nucleotides at the 3’ end in PCR amplification. Therefore, amplified products are a 

subset of restricted fragments. AFLPs are genetically dominant in nature. 

 

4.4 Simple sequence repeats (SSRs) or microsatellites. SSR markers are 

specific short DNA sequences that are amplified by PCR. SSRs contain short tandem 

repeat sequences of mono-, di-, or tetra-nucleotide motifs (Litt and Luty, 1989). 

Polymorphism of a SSR locus is detected by length differences in the number of repeat 

units. SSR is often a marker of choice because of their co-dominant nature, highly 

abundance and polymorphism (Powell et al., 1996). They are also conserved among 

genotypes of the same species (Cregan et al., 1999).  

 

4.5 Single nucleotide polymorphisms (SNP) and insertions/deletions (InDel). 

SNP and InDel are sequence mutations that comprise the largest set of DNA variation 

in most organisms (Kruglyak, 1997). SNP and InDel are used in allele genotyping by 

means of DNA arrays, which develope from expressed sequence tag (EST) databases. 

Detection of SNP and InDel polymorphisms mostly rely on the amplification of 

specific genome sites, followed by screening of the PCR products over DNA arrays.  

 

Besides the afore-mentioned DNA markers, other markers such as sequence 

tagged sites (STS; Olson et al., 1989), inter simple sequence repeat (ISSR; Zietkiewicz 

et al., 1994) and sequence characterized amplified regions (SCAR; Paran and 

Michelmore, 1992) have been developed. However, these markers are used for target 

genomic analysis but rarely applied in linkage map construction.  
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Genome mapping 

 

Mapping population 

 

Generally, there are 4 types of mapping population used in linkage mapping. 

They are F2, backcross (BC), double haploid (DH) and recombinant inbred line (RIL) 

populations. Co-dominant markers segregate 1:2:1 in F2 populations and 1:1 in BC, 

DH, and RIL. Whereas dominant markers segregate 3:1 in F2 populations and 1:1 in 

BC, DH, and RIL. 

 

F2 population: an F2 population is developed by self-fertilizing of F1 hybrid of 

two different homozygous lines. F2 populations are most efficient in resolving the 

gene order along chromosomes. An F2 population can be rapidly generated and 

contains all possible genotypes (AA, Aa, aa) of parental alleles, thus allowing 

estimation of dominant effects of genes. In addition, an F2 population is twice as 

informative in relation to recombinations than backcross population since it passes two 

cycles of meiosis. However, it may provide insufficient amount of DNA for analysis 

and cannot be replicated.  

 

Backcross (BC) population: a backcross population is formed by crossing an F1 

hybrid to one of their parents. In similar fashion to F2 population, this type of 

population cannot be replicated. In addition, the recessive and dominant effects of 

genes cannot be estimated. Nevertheless, an advanced backcross population is useful 

in QTL analysis, especially to estimate QTL effects and detect subtle pleiotropic 

effects (Tanksley and Nelson, 1996). 

 

Double haploid (DH) population: a double haploid population is synthesized 

by chromosome doubling of the haploid gametes of an F1 hybrid. Therefore, every 

locus will be homozygous and fixed so that a DH population can be self-fertilized to 

generate infinite number of identical plant genotypes. The advantages of DH 

population are the rapid fixation of genotypes and repeatability. However, the 

disadvantages of this type of population are that it has not undergone the same number 
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of cycles of meiosis and as such do not contain the same amount of recombination 

information (Burr and Burr, 1991) and the development of double haploid may not be 

possible in some crop species.  

 

Recombinant inbred (RI) population: a recombinant inbred (RI) line or single-

seed descent population is produced by repeatedly self-pollinating individual 

progenies of an F2 population (Burr and Burr, 1991). Thus, theoretically, 99% of the 

loci of plants in the F8 generation are homozygous. The weakness of RI populations is 

that they are time consuming to develop. However, they provide genetically identical 

materials and tightly linked genes may be broken down when passing through several 

rounds of meiosis. Therefore more accurate map distances can be estimated with RI 

populations (Burr and Burr, 1991).     

 

Linkage map construction 

 

Linkage map is a linear order and positions of genes or loci along the 

chromosomes, which are useful for identifying the location and number of 

chromosome regions conditioning traits of interest. Markers are grouped based on the 

distance or recombination frequencies between them.   

 

Marker ordering: order of the genes or loci on linkage groups is based on their 

recombination frequencies. The recombination frequencies between markers are 

analyzed for the association of genes located on the same chromosome and the linear 

arrangement of genes or loci in the linkage group. Marker ordering is determined by 

using the maximum likelihood algorithm. 

  

Map distance calculation (mapping function): in genetic mapping, the 

recombination fractions are not additive because of interference of double cross-over 

between loci and therefore mapping functions, e.g. Haldane (1919) and Kosambi 

(1944) mapping functions, are applied to convert recombination frequencies into 

genetic map distance in the unit of centiMorgans (cM) additively and provide more 

accurate estimation of genetic map distance. Haldane mapping function assumes the 
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absence of interference between loci, while Kosambi mapping function accounts for a 

certain degree of interference. 

 

Linkage map establishment: when a large number of loci are used in linkage 

analysis, two-point and three-point analysis become incapable of ordering the gene or 

loci, therefore multi-point linkage analysis is used to build up the linkage map. Several 

mathematical methods have been developed for generating a multi-locus model such 

as Maximum likelihood and regression/least square method and are implemented in 

computer packages for use in linkage map construction. Least square method attemtps 

to minimize deviations from regression models, while the maximum likelihood 

method involves comparison among two or more plausible hypotheses, e.g. linkage vs. 

no linkage (Staub and Felix, 1996). Currently, software packages such as 

MAPMAKER (Lander et al., 1987), JOINMAP (Stam, 1993) and Map Manager QTX 

(Manly et al., 2001) are the packages of choice. 

 

Mapping quantitative trait loci (QTL)  

 

Characters that show continuous phenotypic variation and are determined by 

the segregation of multiple loci are referred to as quantitative traits. The loci that 

control these traits are termed polygenes or quantitative trait loci (QTL) (Tanksley, 

1993). QTL analysis can determine relationships between quantitative trait inheritance 

and genetic markers (Liu, 1998) as following: 

 

1. Gene conditioning the quantitative traits can be mapped on the genome like 

simple genetic markers. 

 

2. If the markers cover a large portion of the genome, then there is a good 

chance that some of the genes controlling the quantitative traits are linked to some of 

the genetic markers. 

 

3. If the genes and the markers are segregating in a genetically defined 

population, then the linkage relationships among them may be found by looking at the 



 
 

   14 

association between trait variation and marker segregation pattern.  

 

 Several methods have been proposed to identify QTL but three methods have 

been used widely; single marker, simple interval mapping and composite mapping 

analysis. 

 

Single marker analysis: Single marker analysis involves comparison of the 

phenotypic means for each of the genotypic classes at each marker by means of a t-test, 

ANOVA, likelihood ratio test or simple regression. A significant difference between 

genotypic classes implies that the marker is associated with the QTL. This approach 

can be achieved without gene order or linkage map. The main disadvantage of single 

marker analysis is the low statistical power and confounding estimates of QTL effect 

and locations. 

 

 

Simple interval mapping (SIM): Due to the low-resolution power of single 

point analysis, a new method called simple interval mapping using a different 

approaches such as likelihood, regression and combination between likelihood and 

regression has been proposed (Lander and Bostein, 1989; Haley and Knott, 1992; 

Kearsey and Hyne, 1994). The method determines the likelihood of the existence of 

single QTL flanked by a pair of markers. Simple interval mapping is based on two 

main steps, detecting the presence of a QTL and then locating it (Lander and Bostein, 

1989). The presence of QTL is tested by likelihood statistics and the location of the 

QTL is determined at the site where the maximum likelihood or minimum residual 

variance is identified. The main advantage of this method over single marker analysis 

is that the QTL location and its effect can be more precisely determined.   

 

Composite interval mapping (CIM): Composite interval mapping was 

developed by Zeng (1994) to improve the effectiveness of the simple interval mapping 

that provides biased estimation of the location and effect of the QTL when other QTLs 

exist on the same chromosome. This method combines together interval mapping and 

multiple regression analysis by including other markers in the statistical model as 
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cofactors to control interference from both linked QTL and residual variance (Zeng 

1993; 1994). The major advantage of CIM over SIM is that the QTL interval under 

study is independent of external QTL effect (Zeng 1993).   

 

Genome mapping in the Vigna species 

 

Genome mapping in Vigna crops is still at the beginning stage. Linkage maps 

have been constructed for mungbean (Menancio-Hautea et al., 1992; Lambrides et al., 

2000), cowpea (Fatokun et al., 1992a) and azuki bean (Kaga et al. 1996, 2000) and 

used to map gene/QTL of few characters, e.g. seed weight in mungbean and cowpea 

(Fatokun et al., 1992b), bruchid resistance in mungbean (Young et al., 1992; Kaga and 

Ishimoto, 1998), and powdery mildew resistance (Young et al., 1993; Chaitieng et al., 

2003). Comparative genomics has been studied for mungbean and cowpea (Menancio-

Hautea et al., 1993) and for azuki bean and mungbean (Kaga et al., 2000) 
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MATERIALS AND METHODS 

 

Experiment 1: Bruchid resistance in V. umbellata 

 

Evaluation of antibiosis against bruchids in V. umbellata seeds 

 

Seed of rice bean cultivar Menaga and Miyazaki and mungbean breeding line 

VC1973A were used for making artificial seeds for antibiosis test against 

Callosobruchus chinensis (azuki bean weevils). The seeds were prepared by mixing 25, 

50 and 75% seed powder of rice bean to mung bean seed powder, the seeds made 

solely from mung bean powder and rice bean powder were included as checks. The 

preparation of artificial seeds followed the method of Shade et al. (1986). The 

treatments were laid out in a CRD with four replications. Each experimental unit 

consisted of 8 seeds. The seeds were placed into 125 ml Erlenmeyer flasks and 

infested with 40 newly emerged adults for 7 days. The infested seeds were maintained 

at 30 oC and 70% relative humidity. One week after infestation the number of eggs 

laid on seeds was counted. When the beetles started emerging, numbers of adults 

emerged was recorded daily and the insects were promptly removed from the petri 

dish to prevent secondary infestation. This procedure was continued until 50 days after 

insect introduction. Data collection was terminated thereafter to avoid counting 

second-generation infestation. The number of eggs laid on seeds and number of adults 

emerged were averaged across four replications and compared using SAS program 

(1998).  

 

Mapping population 

 

Bruchid-resistant cultivated rice bean (Vigna umbellata) accession JP100304 

was crossed onto its wild relative bruchid-susceptible V. nakashimae accession 

JP107879 at the National Institute of Agrobiological Sciences, Tsukuba, Japan. The 

Vigna umbellata accession JP100304 was a landrace from Nepal and V. nakashimae 

accession JP107879 was a wild population collected in Nagasaki prefecture, Japan. 

Both accessions came from the genebank of the National Institute of Agrobiological 
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Sciences, Tsukuba, Japan. The wild species V. nakashimae is a bridging species 

between rice bean and azuki bean and used as the male parent in this cross. An F1 

plant was grown in a greenhouse and, from this plant, 74 out of 131 F2 plants were 

able to produce F3 seeds. F3 seeds of each F2 individual, as well as of parents, were 

used for the bruchid bioassay. This F2 population was designated as population 

number “3”. 

 

Bioassay of bruchid resistance in F2 population 

 

Callosobruchus chinensis (azuki bean weevils) were used to evaluate 

resistance in the parents and F2 population. The weevils were reared on mungbean 

seeds and kept in an incubator at 30oC and 70% relative humidity. Between 15-20 F3 

seeds from individual F2 plants and 20 seeds from the parents were placed on 9 cm 

diameter petri dishes with hilum oriented down on sticky tap and were infested with 

20 (10 males and 10 females) newly emerged adults for 24 hours. One week after 

infestation the number of eggs laid on seeds was counted. The infested seeds were 

maintained in an incubator at 30oC and 70% relative humidity. Twenty days after 

insect introduction, the number of damaged seeds was recorded daily and then the 

seeds were promptly removed from the petri dish. This procedure was continued until 

50 days after insect introduction. Data recording was terminated thereafter to avoid 

counting second-generation infestation. Seeds that showed no surface damage were 

further examined for internal damage by soft X-ray analysis (model TV-PBO-C, 

SOFTEX, Japan) 

 

DNA extraction 

 

Genomic DNA was extracted from young leaves of 74 individual F2 plants and 

parents by the method of Draper and Scott (1988). DNA concentration was adjusted to 

200 ng/µl for RFLP analysis and to 1 ng/µl for SSR analysis by comparing to a known 

concentration of standard λ DNA on a 1.5% agarose gel. 
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RFLP analysis 

 

3 µg of genomic DNA from parents was digested with restriction enzyme BglII, 

DraI, EcoRI, EcoRV, HindIII or XbaI to determine fragment length polymorphism 

between them. DNA from F2 plants was digested with enzymes that yielded clear 

polymorphism between the parents. The digested DNA was electrophoresed on 1% 

agarose gels, followed by DNA blotting onto Hybond N + membrane (Amersham, 

UK). The blots were hybridized with mungbean, cowpea, common bean, and soybean 

clones. The mungbean and cowpea, common bean, and soybean clones were provided 

by the University of Minnesota, St. Paul, USA, Centro Internationale por Agricultura 

Tropicale (CIAT), Cali, Colombia, and Iowa State University, Ames, USA, 

respectively.  Probe labeling, hybridization and detection were carried out using ECL 

direct nucleic acid labeling system according to manufacturer instructions (Amersham).  

 

SSR analysis  

 

Azuki bean SSR markers mapped on BC1 azuki bean linkage map (Han et al., 

2005) were selected and used to detect polymorphism between the two parents 

following the methods described by Wang et al. (2004a) with slight modifications. The 

PCR reaction mixture, in a total volume of 10 µl contained 1 ng of genomic DNA, 0.2 

µl of 1U KOD-plus- DNA polymerase (TOYOBO, Japan), 1.5 µl of 10X PCR buffer 

for KOD-plus-, 1 µl of 2 mM dNTPs, 0.8 µl of 25 mM Mg2SO4 and 0.96 µl of 5 pmol 

forward and reverse primers. The 5’-end of the reverse primer was fluorescent labeled 

with one of the four following fluorescent dyes, 5-Fam, VIC, NED, and PET (Applied 

Biosystems, UK). PCR reactions were performed with a GeneAmp PCR System 9700 

(Applied Biosystems) programmed as follows: 94oC for 2 min followed by 35 cycles 

of 94oC for 15 sec, 60oC for 15 sec, 68oC for 15 sec. Following amplification, 2 µl of 

PCR product was mixed with 13 µl of Hi-Di formamide containing 0.17 µl GeneScan 

500 LIZ size standard (Applied Biosystems). The heat-denatured products were run on 

an ABI Prism 3100 Genetic Analyzer. Individual primer concentrations were adjusted 

and mixed into multiplex sets of 3 or 4 differentially fluorescent labeled primers and 

with non-overlapping fragment sizes for PCR analysis in the mapping population. The 
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PCR products were run on an ABI Prism 3100 Genetic Analyzer (Applied 

Biosystems). The genotypic data were analyzed and visualized with GENEMAPPER 

3.0 (Applied Biosystems). 

 

Marker scoring  

  

Markers were scored for each F2 individual as A, B, C, D, or H. Where A is 

homozygous allele inherited from V. umbellata genome, B is homozygous allele 

inherited from V. nakashimae genome, C is homozygous or heterozygous allele for V. 

nakashimae, D is homozygous or heterozygous allele for V. umbellata, and H is 

heterozygous.  

 

Marker naming 

  

RFLP markers were named according to the name of the probe. Prefix Bng 

indicates common bean probes; mgM and mc represent mungbean probes; cg 

represents cowpea probes; sgA, sgB and sgK label soybean probes. In case of SSRs, 

markers were presented by primer codes with the prefix CEDG. Lower-case letters are 

suffixed to markers with multiple loci. Italicized markers show dominant loci. Markers 

showing significant deviation from the expected segregation ratios at 0.05, 0.01, and 

0.001 levels are indicated with *, **, and ***, respectively.    

 

Genetic linkage map construction and QTL mapping 

 

The genetic map was constructed using JoinMap ver. 3.0 (Van Ooijen and 

Voorrips 2001). A segregation ratio for each marker in the F2 population was tested for 

the goodness-of-fit to a 1:2:1 or 3:1 ratio using Chi-square test at a 0.05, 0.01, and 

0.001 significant levels. In case of non-Mendelian segregation, the allelefrequency (p, 

q) and the random assortment genotypic frequencies (p2:2pg:q2) were tested to identify 

the occurrence of gametic or zygotic selection (Pham et al., 1990). The LOD scores 

and pairwise recombination frequencies between markers were calculated. Then the 

markers were assigned to linkage groups based on pairwise recombination frequencies 



 
 

   20 

and LOD value. LOD value of 3 or greater was used to create linkage groups and the 

recombination value was converted into map distance (cM) using Kosambi mapping 

function (Kosambi, 1944). Linkage groups were named following azuki bean linkage 

groups (Han et al., 2005). Graphical genotypes of the molecular marker data were 

generated and proportion of genome that descended from either Vigna umbellata or V. 

nakashimae was presented using computer software GGT ver. 2.1 (Van Berloo, 2002). 

 

A subset of molecular markers spaced at even distance with covering the 

genetic linkage map of Vigna umbellata x V. nakashimae was selected and used for 

detecting QTL. QTL analysis was carried out using WinQTL Cartographer 2.0 (Wang 

et al., 2004b). Composite interval mapping (Zeng, 1994) (CIM; ZmapQtl Model 6 in 

WinQTL Cartographer) was performed. The markers used as cofactors for CIM were 

selected by forward stepwise regression (F method in SRmapQtl). The number of 

background markers was set to 5 and the “window size” used was 10. Arcsine 

transformed data on percentage of cumulative number of damaged F3 seeds for each 

day from day 20 to 50 was used for QTL analysis. The presence of putative QTL was 

declared whenever the LOD score exceeded the threshold of 2.5. To determine the 

effect of seed size, which might affect bruchid resistance, QTLs for 100-seed weight 

were analyzed and compared to those of bruchid resistance.  

 

Experiment 2: Bruchid resistance in V. nepalensis 

 

Evaluation of antibiosis against bruchids in V. nepalensis seeds  

 

Artificial seeds were used for antibiosis test against Callosobruchus chinensis 

(azuki bean weevils) and C. maculatus (cowpea weevils). The seed combination and 

preparation of artificial seeds was the same as described in the evaluation of antibiosis 

against bruchids in V. nepalensis seeds. For each bruchid species, the treatments were 

laid out in a CRD with three replications, each replication consisted of three seeds. 

The seeds were placed on 9 cm-diameter petri dish and infested with 5 pairs of 

bruchids (5 males and 5 females) of newly emerged adults for 24 hours. The infested 

seeds were maintained in an incubator at 30oC and 70% relative humidity. Data 
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collection and statistical analysis was the same as described in the evaluation of 

antibiosis against bruchids in V. nepalensis seeds. 

 

Mapping populations 

 

Mapping populations and genotypic data used in this experiment were obtained from 

Han et al. (2005). F1, F2 and BC1 populations were generated from crosses between 

cultivated azuki bean, V. angularis, accession JP107881, and V. nepalensis, accession 

JP81481, at the National Institute of Agrobiological Science, Tsukuba, Japan. V. 

nepalensis was hybridized onto azuki bean to produce F1 seeds. Single F1 plant was 

self-pollinated to produce the F2 population and, at the same time, other F1 plants were 

crossed as female parent with azuki bean to develop a backcross population (BC1). 

One hundred forty-one F2 and 187 BC1 plants were raised in pots in a greenhouse and 

used for AFLP, RFLP, SSR analyses. Seeds produced from each plant of F1, F2 and 

BC1 populations were used for phenotype analysis. The F2 and BC1 populations in this 

experiment were designated as population number “1” and “2”, respectively. 

 

Bruchid resistance evaluation in F1, F2 and BC1 populations 

 

One-hundred F2 seeds from each F1 plants, 25 BC1F2 seeds from each BC1 

plants, and 30 F3 seeds from each F2 plants were evaluated for C. chinensis and C. 

maculatus resistance using the same procedures as described above except that 10 

pairs of bruchids were used for seeds from F1 plants, while 15 pairs were used for each 

BC1 and F2 plants. Seeds of the parents were also evaluated.  For data collection, 20 

days after insect introduction, the number of damaged seeds was recorded daily and 

the damaged seeds were removed promptly. This procedure was continued until 50 

days after insect introduction. 
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QTL analysis 

 

Genotypic data were obtained from Isemura et al. (2005). Subsets of RFLP and 

SSR markers were selected to cover F2 and BC1 linkage maps of V. nepalensis x V. 

angularis. The selected markers were spaced across the 11 linkage groups. QTL 

analysis was carried out as described in QTL analysis in V. umbellata x V. nakashimae 

population. Arcsine transformation was applied to percentage of cumulative number of 

damaged seeds of each day from day 20 to 50 and the resulting data were subjected to 

QTL analysis. Putative QTL was declared whenever the LOD score exceeded the 

threshold of 2.5. To determine the effect of seed size that might affect bruchid 

resistance, QTL location(s) for seed size were also detected and compared to those of 

bruchid resistance (Isemura et al., 2005). The seed size was measured as 100-seed 

weight of individual plants.   
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RESULTS 

 

Experiment 1: Bruchid resistance in V. umbellata 

 

Antibiosis study using artificial seeds 

 

Antibiosis effect in seeds of V. umbellata to C. chinensis using artificial seeds 

was carried out. Bruchids were introduced to artificial seeds made from mixing 

increasing proportions of rice bean powder )cv .Menaga and Miyazaki (with 

mungbean powder .The bruchids laid over 7 eggs per seed, the differences in 

constituents of these seeds did not affect the number of eggs laid )Table 1 .(However, 

development and emergence of bruchid adults were adversely affected by the presence 

of rice bean powder in artificial seeds .No bruchid adults emerged from any 

combination, except for the seeds made solely from mungbean powder .The results 

show the strong antibiosis factor)s (present in the rice bean flour .  

 

Bruchid resistance in parents and F2 population 

 

Resistance to C. chinensis and C. maculatus was tested in the parents V. 

umbellata and V. nakashimae. Average number of eggs laid per seed by C. chinensis 

was 2.4 for V. umbellata and 3.1 for V. nakashimae. For C. maculatus, the bruchids 

laid 2.8 and 3.1 eggs/seed on V. umbellata and V. nakashimae, respectively. V. 

umbellata was completely resistant to the two bruchid species, neither C. chinensis nor 

C. maculatus emerged from seeds of this species. Whereas V. nakashimae was 

completely susceptible to both C. chinensis and C. maculatus. All seeds of V. 

nakashimae were damaged within 32 days by C. chinensis and within 33 days by C. 

maculatus, after insect introduction.  

 

Evaluation of 3 F1 seeds from V. umbellata x V. nakashimae cross showed that 

all the F1 seeds were resistance to both bruchid species. Among 131 F2 seeds sown, 57 

(43.5%) showing abnormalities were excluded from further study; 20 died at the 

vegetative stage, 6 failed to flower, 8 dropped all their pods and 23 did not produce 
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normal seeds. Finally, 74 F2 individuals could be used to develop the genetic linkage 

map. A further 24 F2 individuals were excluded from bruchid evaluation test because 

the number of F3 seeds was insufficient although plants grew normally. Thus F3 seeds 

from 50 F2 individuals could be used for the bruchid resistance test. Evaluation for the 

F3 seeds was conducted on 15-20 seeds randomly chosen from each F2 plants that were 

harvested. The avarage number of eggs per seed from each F2 for C. chinensis and C. 

maculatus were 3.9 + 0.16 and 4.3 + 0.17, respectively. In the bruchid resistance test 

of 50 F2 lines, C. chinensis emerged from 32 lines and C. maculatus emerged from 13 

lines during evaluation. However, none of these lines were as susceptible to C. 

chinensis or C. maculatus as their susceptible parent, V. nakashimae. 

  

Variation in percentage damaged F3 seeds in the parents and F2 population 

caused by C. chinensis at 32 and 39 days, and by C. maculatus at 33 and 44 days are 

shown [Fig. 1(a), 1(b), 2(a), 2(b), respectively]. These two dates correspond to the day 

on which each bruchid species (a) completely damaged seeds of susceptible parents 

and (b) stopped emerging from the seeds. The experiment was terminated at 50 days 

when no bruchids had emerged for more than one week. The frequency distribution of 

percentage damaged seeds by C. chinensis at 32 days and C. maculatus at 33 days 

both showed a skewed distribution towards the resistant parent, V. umbellata [Fig. 1(a) 

and Fig. 2(a), respectively]. The results suggested that dominant genes control 

resistance to the bruchid beetles. Population average of percentage damaged seeds was 

8.5 + 1.9 for C. chinensis and 0.90 + 0.3 for C. maculatus. On these dates the 

susceptible parent, V. nakashimae, was completely damaged. Emergence of adult 

bruchids from F3 seeds continued until 39 days for C. chinensis and until 44 days for C. 

maculatus. At the end of the evaluation, average percentage damaged seeds in 

incompletely susceptible F2 lines increased to 14.1 + 2.4% and 2.3 + 0.8% in C. 

chinensis and C. maculatus, respectively. There was a significant positive correlation 

between percentage damaged seeds of C. chinensis and C. maculatus resistance (r = 

0.45, P=0.001). 

 

Delayed bruchid development was observed in the F2 population. Average 

developmental period of C. chinensis among susceptible F2 lines was 32.2 days 
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(ranging 26-39 days), 5 days longer than the 27 days recorded for V. nakashimae. In 

the case of C. maculatus, average developmental period among susceptible F2 lines 

was 34.4 days (ranging 27-44 days), 6 days longer than the 28 days recorded for V. 

nakashimae. 

 

X-ray analysis of non-damaged seeds in the F2 population revealed that, for a 

few seeds, the internal parts were damaged. When non-damaged seeds were cut open, 

most bruchids had died at the first instar larva stage (62.9% F2 individuals for both C. 

chinensis and C. maculatus) but some had died during the second instar larva or later 

stages, pupa or adult. In seeds of V. umbellata, bruchids always died during the first 

larva stage. 

 

The resistant parent, V. umbellata, has a 100-seed weight of 3.9 g and V. 

nakashimae has the seed weight of 1.8 g. Average seed weight in the F2 population 

was 3.2 + 0.1 g (ranging 1.4-5.5). Based on the F2 population used for bruchid 

evaluation, the correlation between seed weight and percentage damaged seeds (arc-

sine transformed) were –0.09 (P=0.517) for C. chinensis and –0.24 (P=0.080) for C. 

maculatus, indicating that seed weight had no influence on bruchid resistance. 

 

DNA polymorphism between parents and in the F2 population 

 

SSR markers and RFLP probes were screened to detect DNA polymorphism 

between V. umbellata and V. nakashimae. Of 200 SSR markers used, 132 (66%) 

amplified DNA fragments in both parents and 122 (61%) markers revealed clear 

polymorphism. While 97 of them were successfully used for mapping in the F2 

population. Out of 185 RFLP probes of mungbean, cowpea, soybean and common 

bean surveyed, 152 (82.1%) yielded clear polymorphisms between V. umbellata and V. 

nakashimae with at least one of the six restriction enzymes. Finally, 68 probes (26 

mungbean, 7 cowpea, 22 common bean and 13 soybean) were used for mapping in the 

F2 population.  
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Chi-square analysis for marker segregation in 74 F2 plants revealed that 42 

(24%) (28 SSRs and 14 RFLPs) markers deviated significantly (P < 0.05) from the 

expected ratios of 3:1 or 1:2:1 (Table 2). Nineteen markers skewed in favor of the 

allele of V. umbellata and 26 markers showed a high number of heterozygous 

individuals. All 3 unlinked markers were also significantly distorted towards 

heterozygote class. Five RFLP and 10 SSR loci appeared to be dominant as no 

heterozygous type was found (Fig. 5). Most skewed markers were found on linkage 

groups 2, 6 and 11. Chi-square test for equivalent allele frequency and random 

assortment of aberrant segregated loci revealed that most of skewed loci on linkage 

group 2 displayed zygotic selection, while the majority of skewed loci on linkage 

group 6 and 11 showed gametic selection (Table 3). 

 

Genetic linkage map of V. umbellata 

 

A molecular marker based linkage map of the interspecific V. umbellata x V. 

nakashimae F2 population was constructed based on the 68 RFLP probes  and 97 SSR 

markers scored on 74 F2 plants using JoinMap 3.0 (Fig. 5). Five RFLP probes 

(Bng022, Bng081, Bng107, mgM415, and sgA077) and 3 SSR markers (CEDG024, 

CEDG094, and CEDG105) were detected at two or three loci that segregated 

independently in the F2 population. In total, the map spanned 652 centimorgans (cM) 

of Kosambi map distance with an average number of marker loci per linkage group of 

15.9 and distance between adjacent markers averaging 3.7 cM. The largest and 

smallest linkage groups were 95 (26 markers) and 33 (9 markers) cM, respectively. 

SSR markers distributed throughout the 11 linkage groups. The distorted markers were 

found on all linkage groups except linkage group 9. However, the majority of markers 

showing distorted segregation were clustered and located on linkage groups 2, 6 and 

11 (Fig. 5). In particular, all 11 loci mapped to linkage group 11 and 8 out of 9 loci on 

linkage group 6 exhibited segregation distortion.  
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Table 1  Infestation of Callosobruchus chinensis to artificial seeds made from various  

  combinations of rice bean and mungbean accessionsa,b. 

 

Treatment 

(seed powder combination) 

No. of eggs 

per replicationc (+SE) 

No. of adults emerged 

per replication (+ SE) 

Menaga 25% + VC1973A 75% 

Menaga 50% + VC1973A 50% 

Menaga 75% + VC1973A 25% 

Miyazaki 25% + VC1973A 75% 

Miyazaki 50% + VC1973A 50% 

Miyazaki 75% + VC1973A 25% 

Menaga 100% 

Miyazaki 100% 

VC1973A 100% 

60.75 + 14.64 

53.00 + 15.91 

77.50 + 10.94 

67.00 + 14.51 

51.25 + 9.04 

63.00 + 10.34 

69.50 + 7.35 

44.50 + 7.27 

58.75 + 5.88 

1.75 + 1.11b 

0.00b 

0.00b 

0.00b 

0.00b 

0.00b 

0.50b 

0.00b 

29.25 + 4.03a 

 
a Data are means of 4 replications each with 8 artificial seeds. 
b Means followed by the same letter in each column are not significantly different with 

DMRT test  at the 0.05 probability level. 
c No significant difference at the 0.05 probability level. 
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Figure 1  Frequency distribution of % damaged seeds (PDS) caused by C. chinensis    

                in an F2 population (based on F3 seeds) derived from a cross between  

                V. umbellata and V.  nakashimae at 32 days (a) and 39 days (b).   
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Figure 2  Frequency distribution of % damaged seeds (PDS) caused by C. maculatus  

                in an F2 population (based on F3 seeds) derived from a cross between  

                V. umbellata and V. nakashimae at 33 days (a) and 44 days (b).  
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Figure 3  Relationship between 100-seed weight and percentage of damaged seeds    

                caused by C. chinensis in F2 population of a cross between V. umbellata and  

                V. nakashimae  
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Figure 4  Relationship between 100-seed weight and percentage of damaged seeds  

                caused by  C. maculatus in F2 population of a cross between V. umbellata     

                and V. nakashimae.  
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 Table 2  RFLP and SSR markers showing segregation distortion in the F2 population  

                derived from V. umbellata and V. nakashimae. 

 

    Genotypic classes     

Chi-square  test 

Marker LG 

 V. 

umbellata  

Hetero-

zygous 

V. 

nakashimae C/_ D/_ 

missing 

data (1:2:1 or 3:1) 

Direction of 

skewness 

CEDG066 11 22 36 6 0 0 10 9* V. umbellata 

CEDG232 4 23 39 9 0 0 3 6.2* V. umbellata 

CEDG265 8 20 31 6 0 0 17 7.3* V. umbellata 

CEDG279 11 25 38 9 0 0 2 7.3* V. umbellata 

Bng151 11 29 35 10 0 0 0 10** V. umbellata 

CEDG191 6 26 38 8 0 0 2 9.2** V. umbellata 

CEDG002 11 29 37 7 0 0 1 13.3*** V. umbellata 

CEDG013 11 35 33 6 0 0 0 23.6*** V. umbellata 

CEDG015 6 30 37 7 0 0 0 14.3*** V. umbellata 

CEDG037 6 27 36 5 0 0 6 14.5*** V. umbellata 

CEDG042 11 31 38 5 0 0 0 18.3*** V. umbellata 

CEDG044 11 30 36 7 0 0 1 14.5*** V. umbellata 

CEDG098 11 28 39 7 0 0 0 12.1*** V. umbellata 

CEDG118 6 29 40 3 0 0 2 19.7*** V. umbellata 

CEDG172 11 28 39 6 0 0 1 13.6*** V. umbellata 

CEDG248 6 29 37 8 0 0 0 11.9*** V. umbellata 

CEDG287 11 30 37 7 0 0 0 14.3*** V. umbellata 

mgR051 6 30 38 5 0 0 1 17.3*** V. umbellata 

sgA036 6 31 38 4 0 0 1 20.1*** V. umbellata 

CEDG158 5 7 41 18 0 0 8 7.5* heterozygous 

CEDG165 4 17 45 8 0 0 4 8* heterozygous 

mgM177 10 9 45 17 0 0 3 6.9* heterozygous 

Bng099 2 18 47 9 0 0 0 7.6* heterozygous 

CEDG032 1 20 43 9 0 0 2 6.1* heterozygous 

 

 



 
 

   32 

Table 2 (continued)  
 

    Genotypic classesa    

Marker LG 

  

V. 

umbellata  

Hetero-

zygous 

V. 

nakashimae C/_ D/_ 

missing 

data 

Chi-square test 

(1:2:1 or 3:1) 

Direction of 

skewness 

mgM100 2 20 44 9 0 0 1 6.4* heterozygous 

Bng132 2 23 42 9 0 0 0 6.7* heterozygous 

sgA078 3 12 47 12 0 0 3 7.5* heterozygous 

mgM456 2 20 46 7 0 0 1 9.6** heterozygous 

CEDG097 10 8 49 17 0 0 0 10** heterozygous 

mgR026 2 15 50 7 0 0 2 12.7*** heterozygous 

cgO109 2 12 51 10 0 0 1 11.6*** heterozygous 

mgQ086 2 19 45 5 0 0 5 12.1*** heterozygous 

CEDG108 2 13 53 8 0 0 0 14.5*** heterozygous 

CEDG100 2 13 53 8 0 0 0 14.5*** heterozygous 

Bng070 12 13 50 7 0 0 4 13.9*** heterozygous 

CEDG094c 11 5 55 7 0 0 7 27.7*** heterozygous 

CEDG096 - 7 59 3 0 0 5 35.3*** heterozygous 

CEDG063 - 8 56 4 0 0 6 28.9*** heterozygous 

CEDG094b 8 0 0 10 0 58 6 3.8* - 

CEDG018 5 10 0 0 61 0 3 4.5* - 

CEDG201 7 0 0 11 0 63 0 4* - 

Bng123 1 0 0 10 0 60 4 4.3* - 

Bng081b 2 0 0 7 0 60 7 7.6** - 

CEDG105a 6 0 0 6 0 68 0 13.1*** - 

CEDG105c - 0 0 4 0 70 0 15.2*** - 
 

a C/_ and D/_ are homozygous or heterozygous allele for V. nakashimae and homozygous or 

heterozygous allele for V. umbellata, respectively.  
*’ **’ *** are statistically significant at 0.05, 0.01 and 0.001 probability level, respectively. 
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Table 3  χ 2- test for gametic and zygotic selection of distorted loci in F2 population 
 

 
AA = homozygous V. umbellata; A/B = heterozygous; B/B = homozygous V. nakashimae. 
p and q are frequency of  V. umbellata allele and V. nakashimae allele, repectively.

    Allele   χ 2 

  

Genotypic classes  

  frequency Allele frequency F2  

Marker LG A/A A/B B/B p q Homogeneity(p1:1q) (p2:2pq:q2) 
CEDG002 11 29 37 7 0.651 0.349 13.26*** 0.96 

CEDG044 11 30 36 7 0.658 0.342 14.49*** 0.65 

CEDG287 11 30 37 7 0.655 0.345 14.29*** 0.84 
CEDG172 11 28 39 6 0.651 0.349 13.26*** 2.24 

CEDG265 8 20 31 6 0.623 0.377 6.87** 1.41 

CEDG279 11 25 38 9 0.611 0.389 7.11** 0.87 

CEDG158 5 7 41 18 0.417 0.583 3.66 5.09* 

CEDG066 11 22 36 6 0.625 0.375 8** 2.56 

CEDG191 6 26 38 8 0.625 0.375 9*** 1.14 

CEDG094c 11 5 55 7 0.485 0.515 0.11 27.72*** 

CEDG037 6 27 36 5 0.662 0.338 14.23*** 2.26 

CEDG248 6 29 37 8 0.642 0.358 11.91*** 0.56 

sgA036 6 31 38 4 0.685 0.315 19.97*** 3.1 

mgR051 6 30 38 5 0.671 0.329 17.12*** 2.35 

CEDG098 11 28 39 7 0.642 0.358 11.91*** 1.58 
CEDG118 6 29 40 3 0.681 0.319 18.77*** 5.55* 

CEDG015 6 30 37 7 0.655 0.345 14.29*** 0.84 

mgM177 10 9 45 17 0.444 0.556 1.8 5.72* 

CEDG097 10 8 49 17 0.439 0.561 2.18 8.76* 

Bng151 11 29 35 10 0.628 0.372 9.75*** 0.01 

CEDG013 11 35 33 6 0.696 0.304 22.73*** 0.21 

CEDG042 11 31 38 5 0.676 0.324 18.27*** 2.18 

Bng132 2 23 42 9 0.595 0.405 5.29* 2.32 

CEDG108 2 13 53 8 0.534 0.466 0.67 14.26*** 

Bng070 2 13 50 7 0.543 0.457 1.02 13.49*** 

CEDG100 2 13 53 8 0.534 0.466 0.67 14.26*** 

mgM100 2 20 44 9 0.575 0.425 3.31 3.98* 
mgM456 2 20 46 7 0.589 0.411 4.63* 6.63* 

mgQ086 2 19 45 5 0.601 0.399 5.68* 8.96* 

CEDG032 1 20 43 9 0.576 0.424 3.36 3.58 

CEDG232 4 23 39 9 0.599 0.401 5.52* 1.45 

CEDG165 4 17 45 8 0.564 0.436 2.31 6.61* 

cgO109 2 12 51 10 0.514 0.486 0.11 11.58*** 

mgR026 2 15 50 7 0.556 0.444 1.77 11.88*** 

sgA078 3 12 47 12 0.5 0.5 0 7.45* 
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Figure 5  Interspecific linkage map of F2 (V. umbellata x V. nakashimae) population constructed from 175 loci of RFLPs and SSRs.  
                Markers showing significant deviation  
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Figure 5  (continued)  
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Figure 6  Proportion of different alleles that constitute linkage groups 1 (a), 2 (b), 3  

                (c), 4 (d), 5 (e), 6  (f), 7 (g), 8 (h), 9 (i), 10 (j) and 11 (k).   

                    ,    ,     ,    ,    and     are V. umbellata homozygous allele, V. nakashimae   

                homozygous allele, V. nakashimae homozygous or  heterozygous allele,  

                V. umbellata homozygous or heterozygous allele, heterozygous allele, and   

                unidentified allele (missing data), respectively. 
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Quantitative trait loci for resistance to bruchids in V. umbellata 

 

Composite interval mapping was performed in two ways. The first approach 

was to detect QTL location controlling bruchid resistance at the day when seeds of the 

susceptible parent were completely damaged by bruchids [Fig 1(a) and 2(a)]. This 

resulted in finding significant genome regions on linkage group 7 associated with C. 

chinensis resistance and on linkage group 4 for C. maculatus resistance (Table 4 and 

Fig. 7). A putative QTL for C. chinensis resistance located on linkage group 7 at 

marker interval CEDG064-CEDG111 explained 53.4% of the variation. This QTL is 

named Brc3.1, where Brc stands for Bruchid resistance for Callosobruchus chinensis, 

3 for the population number and 1 the QTL number. The putative QTL for C. 

maculatus resistance detected on linkage group 4 accounted for 60.1% of the 

phenotypic variation and is named Brm3.1. V. umbellata allele at Brc3.1 and Brm3.1 

both had a negative dominant effect, reduced seed damage by both bruchids. 

 

The second approach was to use data at the day bruchids stopped emerging 

from seeds of the F2 population [Fig. 1(b) and 2(b)]. This revealed two putative QTLs 

located on linkage groups 1 and 7 for resistance to C. chinensis and two putative QTLs 

mapped to linkage groups 1 and 4 for resistance to C. maculatus (Table 4 and Fig. 7). 

QTL (Brc3.1) at CEDG064-CEDG143 on linkage group 1 explained 25.6% of the 

phenotypic variation. The other QTL, Brc3.2, mapped on linkage group 1 between 

Bng162-mgM381 accounted for 18.5% of the phenotypic variation. For C. maculatus 

two putative QTLs on linkage groups 1 and 4 were detected. Brm3.2 was identified on 

linkage group 1 between CEDG019-mgM381 and Brm3.1 on linkage group 4 between 

CEDG154-CEDG232 and accounted for 18.9% and 37.3% of the phenotypic variation, 

respectively. Alleles from V. umbellata at these QTLs reduced damaged seeds. 

 

QTL analysis for seed weight revealed a single chromosome region located on 

linkage group 10 between sgA077b-Bng119 associated with seed weight (LOD 

score=5.3) (Fig. 7). Sdwt3.1 explained 23.7% of phenotypic variation of 100-seed 

weight with the effect of the V. umbellata allele increasing seed weight (additive effect 

= 6.8, dominant effect = 3.1).  
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Table 4  Putative QTLs detected for C. chinensis resistance and C. maculatus resistance in F2 population (based on F3 seeds) derived  

               from V. umbellata x V. nakashimae by composite interval mapping (CIM). 
 

Genetic effects  
Bruchid species Evaluation QTL name LG  Marker interval Positiona (cM) LOD score 

additive (a) dominant (d) d/a 
% PVEb 

C. chinensis 32 day Brc3.1 7 CEDG064-CEDG111 4.0 8.0 -4.8 -3.2 0.67 53.4  
 39 day Brc3.1 7 CEDG064-CEDG143 4.0  4.0  -3.6 -2.9 0.81 25.6  
  Brc3.2 1 Bng162-mgM381 90.6  2.6  -2.5 -1.2 0.48 18.5  
C. maculatus 33 day Brm3.1 4 CEDG154-CEDG232 40.2  11.1  -0.4 -0.4 1 60.1  
 44 day Brm3.1 4 CEDG154-CEDG232 27.4  5.0  -0.6 -0.4 0.67 37.3  
    Brm3.2 1 CEDG019-mgM381 88.6  2.9  -0.4 -0.5 1.25 18.9  

 
a QTL location on linkage group.  
b Phenotypic variance explained by QTL.  
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Figufre 7  Location of QTLs for bruchid resistance and seed weight in V.umbellata on linkage map. QTL locations are presented by 1-LOD support interval.
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Experiment 2: Bruchid resistance in V. nepalensis 

 

Antibiosis study using artificial seeds 

 

Bruchids were fed on artificial seeds, made from mixing increasing proportions 

of V .nepalensis powder with azuki bean powder .The difference in constituents of 

these artificial seeds did not affect the number of eggs laid )Table 5 .(However, 

development and emergence of bruchid adults was negatively affected by the presence 

of V .nepalensis powder in artificial seeds .Adults of C .chinensis and C .maculatus 

emerging from the seeds made solely from powder of susceptible parent, azuki bean .

Number of adults emerged from artificial seeds of both bruchid species decreased as 

percentage of V .nepalensis powder increased )Table 5 .(No C .chinensis emerged 

from the seeds containing 75 %of V. nepalensis powder, while C .maculatus failed to 

emerge from seeds having 100 %of V .nepalensis powder .The increment of V .

nepalensis powder also affected developmental period of both bruchid species by 

increasing days to first bruchids emergence .The results indicated the possibility of 

antibiosis factor)s (presenting in the cotyledons and/or nutritional inferior of V .

nepalensis.  

 

Bruchid resistance in parents, F1, F2 and BC1 populations 

 

V. nepalensis was highly resistance to C. chinensis and C. maculatus, while 

azuki bean was completely susceptible to both bruchid species. The resistance was 

shown by the delay and reduction of adult emergence (Table 6). The mean percentage 

of damaged seeds caused by C. chinensis and C. maculatus in V. nepalensis was 27.2 

+ 4.45% and 19 + 6.97%, respectively, but 100% in azuki bean. Average number of 

days from infestation to emergence of the first adults in V. nepalensis for C. chinensis 

was 30.6 + 3.06 days and for C. maculatus was 31.25 + 2.28 days, whereas in azuki 

bean the figure was 23.2 + 0.2 days and 22.2 + 0.2 days, respectively.  Seed damage in 

azuki bean reached 100% at 26 days after infestation by C. chinensis and 27 days by C. 

maculatus. In contrast, at these days, percentage of damaged seeds in V. nepalensis 

was 0% by C. chinensis and 0.08% by C. maculatus (Fig. 8).  
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F2 seeds produced from F1 plants were tested for the resistance. All of them 

were as susceptible to both bruchids as that of susceptible parent, azuki bean. However, 

they displayed less damaged compared to susceptible parent at the initial period of 

bruchid emergence (Fig. 8).  

 

Resistance in the F2 population was evaluated based on bulked F3 seeds 

produced from individuals F2 plants. The resistant plants were observed in this 

generation. The mean percent damaged seeds caused by the bruchids in the F2 

population was 80.44 + 2.1% (ranging 3.33-100) and 72.65 + 1.96% (ranging 3.33-

100), respectively (Table 6). The F2 population also showed segregation in 

developmental period. Number of days from infestation to emergence of the first 

adults in F2 population for C. chinensis was 21-36 days and for C. maculatus was 21-

31days. For both bruchid species, the F2 population showed a skewed distribution 

toward susceptible parent at the end of bruchid evaluation [Fig. 9(b) and 10(b), 

respectively] but exhibited a mixed and complex distribution at the day the susceptible 

parent was completely damaged [Fig. 9(a) and 10(a), respectively] suggesting multiple 

factors conditioning the resistance.  

 

In the BC1 population, bulked seeds derived from individual BC1F1 plants 

(BC1F2 seeds) were separately tested. All plants were susceptible to the bruchids as 

their susceptible parent [Fig. 11(b) and 12(b), respectively]. The mean percentage of 

damaged seeds caused by C. chinensis and C. maculatus was 99.35 + 0.16% (ranging 

88-100) and 97.09 + 0.44% (ranging 64-100), respectively (Table 6). However, the 

segregation biased toward susceptibility was observed at the day the susceptible parent 

was totally damaged suggesting genetic variation of the resistance existing in the 

population [Figure 11(a) and 12(a)]. Average number of days from infestation to 

emergence of the first adults in segregating population was not significantly different 

from azuki bean.  

 

Significant positive correlations between percentage of damaged seeds and 

seed weight were observed in the F2 population. Correlation coefficient (r) between 

seed weight and percentage of damaged seed (arc-sine transformed) caused by C. 



 

 

45 

chinensis was 0.62 (P=0.0001) and by C. maculatus was 0.53 (P=0.0001) (Figure 13 

and 14). For BC1 population, the correlations were lower, viz. 0.2 (P= 0.0098) by C. 

chinensis and 0.31 (P=0.0001) by C. maculatus  (Figure 15 and 16). 

 

Quantitative loci for bruchid resistance in V. nepalensis 

 

In the F2 population, QTL analysis revealed six genomic regions distributing 

on five linkage groups associated with C. chinensis resistance (Brc1.1, Brc1.2, Brc1.3, 

Brc1.4 and Brc1.5) and four chromosomal locations associated with C. maculatus 

resistance (Brm1.1, Brm1.2, Brm1.3 and Brm1.4) (Table 7 and Figure 17). Brc1.1, 

Brc1.2, Brc1.3 Brc1.4 and Brc1.5 affecting C. chinensis resistance were located on 

linkage groups 2, 3, 4, 9, and 10, respectively. These genomic sites explained between 

7.7 to 19.9% of phenotypic variation. Whereas, Brm1.1, Brm1.2, Brm1.3 and Brm1.4 

affecting C. maculatus resistance were located on linkage groups 2, 3, 4, and 8, 

respectively, with individual loci explaining between 8.3 to 35.2% of the trait variation. 

V. nepalensis allele at all six loci influencing C. chinensis resistance reduced the 

percentage of damaged seeds. On the other hand, V. nepalensis alleles at Brm1.1, 

Brm1.2 dereased percentage of damaged seeds caused by C. maculatus. While at 

Brm1.3 and Brm1.4 locating between CEDG103-CEDG197 and CEDG071-CEDG151, 

V. nepalensis alleles incresed percentage of damaged seeds. These two loci accounted 

for 8.6 to 8.3% of the trait variance, respectively.  

 

In the case of the BC1 population, CIM (composite interval mapping) identified 

five chromosome regions (Brc2.1, Brc2.2, Brc2.3, Brc2.4 and Brc2.5) located on 

different linkage groups (linkage groups 1, 2, 3, 4 and 10) associated with C. chinensis 

resistance and five genomic sites (Brm2.1, Brm2.2, Brm2.3, Brm2.4 and Brm2.5) on 

four linkage groups (linkage groups 3, 4, 8 and 9) for C. maculatus resistance (Table 8 

and Figure 17). Individually, the loci responsible for C. chinensis resistance accounted 

7.3 to 44.6 % of the phenotypic variation, while the loci influencing C. maculatus 

resistance explained 7.7 to 19.5% of the trait variation. In all cases, alleles from V. 

nepalensis reduced percentage of damage seeds, with the exception to Brm2.2 and 

Brm2.4, between markers CEDG011-CEDG197 and CEDG030-CEDG071, 
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respectively. At these loci V. nepalensis alleles conferred elevation in percentage of 

damaged seeds. These two QTLs explained 12.1 and 7.7% of the trait variance, 

respectively.  

 

Colocation of QTL (defined as overlapping of their 1-LOD support intervals) 

for resistance to both bruchid species was observed in the F2 population. Brc2.3 and 

Brc2.4 were also associated with resistance to C. maculatus (Fig.17). These 

overlapping QTL exhibited similar magnitude and direction of allele effects. The 

results suggested that they are likely single QTL. Colocation was also observed in the 

BC1 population. Brc1.1 and Brm1.1 were colocalized at CEDG009 on linkage group 2 

and Brc1.2 and Brm1.2 were mapped at the same marker interval CEDG186-

CEDG084 on linkage group 3 (Fig. 17). At these loci, the magnitude and direction of 

gene effects were similar, again suggesting they are single QTL.  

 

Since genetic linkage groups of F2 population corresponded with those of the 

BC1 population, sharing several common SSR markers with similar marker order (Han 

et al. 2005), comparison of QTL locations of bruchid resistance in the two populations 

is possible (Fig 17). In most cases, QTL identified for resistance to each bruchid 

species in the F2 population were also detected in the BC1 population and vice versa. 

For example, C. chinensis resistance QTL located near marker CEDG028 on linkage 

group 4 in the F2 population (Brc1.3) was also mapped for C. chinensis resistance in 

the BC1 population (Brc2.4) by the same marker. Another example, QTL for C. 

maculatus resistance located near marker CEDG071 on linkage group 8 (Brm1.4) was 

also detected in the BC1 population by the same markers and linkage group. These loci 

exhibited similar magnitude and direction of gene effects. 

 

QTL for seed size and comparison with QTL for bruchid resistance  

 

One hundred-seeds weight of V. angularis was 16.28 + 0.08 g and for V. 

nepalensis was 1.71 + 0.06 g. In the F2 population, five loci affecting seed weight 

were detected on linkage groups 1, 2, 3, 5, and 9, namely Sdwt1.1, Sdwt1.2, Sdwt1.3, 

Sdwt1.4, and Sdwt1.5, respectively (Table 9 and Figure 17). These QTL explained 9.6 
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to 18.8% of the phenotypic variation. In the case of the BC1 population, six loci were 

identified associating with seed weight, viz. Sdwt2.1, Sdwt2.2, Sdwt2.3 Sdwt2.4, 

Sdwt2.5 and Sdwt2.6 locating on linkage groups 1, 2, 3, 7, 9, and 10, respectively 

(Table 9, Figure 17) and accounted for 6 to 25.9% of seed weight variation. In all 

cases,V. angularis alleles increased seed weight. When the QTL locations for bruchid 

resistance and seed weight were compared in the F2 population, loci Brc1.1 and Brc1.2 

which affect t C. chinensis resistance and locus Brm1.2 that influence C. maculatus 

resistance colocated with seed weight QTL (Fig. 17). For BC1 population, loci Brc2.1, 

Brc2.2, Brc2.3, and Brc2.5 which condition C. chinensis resistance and Brm2.1 and 

Brm2.4 that underly C. maculatus resistance were colocalised with seed weight QTL 

(Fig. 17). At some overlapping QTL linkages, V. angularis alleles increased seed 

weight and percentage of damaged seeds, in agreement with their correlations. 
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Table 5  Infestation of C. chinensis and C. maculatus to artificial seeds made from  

               various proportions of V. nepalensis and V. angularisa. 

 

Bruchid 

species 

Treatment 

(% V. nepalensis 

powder in artificial 

seeds) 

No. of eggs 

per  

replicationb 

(+ SE) 

No. of adults 

emergedc 

(+ SE) 

Developmental 

period (days)c,d 

(+ SE) 

C. chinensis 

 

 

 

 

C. maculatus 

0 

25 

50 

75 

100 

0 

25 

50 

75 

100 

15 + 3.78 

15 + 2.51 

18.66 + 3.17 

14.66 + 4.40 

23.33 + 0.88 

18.33 + 0.88 

20.66 + 3.92 

23.33 + 2.18 

24.33 + 2.90 

17.66 + 2.33 

7.33 + 0.33a 

6 + 0.57a 

5 + 1a 

0b 

0b 

8.66 + 1.45a 

8.33 + 1.20a 

5.33a + 1.76a 

1 + 0.57 b 

0b 

28.33 + 0.88a 

28.66 + 0.88a 

32.66 + 0.88b 

 

 

28.66 + 0.66a 

30.66 + 0.33a 

34.33 + 0.88b 

41 + 1c 

 

a Data are means of 3 replicates each with 3 artificial seeds. 
b No significant difference within each bruchid species. 
c Means followed by the same letters in a column are not significantly different by 

LSD test at the 0.01 probability level. 
d Number of days from insect introduction to the first adult emergence from artificial 
seeds. 
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Table 6  Infestation of C. chinensis and C. maculatus on V. nepalensis, V. angularis  

               and F1, F2 and BC1 populations generated from the two Vigna species. 

 

Bruchid 

species 

Generation % damaged seedsa (range)  

+ SE 

Developmental 

perioda, b(days) (range) 

+ SE 

C. chinensis 

 

 

 

 

C. maculatus 

V. angularis 

V. nepalensis 

F1 (based on F2 seeds) 

F2 (based on F3 seeds) 

BC1 

V. angularis 

V. nepalensis 

F1 (based on F2 seeds) 

F2 (based on F3 seeds) 

BC1 

100 

27.2 (20-44) + 4.45 

98.5 (97-100) + 1.5 

80.44 (3.33-100) + 2.1 

99.35 (88-100) + 0.16 

100 

19 (4-32) + 6.97 

95.5 (95-96) + 0.5 

72.65 (3.33-100) + 1.96 

97.09 (64-100) + 0.44 

23.2 (23-24) + 0.2 

30.6 (24-32) + 3.06 

23.5 (23-24) + 0.5 

24.01 (21-36) + 0.21 

23.11 (21-26) + 0.07 

22.2 (22-23) + 0.2 

31.25 (26-36) + 2.28 

22.5 (22-23) + 0.5 

23.59 (21-31) + 0.18 

22.66 (22-25) + 0.08 

 
a Data in parents and F1 are means of 5 and 2 replications, respectively.   
b days after insect introduction.          
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Figure 8  Pattern of seed resistance to C. chinensis and C. maculatus in V. nepalensis ,   

                V. angularis (azuki bean), and F1 population (F2 seeds) derived from the  

                two species. 
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Figure 9  Frequency distribution of percentage of damaged seeds caused by  

                C. chinensis in F2 (based on F3 seeds) population at the day V. angularis  

                seeds were completely damaged (a), and at the end of resistance evaluation    

                (b). 
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Figure 10  Frequency distribution of percentage of damaged seeds caused by  
       C. maculatus in F2 (based on F3 seeds) population at the day V. angularis 
       seeds were completely damaged (a), and at the end of resistance    
                  evaluation (b). 
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Figure 11  Frequency distribution of percentage of damaged seeds caused by  

                  C. chinensis in BC1 (based on F2 seeds) population at the day V. angularis  

                  seeds were completely damaged (a), and at the end of resistance evaluation  

                  (b). 
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Figure 12  Frequency distribution of percentage of damaged seeds caused by C.  

                  maculatus in BC1 (based on F2 seeds) population at the day V. angularis  

                  seeds were completely damaged (a), and at the end of resistance evaluation  

                  (b). 
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Figure 13  Relationship between seed weight and percentage of damaged seeds  

                   caused by C. chinensis in F2 population of a cross between V. angularis  

                   and V. nepalensis. 
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Figure 14  Relationship between seed weight and percentage of damaged seeds  

                   caused by C. maculatus in F2 population of a cross between V. angularis    

                   and V. nepalensis. 
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Figure 15  Relationship between seed weight and percentage of damaged seeds  

                   caused by C. chinensis in BC1 population of (V. nepalensis x V. angularis) 

        x V. angularis. 
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Figure 16  Relationship between seed weight and percentage of damaged seeds  

                   caused by C. maculatus in BC1 population of  

             (V. nepalensis x V. angularis) x V. angularis. 
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Table 7  Putative QTL detected for C. chinensis resistance and C. maculatus resistance in F2 population  

   (V. nepalensis x V. angularis) by composite interval mapping (CIM).  
 

Genetic effects Bruchid 

species 

Linkage 

group (LG) 

QTL  

name 

Marker interval  Locationa 

(cM) additive (a)      dominant (d)       d/a 
% PVEb 

 

C. chinensis 

 

 

 

 

 

C. maculatus 

2 

3 

 

4 

9 

10 

2 

3 

4 

8 

Brc1.1 

Brc1.2 

Brc1.3 

Brc1.4 

Brc1.5 

Brc1.6 

Brm1.1 

Brm1.2 

Brm1.3 

Brm1.4 

CEDC009-CEDG069 

CEDG186-CEDG084 

CEDG084-CEDG117 

CEDC028-CEDG088 

CEDG173-CEDG022 

CEDG021-CEDG043 

CEDG284-CEDC009 

CEDG186-CEDG084 

CEDG103-CEDG197 

CEDG071-CEDG151 

40.8 

21.2 

31.2 

14.4 

37.3 

47.9 

26.9 

23.2 

59.2 

69.1 

0.25                 -0.09                  -0.36 

0.14                  0.09                    0.64 

0.14                 -0.11                  -0.79 

0.23                  0.19                    0.83 

0.15                 -0.06                    -0.4 

0.15                 -0.17                  -1.13 

0.23                  0.15                    0.65 

0.22                  0.03                    0.14 

-0.17                 0.09                  -0.53 

-0.12               - 0.03                   0.25 

19.9 

7.7 

12.9 

14 

10.9 

11.8 

35.2 

21.5 

8.6 

8.3 
 

a QTL location on linkage group.  
b Phenotypic variance explained by QTL.  
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Table 8  Putative QTLs detected for C. chinensis resistance and C. maculatus resistance in BC1  

               [(V. nepalensis x V. angularis) x V.   angularis] population by composite interval mapping (CIM). 

 

Bruchid species Linkage group 

(LG) 

QTL  

name 

Marker interval Locationa (cM) Additive  

effect (a) 

% PVEc 

C. chinensis 

 

 

 

 

C. maculatus 

 

1 

2 

3 

4 

10 

3 

4 

 

8 

9 

Brc2.1 

Brc2.2 

Brc2.3 

Brc2.4 

Brc2.5 

Brm2.1 

Brm2.2 

Brm2.3 

Brm2.4 

Brm2.5 

CEDG090-CEDG189 

CEDC009-Bng110 

CEDG205-CEDG294 

CEDC028-CEDC033 

sgA841-CEDG021 

CEDG186-CEDG117 

CEDG028-CEDG077 

CEDG011-CEDG197 

CEDG030-CEDG071 

CEDG238-mgM339 

95 

39.5 

14.1 

14.3 

39.5 

12.1 

4.34 

56.9 

42.4 

12.7 

0.14 

0.16 

0.2 

0.28 

0.2 

0.23 

0.19 

-0.24 

-0.08 

0.1 

7.3 

11 

10.1 

44.6 

10.1 

19.5 

9.5 

12.1 

7.7 

10.8 
 

a QTL location on linkage group  
b Phenotypic variance explained by QTL  
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Table 9  Putative QTLs for 100-seed weight detected in F2 and BC1 populations 

derived from V. nepalensis and V. angularis. 

 

Population Linkage 

group (LG) 

QTL 

name 

Marker interval Location 

(cM)a 

% 

PVEb 

F2 

 

 

 

 

BC1 

 

 

 

 

 

1 

2 

3 

5 

9 

1 

2 

3 

7 

9 

10 

Swt1.1 

Swt1.2 

Swt1.3 

Swt1.4 

Swt1.5 

Swt2.1 

Swt2.2 

Swt2.3 

Swt2.4 

Swt2.5 

Swt2.6 

CEDC003-CEDG090 

CEDG261-CEDG069 

CEDG084-CEDG117 

CEDG020-CEDG067 

CEDC011-CEDG173 

CEDG090-CEDG189 

CEDC009-CEDG261 

CEDG186-CEDG294 

CEDG064-CEDG143 

CEDC011-mgM339 

sgA841-CEDG081 

87.7 

50 

29.8 

6 

16.9 

97 

34.7 

12.1 

10.9 

17 

28.4 

15.31 

18.8 

5.47 

11.17 

9.6 

13.8 

25.9 

6.5 

6 

5.2 

3.9 

 
a QTL location on linkage group.  
b Phenotypic variance explained by QTL. 

 
 
 
 



 

 

60

          

CEDG149

CEDG141

CEDG053

CEDC015

CEDG109

CEDG138

CEDC003

CEDG090

CEDC027

CEDG189

CEDG029

CEDG065

CEDC009

CEDG261

CEDG026

CEDC050

CEDG205

CEDG186

CEDG084

CEDG117

CEDG010

CEDC035

CEDC028

CEDG077

CEDG088
CEDG091
CEDC033

CEDG103

CEDG011

CEDG197

CEDG020

CEDG067

CEDG008

CEDG018
CEDG115

CEDG023

CEDG121

CEDG118

CEDG015

CEDG248

CEDG064

CEDG041
CEDG085

CEDG125

CEDG033

CEDG035

CEDG016
sgA882
CEDG030

CEDG071

CEDG151

CEDG024

CEDC011

CEDG173

CEDG022

CEDG180
CEDG298

CEDG081

CEDG021

CEDG243

CEDG168

CEDG002

CEDG066

CEDG279

1 2 3 4 5 6

7 8 9 10 11

10 cM

CEDG245

CEDG253

CEDG143

CEDG201

CEDG284

Bng110

C. chinensis resistance QTL

C. maculatus resistance QTL

Seed weight QTL

Brm2.

 
Figure 17  Location of QTL for bruchid resistance and 100-seed weight on F2 and BC1 linkage map derived from the cross between V. angularis and V. nepalenis. 

     F2 and BC1 linkage are on the right and left of the comparative linkages, respectively. QTL locations are presented by 1-LOD support interval. 
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DISCUSSION 

 

Experiment 1 

 

Segregation distortion of molecular markers 

 

Deviation of markers from the expected segregation ratio is a common 

occurrence that has been observed in interspecific mapping populations (Paterson et 

al., 1988; 1991). de Vincente and Tanksley (1993) reported the level of skewedness as 

high as 80% in an F2 population based on a cross between Lycopersicon esculentum 

and L. pennellii. Segregation distortion of markers has been noted in previous genetic 

mapping studies of Vigna species such as mungbean, cowpea and azuki bean with the 

level of distortion ranging from 12 to 30.8% (Kaga et al., 2004). Non-Mendelian 

segregation might be the result of selection of (1) sporogenesis - from meiosis to the 

formation of the mature male and female gametophytes; (2) spore function - 

beginning at pollination and ending with karyogamy; (3) seed development-from 

zygote to seed; and (4) seed germination and plant growth until production (Zamir and 

Tadmor, 1986). In this study, gametic selection and/or zygotic selection resulted in 

abnormal segregations with the former as the principle source of distortions. The 

gametic selection seems to be due to a relatively low number of F2 plants because 

some of the F2 plants are weak or sterile and could not be used in the mapping 

population. A similar occurrence was reported in an F2 population derived from V. 

angularis x V. nakashimae (Kaga et al., 1996). The majority of severely skewed loci 

were clustered on linkage groups 2, 6 and 11 suggesting that these chromosomal 

regions may be involved in sterility of F2 progenies. Zamir and Tadmor (1986) 

attributed aberrant segregations in interspecific hybridizations as the product of 

linkage between markers and factor(s) that operate in the pre- and postzygotic phases. 

They further suggested that if a gene that causes segregation distortion is segregating 

in a population, then markers close to it would tend to exhibit distorted ratios as well. 
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Linkage map of V. umbellata 

 

Genetic linkage maps are a basic tool in molecular genetic studies and crop 

improvement. Linkage maps have been constructed for the Vigna cultigens, cowpea 

(Fatokun et al., 1992b), mungbean (Menancio-Hautea et al., 1992; Lambrides et al., 

2000), and azuki bean (Kaga et al., 1996; 2000) mainly with RFLP and/or RAPD 

markers. None of these maps used SSR markers. The molecular linkage map here 

with was constructed from an F2 population derived from V. umbellata x V. 

nakashimae. The map consisted of 68 RFLP and 97 SSR markers on 11 linkage 

groups. This corresponds to the haploid chromosome number of rice bean and V. 

nakashimae. In the genus Vigna, so far ten genetic linkage maps have been developed 

(Kaga et al., 2004). The interspecific linkage map constructed in this study is smaller 

than previously reported linkage maps for Vigna species.  

 

Distorted chromosome regions, indicated by clusters of skewed markers, were 

found on linkage groups 2, 6 and 11. In most cases, the skewed markers on linkage 

groups 6 and 11 are biased towards alleles from V. umbellata, whereas skewed 

markers clustered on linkage group 2 showed distortion in favor of the heterozygote 

class. The chromosome regions having skewed loci in favor of alleles from one or 

another parents indicated zygotic selection for or against a particular allelic 

combination during chromosome pairing. Kaga et al. (1996, 2000) reported clusters of 

markers showing distorted segregation on genetic maps of V. angularis x V. 

nakashimae and V. angularis x V. umbellata. A predominance of V. umbellata alleles 

was also found in genetic mapping of V. angularis x V. umbellata (Kaga et al., 2000). 

The V. umbellata x V. nakashimae map contained duplicated loci detected by marker 

Bng022, Bng081, Bng107, mgM415, sgA077, CEDG024, CEDG094, and CEDG105 

in the mapping population. Duplicate loci observed in diploid species are attributed to 

genome duplication (Shoemaker et al., 1996). The duplicated loci could complicate 

comparison between genetic maps because they may detect a different number and 

location of loci. Some RFLPs and SSRs produced dominant locus polymorphism in 

the mapping population. The dominant loci detected by RFLP could be due to DNA 

deletions and/or DNA rearrangements at the restriction sites in one parent. The SSR 
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markers mapped on the azuki bean map (Han et al., 2005) were successfully located 

on the interspecific V. umbellata x V. nakashimae map. This indicates a high level of 

conservation of SSR markers among Vigna species. Thus, SSR markers mapped to the 

interspecific V. umbellata x V. nakashimae and azuki bean maps could be useful tools 

to study genomics in Vigna species. 

 

Comparison of linkage map of V. umbellata and V. angularis 

 

Comparative mapping has demonstrated conservation of genomic sequences 

among Vigna species (Kaga et al., 2004) and also between Vigna and related legume 

taxa (Boutin et al., 1995). The V. umbellata map constructed in this study and a 

genetic map of azuki bean (V. angularis) constructed from BC1 population between V. 

angularis and V. nepalensis (Han et al., 2005) were compared to examine conserved 

linkage blocks and marker order between the two maps. Linkage analysis in both 

maps was performed with JoinMap 3.0 using 121 common markers and similar 

mapping parameters. One hundred and fourteen (94.2%) of the common markers 

between the map reported here and azuki bean map were located on the same linkage 

groups and in a similar order in the two maps, while distance between markers varied 

(Figure 18). Some markers in the V. umbellata map, located on the same genomic 

position but segregated near each other in the azuki bean map (e.g. linkage group 7; 

CEDG085 and Bng152). Similarly, markers mapped to the same position on the azuki 

bean map were separated in the V. umbellata map (e.g. linkage group 8; mgQ117 and 

CEDG196). A few discrepancies in linkage group and marker order were observed. 

For example, marker CEDG100 which was mapped to linkage group 2 of the V. 

umbellata map but was located on linkage group 11 of azuki bean map. Another 

example, marker mgQ117 and CEDG196 that are located adjacent to each other in 

linkage group 2 of azuki bean were in the reverse order in the V. umbellata map. The 

minor inconsistencies between the two maps can be explained by chromosomal 

rearrangements and/or translocations during divergence of these species. The results 

presented here supported phylogenetic studies that showed a close relationship 

between V. angularis and V. umbellata within section Angulares of the subgenus 

Ceratotropis (Tomooka et al., 2002).   
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Figure 18  Comparative linkage map of V. umbellata x V. nakashimae (F2) and V. nepalensis x V. angularis (BC1) linkage map. V. umbellata x  

                  V. nakashimae (F2) and V. nepalensis x V. angularis (BC1) linkages are on the left and right of the comparative linkage group, respectively. 
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Bruchid resistance in V. umbellata  

 

Two putative QTLs, located on linkage groups 1 and 7 were found associating 

with C. chinensis resistance, and two QTLs on two putative linkage groups (linkage 

groups 1 and 4) were identified for C. maculatus resistance. QTL for C. chinensis 

(Brc3.1) and C. maculatus (Brm3.1) resistance are of interest because they explained 

much of the phenotypic variation, 25.6-53.4 and 37.3-60.1%, respectively. In 

addition, the major QTL Brc3.1 and Brm3.1 were consistently identified from the day 

seeds of the susceptible parent, V. nakashimae, were completely damaged to the end 

of the evaluation (Table 4). The minor QTL Brc3.2 and Brm3.2 are very likely the 

same QTL due to their colocation and similar magnitude of effect.  

 

Bruchid resistance may be caused by insecticidal chemicals in seeds, hardness 

of cotyledon and/or seed coat and/or inferior nutritional value of seeds (Tomooka et 

al., 2000). Evaluation of bruchid resistance using artificial seeds revealed that 

antibiosis causes resistance in rice bean. Recently flavonoids with the basic structure 

of naringenin have been isolated from V. umbellata cv. Menaga and found 

responsible for bruchid resistance (US patent 6,770,630B2). One naringenin 

derivative causes resistance to both C. chinensis and C. maculatus, while another 

naringenin derivative causes resistance only to C. chinensis. This supports the results 

presented here that two QTLs mapped to similar locations are responsible for 

resistance to the different bruchid species and other QTLs affect Callosobruchus 

species differently. 

 

The V. umbellata x V. nakashimae map constructed in this study has proved 

to be useful in partly elucidating the inheritance of bruchid resistance in rice bean. 

There was no F2 plant as susceptible to bruchids as the susceptible parent and 

frequency distribution of the resistance skewed towards the resistant parent in the F2 

population indicated that many dominant genes are involved in both bruchid 

resistances. Cytoplasmic effects can also be a factor explaining the skewed 

distribution. It was not possible to analyze the reciprocal cross in this experiment (V. 

nakashimae x V. umbellata) because although F1 seeds were obtained they did not 
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germinate (Tomooka et al., 2003). Cytoplasmic effects are not considered to be a 

major factor in bruchid resistance because backcross progeny of the hybrid between 

V. umbellata and V. nakashimae using bruchid susceptible azuki bean (V. angularis) 

as the female parent show resistance to both bruchid species (Tomooka et al., 2003). 

The skewed distribution of the resistance may be explained by many abnormal F2 

plants observed and the resulting small F2 population with many markers skewed 

toward V. umbellata. Since no susceptible line was found revealing that genetic 

variance was smaller than expected and hence indicated the likelihood that there 

remained several undetected QTL conditioning bruchid resistance.  

 

Relationship between bruchid resistance and seed size in V. umbellata 

 

Seed size is considered a factor associated with bruchid resistance (i.e. small 

seeds have higher resistance than the larger ones) (Southgate, 1979). The seed weight 

of the parents used here differs 2.2 fold with V. umbellata parent having a 100-seed 

weight of 3.9 g compared to V. nakashimae with 100-seed weight of 1.8 g. However, 

no relationship between percentage of damaged seeds and small seed size was 

observed in cross progenies. The fact that the locations of putative QTL (Brc3.1 and 

Brm3.1) for bruchid resistance found here are different from the QTL for seed size 

(Sdwt3.1) is in agreement with the results showing that the percentage of damaged 

seeds is not correlated with seed weight.  

 

Gene conservation for bruchid resistance between V. umbellata and other Vigna 

species 

 

Previous mapping studies for bruchid resistance based on an intra-specific 

cross between mungbean (V. radiata) and its presumed wild progenitor (V. radiata 

var. sublobata) have revealed a single major gene for resistance to C. chinensis 

(Young et al., 1992; Kaga and Ishimoto, 1998). A major QTL underlying bruchid 

resistance to C. chinensis in V. umbellata has been found in an interspecific mapping 

population of V. umbellata x V. angularis (Kaga, 1996). The position of the QTL is 

close to the pR26 (or mgR026) locus where C. chinensis resistance in wild mungbean 
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is located. However, in the present study, no QTL for bruchid resistance was detected 

on linkage group 2 where the pR26 (mgR026) locus is located. It should be noted that 

the varieties of V. umbellata used in the two experiments were different. V. umbellata 

used in this study was a landrace from Nepal, whereas in the previous study the 

origin of V. umbellata accession was Japan and the bruchid resistance was 

incomplete (Kaga, 1996). Intra-specific variation in the level of resistance to bruchid 

beetles has been observed among V. umbellata accessions (Tomooka et al., 2000). 

These data suggested there was variation in bruchid resistance genes in V. umbellata. 

 

Gene transfer from rice bean to other Vigna species by direct crossing is 

difficult due to genetic barriers (Tomooka et al., 2002). However, within the section 

Angulares, some wild species show wide cross compatibility, such as V. nakashimae, 

and can be used as bridging for transferring useful genes between cultigens in this 

section (Tomooka et al., 2005; Vaughan et al., 2005). Apart from resistance to 

bruchids, rice bean has other useful agronomic characteristics, such as resistance to 

azuki bean mosaic virus and high yielding capacity (Smart, 1990). V. umbellata x V. 

nakashimae map and azuki bean map showed high conservation marker order across 

the genome. The genetic map of V. umbellata x V. nakashimae constructed in this 

study will facilitate understanding and use of agronomically useful traits in V. 

umbellata for Asian Vigna breeding. 

 

Experiment 2 

 

Bruchid resistance in V. nepalensis  

 

Study with artificial seeds have shown that Callosobruchus chinensis and C. 

maculatus resistance in V. nepalensis is caused by antibiosis and/or nutritional 

inferior of seeds. Chemicals in legume seeds play important role as defense factors to 

reaction of bruchids (Southgate, 1979). The resistance in V. nepalensis to the two 

bruchid species is not complete and appeared to be quantitatively inherited. 

Resistance evaluation using F2 seeds derived from F1 hybrid plants exhibited 

complete susceptibility to both bruchid species. Similarly, in BC1 population, no 
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segregation for resistance was observed. Almost all plants were completely damaged 

by either C. chinensis or C. maculatus as was the susceptible parent, V. angularis 

while no plant showed resistance at the same level as V. nepalensis. The results 

indicated complete dominance of susceptibility. Therefore, it may be concluded that 

bruchid resistance to seed in V. nepalensis is determined by maternal genotype rather 

than seed genotype. In contrast, segregation of resistance to the bruchids was 

observed in F2 population. F2 lines having seeds with resistance to the bruchids as 

resistance parent, V. nepalensis were identified in this generation. Since the resistance 

could be recovered after two times of self-hybridization a few genes are involved in 

the resistance.  

 

 Seed resistance to bruchids in V. nepalensis determined by maternal genotype 

could be explained by the models for maternal inheritance proposed by Davies (1973).  

  

1. Resistance may be due to a factor in the seed coat (i.e. hardseed and toxin), 

which is derived from the maternal plant and expresses the maternal genotype. 

However, this is not in agreement with antibiosis study using artificial seeds that 

showed resistance in seed powder and the observation of larvae penetration and 

development in seeds of V. nepalensis. 

 

 2. Resistance chemical(s) may be synthesized in the maternal plant and 

transported to the seed cotyledon and embryo.  

 

3. Level of expression of embryonic gene(s) may be regulated by the supply 

of nutrients and other substances from the maternal plant.  

 

Oligogenic mode of inheritance with susceptibility as dominant character 

indicated that resistance to the bruchids in V. nepalensis is conditioned by 

homozygous recessive genes. Oligo-recessive genes have been demonstrated for 

resistance to C. maculatus in cowpea (V. anguiculata) (Adjadi et al., 1985) and C. 

chinensis in black gram (V. mungo) (Fernandez and Talekar, 1990). However, the 

studies using backcross populations involving the resistant parent are necessary to 
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confirm this hypothesis.  

 

QTL analysis in both the F2 and BC1 populations revealed several QTLs with 

relatively small and moderate effects associated with bruchid resistance in agreement 

with incomplete level and high variation of resistance observed in V. nepalensis. 

Some QTL affecting C. chinensis resistance also influencing C. maculatus implying 

that some common factors are responsible for resistance to these two bruchid beetles. 

The results from QTL analysis also indicates under estimation of number of genes 

controlling the resistance estimated based on pattern of bruchid resistance in F2 and 

BC1 populations. The consistent identification of QTLs for resistance to each bruchid 

species in both BC1 and F2 populations illustrates the power and reliability of QTL 

analysis in this study. The bruchid resistance gene in wild mungbean was mapped as 

single locus (Young et al., 1992). Kaga (1996) reported four quantitative loci 

underlying resistance to bruchids in rice bean (V. umbellata). Oligogenes appear to be 

responsible for resistance C. maculatus in cowpea (V. unguiculata) (Adjadi et al., 

1985) and C. chinensis in black gram (V. mungo) (Fernandez and Talekar, 1990). In 

this study, results from QTL analysis indicated polygenes controlling bruchid 

resistance in V. nepalensis. These data show wide array of gene(s) for bruchid 

resistance in the genus Vigna. 

 

Relationship between bruchid resistance and seed size in V. nepalensis 

 

Seed size is one of the mechanisms found in Leguminosae that affects bruchid 

resistance (Center and Johnson, 1974). It is an important feature of the habitat of 

bruchids since intensity of larval competition determines both optimal larval strategy 

and optimal oviposition strategy of adult female (Smith, 1990). In the current study, 

seed size of the resistance parent, V. nepalensis is 9.5 fold smaller than that of the 

susceptible parent, azuki bean. Significant positive correlation between seed size and 

percentage of damaged seeds caused by the bruchids in F2 and BC1 populations 

suggested that large seeds are more susceptible to bruchids than the small ones. 

Furthermore, the colocation of QTL of the two traits in both BC1 and F2 populations 

suggested that seed size and bruchid resistance are genetically correlated and these 
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chromosomal regions regurate bruchid resistance through seed size. Thus, these loci 

may cause trade-off between seed size and bruchid resistance. However, due to limit 

resolution of QTL mapping, it is impossible to determine whether the colocation 

between QTL of the two characters is caused by pleiotropy or linkage. Linkage 

analysis in wild mungbean (V. radiata var. sublobata) revealed that seed size linked 

to bruchid resistance (James et al., 1999). Kaga (1996) reported the overlapping 

between major QTLs controlling bruchid resistance and major QTLs underlying seed 

size in rice bean (V. umbellata).  

 

Janzen (1969) studied seed size in tropical legumes and indicated that bruchid 

species might exercise a size depressing influence on the seeds of wild bean. 

Similarly, Winn (1988) indicated that seed predators might exert directional selection 

with the potential to reduce seed size. However, in the present study the bruchid 

resistance and seed size did not share all the same QTL. Locus Brc1.3, Brc2.4 

Brm1.3, Brm1.4, Brm2.2 and Brm2.3 were identified being independent of seed 

weight QTL. These loci probably are responsible specifically for bruchid resistance, 

i.e. antibiosis factor(s). The results also suggested multiple factors conditioning 

resistance to the bruchids in V. nepalensis.  

 

QTL analysis, correlation analysis and antibiosis study do illustrate that 

resistance to C. chinensis and C. maculatus in V. nepalensis is a combination of both 

physical (seed size) and chemical (antibiosis and/or nutritional value) factors in the 

seeds that are in part genetically controlled. The genes may control of accumulation 

and deposition of chemical storage products in the cotyledon and embryo during seed 

growth and development. Further empirical studies of genetics and physiology are 

needed to elucidate relationship between bruchid resistance and seed size.  

 

Plant breeders are interested in increasing bruchid resistance in cultivated 

Vigna species and understanding resistance mechanisms operating in wild Vigna 

species. During domestication, azuki bean was selected for large seed size. The 

findings obtained in this study have shed some light on why this crop is highly 

susceptible to bruchid beetles. Furthermore, the findings may explain the loss of 
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bruchid resistance derived from the wild mungbean, accession TC1966, which  has 

very small seeds and antibiosis to bruchids, during backcross breeding to susceptible 

cultivars with large seeds (Kaga, personal communication).  

 

Gene conservation for bruchid resistance between V. nepalensis and other Vigna  

 

Comparative gene mapping among different crosses, species and taxa, shows 

that many gene and QTL are conserved. In Vigna species, gene conservation has been 

reported for seed weight in mungbean (V. radiata) and cowpea (V. unguiculata) 

(Fatokun et al., 1992). It is also possible that gene(s) for insect resistance may be 

conserved in species of the genus Vigna. Gene mapping for bruchid resistance has 

been previously studied in wild mungbean (V. radiata var. sublobata) (Young et al., 

1992; Kaga and Ishimoto, 1998) and rice bean (V. umbellata) (Kaga 1996). Kaga 

(1996) reported that locus pR26 (pR026), a RFLP marker that is located close to the 

Br gene was also linked to a major QTL for bruchid resistance in rice bean. In this 

study, a parental survey using probe pR026 showed no polymorphism between V. 

nepalensis and V. angularis. However, probe Bng110 and sgA882 that are also linked 

to the Br gene (Kaga and Ishimoto 1998) were mapped to linkage 2 and 8 of BC1 

map, respectively (Han et al., 2005). More importantly, QTL Brm2.3 was mapped to 

a chromosome region containing the marker sgA882 on the BC1 map of V. nepalensis 

x V. angularis and this locus increased resistance to the bruchids (Fig. 17). This locus 

is possibly the same Br gene as in wild mungbean and has similar defense mechanism. 

Nevertheless, the resistance gene in wild mungbean was mapped as single dominant 

locus, whereas resistance in V. nepalensis appears likely to be recessive gene(s) with 

relatively small effect. Another QTL (Brc2.2) was mapped closely to the marker 

Bng110 on linkage group 2 (Fig. 17).  This region is affected by seed size and 

enhanced susceptibility to the bruchids.  

  

Resistance to bruchids in V. nepalensis is not complete and is influenced by 

seeds size. In addition, the resistance is quantitatively inherited. Thus V. nepalensis 

may not be suitable for use in developing bruchid-resistance azuki bean cultivars 

because it will be difficult to incorporate resistance genes into azuki bean and to 
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select for large seed at the same time with bruchid resistance. Several new sources for 

bruchid resistance have been identified in wild Vigna species (Tomooka et al., 2000). 

However, it is necessary to carefully characterize this resistance mechanism before 

using in azuki bean improvement.  
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CONCLUSION 

 

Species in the genus Vigna subgenus Ceratotropis show a wide array of 

variation for seed resistance to bruchid beetles. Seed resistance to Callosobruchus 

chinensis and C. maculatus in two bruchid resistance accessions of rice bean (V. 

umbellata) and V. nepalensis was studied by mapping quantitative trait loci using an 

interspecific mapping populations. 

 

1. Seed resistance to C. chinensis and C. maculatus in both V. umbellata and 

V. nepalensis differ in the mechanism of the resistance. V. umbellata expressed 

complete resistance to C. chinensis and C. maculatus but V. nepalensis has high but 

incomplete resistance.  

 

2. C. chinensis and C. maculatus resistance in V. umbellata is controlled by 

oligogenes at different major loci but with some minor loci modifying the resistance. 

Resistance is solely due to seed components. Seed size attributes do not affect the 

resistance.  

 

3. C. chinensis and C. maculatus resistance in V. nepalensis was similar but 

was affected by seed size with large seeds having increased bruchid susceptibility. 

Chromosomal regions influencing resistance to bruchids colocated with chromosome 

segments conditioning seed size. A QTL for resistance to C. maculatus in V. 

nepalensis is likely the same bruchid resistance gene in wild mungbean.  

  

4. Genetic linkage maps of rice bean and azuki bean are highly conserved. 

Most markers are on the same linkage groups and markers are generally in the same 

order in both genetic linkage maps.   

 

5. Bruchid resistance species of the Vigna subgenus Ceratotropis has different 

mode of inheritance to bruchid beetles. Thus it is necessary to clarify and understand 

genetics of the resistant parent prior to incorporating the resistance into elite cultivars.  
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Appendix Figure 1  Graphical genotype of molecular marker data on linkage group 1 of all 74 F2 individuals derived from a crosss between  

                                  V. umbellata and V. nakashimae.    ,     ,     ,    ,      and      are V. umbellata homozygous allele, V. nakashimae homozygous allele,  

                                  V. nakashimae homozygous or heterozygous allele, V. umbellata homozygous or heterozygous allele, and  heterozygous,   

                                  respectively. 
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Appendix Figure 2  Graphical genotype of molecular marker data on linkage group 1 of all 74 F2 individuals derived from a crosss between  

                                  V. umbellata and V. nakashimae.    ,     ,     ,    ,      and      are V. umbellata homozygous allele, V. nakashimae homozygous allele,  

                                  V. nakashimae homozygous or heterozygous allele, V. umbellata homozygous or heterozygous allele, and  heterozygous,   

                                  respectively. 
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Appendix Figure 3  Graphical genotype of molecular marker data on linkage group 1 of all 74 F2 individuals derived from a crosss between  

                                  V. umbellata and V. nakashimae.    ,     ,     ,    ,      and     are V. umbellata homozygous allele, V. nakashimae homozygous allele,  

                                  V. nakashimae homozygous or heterozygous allele, V. umbellata homozygous or heterozygous allele, and  heterozygous,   

                                  respectively. 
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Appendix Figure 4  Graphical genotype of molecular marker data on linkage group 1 of all 74 F2 individuals derived from a crosss between  

                                  V. umbellata and V. nakashimae.    ,     ,     ,    ,      and     are V. umbellata homozygous allele, V. nakashimae homozygous allele,  

                                  V. nakashimae homozygous or heterozygous allele, V. umbellata homozygous or heterozygous allele, and  heterozygous,   

                                  respectively. 
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Appendix Figure 5  Graphical genotype of molecular marker data on linkage group 1 of all 74 F2 individuals derived from a crosss between  

                                  V. umbellata and V. nakashimae.    ,     ,     ,    ,      and      are V. umbellata homozygous allele, V. nakashimae homozygous allele,  

                                  V. nakashimae homozygous or heterozygous allele, V. umbellata homozygous or heterozygous allele, and  heterozygous,   

                                  respectively. 
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Appendix Figure 6  Graphical genotype of molecular marker data on linkage group 1 of all 74 F2 individuals derived from a crosss between  

                                  V. umbellata and V. nakashimae.    ,     ,     ,    ,     and     are V. umbellata homozygous allele, V. nakashimae homozygous allele,  

                                  V. nakashimae homozygous or heterozygous allele, V. umbellata homozygous or heterozygous allele, and  heterozygous,   

                                  respectively. 
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Appendix Figure 7  Graphical genotype of molecular marker data on linkage group 1 of all 74 F2 individuals derived from a crosss between  

                                  V. umbellata and V. nakashimae.    ,     ,     ,    ,      and      are V. umbellata homozygous allele, V. nakashimae homozygous allele,  

                                  V. nakashimae homozygous or heterozygous allele, V. umbellata homozygous or heterozygous allele, and  heterozygous,   

                                  respectively. 
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Appendix Figure 8  Graphical genotype of molecular marker data on linkage group 1 of all 74 F2 individuals derived from a crosss between  

                                  V. umbellata and V. nakashimae.    ,     ,     ,    ,      and      are V. umbellata homozygous allele, V. nakashimae homozygous allele,  

                                  V. nakashimae homozygous or heterozygous allele, V. umbellata homozygous or heterozygous allele, and  heterozygous,   

                                  respectively.
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Appendix Figure 9  Graphical genotype of molecular marker data on linkage group 1 of all 74 F2 individuals derived from a crosss between  

                                  V. umbellata and V. nakashimae.    ,     ,     ,    ,      and      are V. umbellata homozygous allele, V. nakashimae homozygous allele,  

                                  V. nakashimae homozygous or heterozygous allele, V. umbellata homozygous or heterozygous allele, and  heterozygous,   

                                  respectively.
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Appendix Figure 10  Graphical genotype of molecular marker data on linkage group 1 of all 74 F2 individuals derived from a crosss between  

                                    V. umbellata and V. nakashimae.    ,     ,     ,    ,      and      are V. umbellata homozygous allele, V. nakashimae homozygous  

                                    allele, V. nakashimae homozygous or heterozygous allele, V. umbellata homozygous or heterozygous allele, and  heterozygous,   

                                    respectively. 
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Appendix Figure 11  Graphical genotype of molecular marker data on linkage group 1 of all 74 F2 individuals derived from a crosss between  

                                    V. umbellata and V. nakashimae.    ,     ,     ,    ,      and      are V. umbellata homozygous allele, V. nakashimae homozygous  

                                    allele, V. nakashimae homozygous or heterozygous allele, V. umbellata homozygous or heterozygous allele, and  heterozygous,   

                                    respectively. 
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 Appendix Figure 12  Selected markers and their location on F2 (V. umbellata x V. nakashimae) linkage map  for QTL analysis. 
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 Appendrix figure 13 Selected markers and their location on F2 (V. nepalensis x V. angularis) linkage map for QTL. analysis 
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CEDG24517.1

CEDG01529.8

CEDG24841.5

6

 Appendrix figure 14  Selected markers and their location on BC1 [(V. nepalensis x V. angularis) x V. angularis] linkage map for QTL. 



 
102

 

Bng162a0.0

CEDG0648.9

CEDG14317.8

CEDG11126.9

CEDG20138.4

CEDG08548.5
CEDG105-21151.7

7

Bng1680.0

CEDG1258.3

CEDG03316.6

CEDG03529.5

CEDG03040.4

CEDG07151.0
CEDG24756.5

8

CEDG0240.0
CEDG2382.7

CEDC01115.0
mgM33920.2

CEDG17335.7

CEDG02243.9
sgA11744.4

9

sgK0700.0

CEDG18015.3

sgA84124.4

CEDG08135.5

CEDG02146.8

CEDG24358.5

10

CEDG1680.0

CEDG00210.0

CEDG09819.6

CEDG06626.2
CEDG27931.7

11

Appendrix figure 14  (continued) 




