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(polygalacturonase-inhibiting protein PGIP) and was 
designated as VrPGIP2. Comparison of VrPGIP2 coding 
sequences between four bruchid-resistant (V2802, V1128, 
V2817 and TC1966) and four bruchid-susceptible (KPS1, 
Sulu-1, CM and an unknown accession) mungbean lines 
revealed six single nucleotide polymorphisms (SNPs) 
between the resistant and susceptible groups. Three of the 
six SNPs resulted in amino acid changes; namely, alanine 
(A) to serine (S) at position 320, leucine (L) to proline (P) 
at position 332, and threonine (T) to P at position 335 of 
the VrPGIP2 sequence in resistant lines, compared with 
that in susceptible lines. The A to S change at position 320 
may affect the interaction between PGIP and polygalacuro-
nase. These results indicate that VrPGIP2 is very likely the 
gene at the Br locus responsible for bruchid resistance in 
mungbean.

Introduction

Mungbean (Vigna radiata (L.) Wilczek) is among the most 
important grain legumes in Asia with an annual planting 
area of about 6 million hectares (Nair et  al. 2012). It is a 
popular crop because of its short life cycle, drought toler-
ance, and ability to fix nitrogen in association with soil bac-
teria. It is mainly cultivated in rotation after rice or wheat 
(Somta and Srinives 2007). Mungbean seeds are important 
sources of dietary proteins and carbohydrates. The seeds 
are consumed directly or used to produce sprouts, noodles 
and starches.

The most important insect pest of stored mungbean 
seeds is bruchids or seed weevils (Coleoptera: bruchidae). 
Bruchids damage seeds in the field and after harvest. In 
storage, they can cause a total loss of the seed lot within 
3–4  months (Srinives et  al. 2007). Azuki bean weevil 
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(Callosobruchus chinensis L.) and cowpea weevil (Cal-
losobruchus maculatus F.) are the main bruchid pests of 
mungbean. These bruchids also damage seeds of several 
other important Vigna crops such as cowpea (Vigna unguic-
ulata L.), black gram (Vigna mungo (L.) Hepper), Bambara 
groundnut (Vigna subterranea (L.) Verdc.), and azuki bean 
(Vigna angularis (Willd.) Ohwi and Ohashi). The bruchid-
damaged seeds are not suitable for consumption, or for 
agricultural or commercial uses. Therefore, breeding for 
resistance to bruchids is a major goal in mungbean breed-
ing programs (Srinives et al. 2007).

Several sources of resistance to bruchids have been 
identified in mungbean. Fujii and Miyazaki (1987) showed 
that wild mungbean (V. radiata var. sublobata) accession 
TC1966 is completely resistant to C. chinensis and C. mac-
ulatus. Lambrides and Imrie (2000) found that wild mung-
bean accessions ACC23 and ACC41 are resistant to both 
bruchid species. Talekar and Lin (1992) reported that cul-
tivated mungbean accessions V2709 and V2802 are highly 
resistant to C. chinensis. Previously, we found that V2709 
and V2802 are also highly resistant to C. maculatus, while 
the cultivated accessions V1128 and V2817 are completely 
resistant to both bruchid species (Somta et  al. 2008). The 
resistance in TC1966, V2709, V2802, V1128, and V2817 is 
due to biochemical compounds in the seeds (Talekar and 
Lin 1992; Somta et al. 2008).

Resistance to C. chinensis in the wild mungbean acces-
sion TC1966 is controlled by a single dominant gene locus, 
designated as Br, with modifying factor(s), and the degree 
of resistance depends on the seed genotype (Kitamura 
et al. 1988). Resistance to C. chinensis and C. maculatus in 
V2709 and V2802 is also controlled by a single dominant 
gene with modifiers (Somta et  al. 2007). Since V. radiata 
var. sublobata is proposed to be the ancestor of cultivated 
mungbean (Maréchal et  al. 1978), the bruchid resistance 
gene in V2709 and V2802 may have been inherited from 
the V. radiata var. sublobata progenitor. Gene mapping for 
C. chinensis resistance in TC1966 using restriction frag-
ment length polymorphism (RFLP) markers revealed that 
the Br locus is located on linkage group (LG) VIII between 
the markers (probes) pA882 and pM151a (Young et  al. 
1992). Later, additional RFLP markers were added to the 
mungbean genetic map and LG VIII containing the Br gene 
was re-named LG9. The Br locus was labeled as the Bruc 
locus on this map (Menancio-Hautea et al. 1993). Kaga and 
Ishimoto (1998) narrowed down the Br locus to a region 
of 0.7 cM between the RFLP probes Bng110 and Bng143. 
Bng143 is tightly linked to Br, being 0.2  cM away from 
this locus. Using ACC41 as the resistance source, the RFLP 
marker mgM213 mapped onto LG9 was identified as being 
closely associated with Br (1.3 cM apart Miyagi et al. 2004; 
Mei et al. 2009). A few simple sequence repeat (SSR) and 

sequence-tagged site (STS) markers for the Br locus in 
ACC41 were developed from a bacterial artificial chromo-
some (BAC) clone containing marker mgM213 (Miyagi 
et  al. 2004). One of those markers, STSbr2, was shown 
to be associated with Br in V2709 (Sun et al. 2008); Chen 
et  al. (2007) developed seven cleaved amplified polymor-
phism (CAP) markers closely linked with Br in TC1966. 
Chotechung et al. (2011) reported that the mungbean SSR 
marker DMB-SSR158 (DMB158 in the original paper) per-
fectly associated with Br in V2802. Based on QTL map-
ping, Chen et  al. (2013) showed that DMB-SSR158 is 
tightly linked with the major QTL for bruchid resistance 
in TC1966. The distance between DMB-SSR158 and this 
major QTL was  <0.1  cM. These reports suggested that 
the same Br locus controls bruchid resistance in TC1966, 
ACC41, V2709 and V2802.

Although DNA markers closely linked to the Br locus 
have been reported, most of them are RFLP markers which 
are not suitable for marker-assisted selection (MAS) in a 
large population. In addition, the molecular basis of bruchid 
resistance is still unknown. Recently, a draft genome 
sequence of mungbean was reported (Kang et  al. 2014). 
This sequence is useful for gene identification and develop-
ment of DNA markers for trait(s) of interest in mungbean 
breeding. In this paper, we report high-resolution map-
ping of the Br locus in the cultivated mungbean accession 
V2802. The objectives of this study were to narrow down 
the genomic region of the Br locus and to identify candi-
date gene(s) for resistance.

Materials and methods

Plant materials and DNA extraction

Four bruchid-resistant mungbean accessions (V1128, 
V2802, V2817, and TC1966) and one bruchid-susceptible 
mungbean cultivar ‘Kamphaeng Saen 1’ (KPS1) were used 
in this study. A BC11F2 population developed from cross-
ing KPS1 as the recipient parent and V2802 as the donor 
parent was used as the mapping population. Population 
development procedures are shown in Fig. 1. The popula-
tion comprised 418 individuals from five BC11F1 plants. 
The BC11F2 plants were grown together with the parents in 
an experimental field of Kasetsart University, Kamphaeng 
Saen Campus, Nakhon Pathom, Thailand, from February to 
April 2013. Seeds produced from each of the BC11F2 and 
parental plants were individually harvested and used to 
evaluate bruchid resistance.

Genomic DNA was extracted from young leaf tissue 
of all mungbean plants using a modified CTAB method 
(Lodhi et al. 1994).
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Evaluation of bruchid resistance

Mature seeds were evaluated by exposure to C. chinensis 
and C. maculatus reared on seeds of KPS1. The resistance 
evaluation was conducted as described previously (Somta 
et al. 2007) with modifications. Briefly, 30–40 seeds from 
each BC11F2 plant were placed in a plastic box. Then, 40 
adult bruchids (20 pairs of 1–3 day old males and females) 
were added to the box and kept there for 7 days to lay eggs 
and then removed. At least three eggs were laid on each 
seed. Parental seeds were tested and replicated five times. 
The infested seeds were maintained at 28 °C and 70 % RH. 
The number of damaged seeds was counted at 60 days after 
introducing the insects and then used to calculate damage 
percentages.

Segregation analysis

To confirm the monogenic inheritance of bruchid resist-
ance in V2802 (Somta et al. 2007; Chotechung et al. 2011), 
BC11F2 plants showing 0–80 % damaged seeds were char-
acterized as resistant. These included the homozygous 
resistance genotype (highly resistant with 0–20  % dam-
aged seeds) and the heterozygous resistance genotype 

(moderately resistant with 21–80 % damaged seeds), while 
BC11F2 plants showing 81–100  % damaged seeds were 
considered to be homozygous for the susceptible genotype 
(Somta et  al. 2007). A Chi-squared (χ2) test was used to 
determine the goodness of fit to a 3 (resistant):1 (suscep-
tible) ratio. The test was conducted using software R-pro-
gram 2.0.10 (R Development Core Team 2010).

The correlation between percentages of seeds damaged 
by C. chinensis and C. maculatus was calculated using 
R-program 2.0.10.

Bioinformatics analyses of Br locus location 
on mungbean genome

In a previous study, the Br locus was found to be located 
between the RFLP markers Bng110 and Bng143 (Kaga 
and Ishimoto 1998). Therefore, we used mungbean cDNA 
sequences of the probes Bng110 (GenBank accession 
AB020611) and Bng143 (GenBank accession AB020610) 
to conduct BLASTN searches against the mungbean ref-
erence sequence (Kang et  al. 2014; http://plantgenomics.
snu.ac.kr/sequenceserver). Once identified, the genome 
sequence between the probes Bng110 and Bng143 was 
downloaded and searched for SSRs using SSRIT software 

Fig. 1   Scheme showing 
procedures for the development 
of BC11F2 mungbean popula-
tion used for QTL mapping of 
bruchid resistance

KPS1 x V2802 

KPS1 x F1

KPS1 x BC1F1

BC4F1 

BC4F2 
- Identification of SSR marker(s) associated with the resistance
- Phenotypic selection for one Br/Br homozygous plant

KPS1 x BC4F3

KPS1 x BC5F1

- Phenotypic selection and backcrossed to KPS1 for 3 generations

- Marker-assisted selection using SSR marker DMB-SSR158 and 
  backcrossed to KPS1 for 6 generations

KPS1 x BC2F1

KPS1 x BC3F1

- Phenotypic selection and self-pollination

KPS1 x BC6F1

KPS1 x BC7F1

KPS1 x BC8F1

KPS1 x BC9F1

KPS1 x BC10F1

BC11F1 - 5 plants were selected using SSR marker DMB-SSR158 and self-pollination

BC11F2

http://plantgenomics.snu.ac.kr/sequenceserver
http://plantgenomics.snu.ac.kr/sequenceserver
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(Temnykh et  al. 2001). The primers were designed using 
Primer3 software (Untergasser et al. 2012).

We also conducted a BLASTN search for the location 
of the genic SSR marker DMB-SSR158 on the reference 
genome, because this marker was reported to completely 
co-segregate with the Br locus in V2802 (Chotechung et al. 
2011). The cDNA sequence of this marker was used in the 
BLASTN search (GenBank accession AM696512; Somta 
et al. 2009).

DNA marker analysis

The SSR markers used to screen for polymorphisms 
between KPS1 and V2802 were those located on the same 
linkage group as the RFLP markers Bng110 and Bng143 
[LG9 of mungbean reported by Kaga and Ishimoto (1998), 
Zhao et al. (2010) and LG2 of mungbean, azuki bean and 
cowpea reported by Isemura et al. (2012), Han et al. (2005) 
and Kongjaimun et  al. (2012), respectively] together with 
the new SSR markers developed in this study (Supple-
mentary Table S1). We also included one EST marker, RP, 
which was shown to be closely linked to Br in mungbean 
accession V2709 (Hong et  al. 2015). The PCR amplifica-
tions, gel electrophoresis, and DNA band visualization 
were carried out as described previously (Somta et  al. 
2009). Polymorphic markers were used to analyze the DNA 
of the BC11F2 plants.

QTL mapping for bruchid resistance

A genetic linkage map was constructed using QTL Ici-
Mapping 4.0 software (Meng et  al. 2015). Markers were 
grouped with log of odds (LOD) value of 3.0 and anchored 
based on their positions on the reference sequence. Dis-
tances between markers were calculated using Kosambi’s 
mapping function. A QTL controlling bruchid resistance 
was located onto the linkage map by the inclusive com-
posite interval mapping method (Li et al. 2007) using QTL 
IciMapping 4.0. The LOD threshold for declaring the QTL 
was determined by a 5000 permutation test (at P = 0.001).

Sequencing of candidate genes for the Br locus

Based on the results of QTL mapping Vradi05g03940 and 
Vradi05g03950 were considered as candidate genes for Br 
(see “Results”). Primer pairs were designed (Supplemen-
tary Table S2) to amplify all exonic regions of the genes 
in all mungbean accessions/cultivars used in this study. 
The PCR mixture (10 µl) contained 10 ng genomic DNA, 
5  pmol each forward and reverse primers, 1  U Platinum 
Taq DNA Polymerase High Fidelity (Invitrogen, Carlsbad, 
CA, USA), 1×  Taq Buffer, 2  mM dNTPs, and 0.8  mM 
MgCl2. The thermal cycling program (using a GeneAmp 

9700 system) was as follows: 94 °C for 2 min, 40 cycles of 
94 °C for 15 s, 57.5 °C for 30 s, 72 °C for 90 s, and 72 °C 
for 2 min. The amplified products were electrophoresed on 
a 1.0  % agarose gel, and then DNA bands with expected 
size were cut and purified with E.Z.N.A.® Gel Extraction 
Kit (Omega, Doraville, GA, USA) following the manufac-
turer’s instructions. The purified DNA was sequenced using 
BigDye® Terminator v3.1 Cycle Sequencing Kit on an ABI 
3730xl DNA Analyzer (Applied Biosystems, Foster City, 
CA, USA) by Macrogen Inc. (Seoul, Korea).

Re‑annotation of Vradi05g03950

The cDNA sequence of the marker DMB-SSR158 (Gen-
Bank accession AM696512) was used in BLASTN 
searches against the transcriptome shortgun assembly 
(TSA) of mungbean in GenBank and our in-house mung-
bean transcriptome sequence data generated from the 
susceptible mungbean accessions ‘Sulu_1’ and ‘CM’. 
A transcript sequence from GenBank (GenBank acces-
sion GBXO01011683) and two transcript sequences from 
our laboratory were aligned with the Vradi05g03950 
sequence from the reference sequence (VC1973A), KPS1, 
V2802, V1128 and TC1966 using Clustal 2.1 to obtain a 
new annotated CDS and identify mutations among the 
mungbean accessions. The predicted protein sequences of 
Vradi05g03950 from all these mungbean lines were also 
aligned.

Results

Bruchid resistance in the BC11F2 population

Seeds of V2802 were completely resistant to C. chinen-
sis and C. maculatus, while all seeds of KPS1 were dam-
aged by both bruchid species. In the BC11F2 population, 
the frequency distribution of the percentage of damaged 
seeds was non-continuous and bimodal, and skewed toward 
KPS1 (Fig.  2). The proportions of damaged seeds caused 
by C. chinensis and C. maculatus were similar, ranging 
from 0 to 100  % with a mean of 48.65  % for C. chinen-
sis and 48.58 % for C. maculatus, with a correlation coef-
ficient of 0.97 (df  = 402, P < 0.0001). The high correlation 
coefficient confirmed the results reported by Somta et  al. 
(2007) and Chotechung et  al. (2011) and suggested that 
resistance to C. chinensis and to C. maculatus in V2802 is 
controlled by the same locus.

We classified resistant and susceptible plants in the 
BC11F2 population using 80 % damaged seeds as the cut-
off level. This analysis revealed that resistance to C. chin-
ensis and to C. maculatus did not fit a 3 (resistant):1 (sus-
ceptible) ratio (χ2 =  25.27, P  <  0.0001 and χ2 =  27.57, 
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P  <  0.0001, respectively). These findings contrasted with 
those reported by Somta et al. (2007) and Chotechung et al. 
(2011) that a single dominant gene with modifiers controls 
bruchid resistance in V2802.

Location of Br locus on mungbean reference genome

The mungbean chromosome region containing Br was 
identified by BLAST searches using the sequences of 
RFLP markers Bng143 and Bng110. The results showed 
that these markers corresponded to two annotated genes, 
Vradi05g03740 (Vr05:5,049,905..5,054,628) and Vra-
di05g04410 (Vr05:6,775,804..6,780,603), on chromo-
some 5 of mungbean, respectively (Fig.  3a). The mark-
ers Bng143 and Bng110 were found to be 1.72  Mbp 
apart on the mungbean reference genome. The search 
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population in this study, and its position and corresponding genes 
on chromosome 5 of the mungbean reference genome (b). Numbers 
in parentheses indicate the position of marker on the linkage map in 
centiMorgan units
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also revealed that the RFLP marker mgM213 and SSR 
marker DMB-SSR158 corresponded to Vradi05g06080 
(Vr05:12,103,656..12,111,809) and Vradi05g03950 
(Vr05:5,590,573..5,598,731), respectively, on chromosome 
5 of mungbean (Fig. 3). There were 76 annotated genes in 
the 1.72 Mb region.

We developed 40 SSR markers located between Vra-
di05g03740 and Vradi05g04410 (Supplementary Table 
S1). These new SSR markers, seven previously developed 
SSR markers, and one STS marker previously mapped to 
the same linkage group with the Br locus (48 markers in 
total) were used to detect polymorphisms between V2802 
and KPS1. Of the 48 markers, 45 were able to amplify 
mungbean DNA and 10 were polymorphic between the 
two mungbean cultivars (Supplementary Fig. S1). Marker 
DMB-SSR158 detected two loci: one monomorphic and 
the other polymorphic. The polymorphic locus was inher-
ited as a dominant marker (DNA band was present only in 
V2802).

High‑resolution mapping of the Br locus

A genetic map for mungbean chromosome 5 was con-
structed using polymorphic DNA markers. The linkage 
group comprised ten markers and spanned a length of 
60.9  cM. A QTL analysis identified one major QTL for 
resistance to each bruchid species (Table 1; Supplementary 
Fig. S2). These QTLs were located at the same position 
between markers VrBr-SSR013 and DMB-SSR158 and 
thus were named qBr. The qBr was only 0.1 cM away from 
DMB-SSR158 (Supplementary Fig. S2), and explained 
93.34–93.84  % of the total variation in the proportion of 
damaged seeds caused by C. chinensis and C. maculatus, 
respectively.

When the genotypes were classified according to 
bruchid damage as resistant (Br/Br and Br/br) and sus-
ceptible (br/br), we found that Br co-segregated perfectly 
with the marker DMB-SSR158 (Vradi05g03950) (Sup-
plementary Table S3). This result together with the QTL 
mapping result suggested that Br and Vradi05g03950 
are the same locus. Figure  3 shows the location of Br 
and the markers associated with it on chromosome 5. A 
BLASTP search against the NCBI database revealed that 

Vradi05g03950 showed the strongest similarity to a polyg-
alacturonase-inhibiting protein (PGIP) in Medicago (Med-
icago truncatula Gaertn.) (accession XP_003625218.1; 
e-value = 1e−118, score = 993, identity = 68.0 %).

Sequencing and re‑annotation of candidate gene(s)

The coding DNA sequences (CDSs) of Vradi05g03940 
and Vradi05g03950 in V2802 and KPS1 were determined. 
Vradi05g03940 was sequenced because it is located next to 
Vradi05g03950 and encodes a PGIP. In the mungbean ref-
erence sequence, the full CDS of these two genes consisted 
of 1302 and 1431 nucleotides, respectively.

A comparison of the CDSs showed that Vradi05g03940 
from VC1973A and KPS1 (both susceptible to bruchids) 
were the same, whereas the sequences of V2802, V1128, 
V2817, and TC1966 (all resistant to bruchids) were identi-
cal but different from that in susceptible mungbean. There 
were 12 single nucleotide polymorphisms (SNPs) between 
the two mungbean groups (Supplementary Fig. S3). The 
SNPs at positions 854 and 913 caused amino acid changes 
in the bruchid-resistant mungbean accessions, while the 
SNP at position 1087 resulted in a premature stop codon 
in these accessions. The predicted PGIP encoded by Vra-
di05g03940 in the susceptible mungbeans consisted of 433 
amino acids, while that in the resistant mungbeans con-
sisted of only 362 amino acids (Supplementary Fig. S4). 
There were two changes in amino acids at positions 285 
[asparagine (N) to serine (S)] and 305 [glutamic acid (E) to 
lysine (K)]. Vradi05g03940 showed the strongest similar-
ity to PGIP from M. truncatula (XP_003625218.1; identi-
ties = 69 %, E-value = 3 × 10−150); therefore, we named 
it VrPGIP1.

We re-annotated the CDS of Vradi05g03950 because 
a BLAST search for the position of DMB-SSR158 
showed that the transcript sequence (GenBank acces-
sion AM696152) used to develop this marker aligned to 
both exonic and intronic regions of this gene. We con-
ducted a BLAST search against mungbean TSA data-
base together with our in-house transcriptome data and 
found that AM696512 was almost identical to transcripts 
of GBXO01011683, Sulu_1 and CM. We aligned these 
three transcript sequences and AM696152 to the reference 

Table 1   Location and effects of QTL controlling resistance to azuki 
bean weevil (Callosobruchus chinensis) and cowpea weevil (Calloso-
bruchus maculatus) detected in BC11F2 mungbean population derived 

from the cross between KPS1 and V2802. The resistance was deter-
mined by percentage of seeds damaged by bruchids

a  Phenotypic variance explained by the QTL

Bruchid species QTL name Position
(cM)

LOD
score

Interval markers PVEa

(%)
Additive effect Dominance

effect

C. chinensis qBr 56.0 245.61 VrBr-SSR013– DMB-SSR158 93.34 41.10 −38.13

C. maculatus qBr 56.0 240.39 VrBr-SSR013– DMB-SSR158 93.84 40.89 −36.99
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sequence of VC1973A and obtained a new annotation for 
Vradi05g03950 (Supplementary Fig. S5). The new anno-
tated gene was found to be intronless with 1011 nucleotides 
encoding a protein of 336 amino acids. A blast search of 
this protein against the GenBank database demonstrated 
that, similar to VrPGIP1, it showed the highest similar-
ity to PGIP from M. truncatula (XP_003625218.1; identi-
ties = 69 %, E-value = 3 × 10−150). Thus, we named this 
gene VrPGIP2.

We compared the nucleotide sequences of VrPGIP2 
from GBXO01011683, Sulu-1, CM, KPS1, V2802, V1128, 
V2817, and TC1966, and found that it was of the same 
length in all of the accessions. The VrPGIP2 sequences 
in GBXO01011683, Sulu_1, CM, and KPS1 (all suscep-
tible to bruchids) were identical. The VrPGIP2 sequences 
in V2802, V1128, V2817, and TC1966 (all resistant to 
bruchids) were also identical. However, the VrPGIP2 
sequences differed between the resistant and the suscep-
tible groups of cultivars (Supplementary Fig. S6). There 
were six SNPs (at nucleotide positions 958, 969, 972, 995, 
1003, and 1008) between the two mungbean groups (Sup-
plementary Fig. S6). The SNPs at positions 958, 995, and 
1003 caused amino acid changes in VrPGIP2 at positions 
320 [from alanine (A) to S], 332 [from leucine (L) to pro-
line (P)], and 335 [from threonine (T) to P] in the resistant 
mungbean lines, compared with the sequence in the sus-
ceptible lines (Fig. 4).

Discussion

Legume breeders and scientists have long been interested 
in identifying the bruchid resistance gene in mungbean. 
The Br locus confers resistance against five bruchid spe-
cies including C. chinensis, C. maculatus, C. phaseoli 
(Gyllenhal), Zabrotes subfasciatus (Boheman), and Acan-
thoscelides obtectus (Say) (Fujii and Miyazaki 1987; Fujii 
et  al. 1989; Lambrides and Imrie 2000), which are major 
storage pests of several legume crops around the world. 
Despite fine mapping of the Br locus 18 years ago (Kaga 
and Ishimoto 1998), identification of the gene(s) or can-
didate gene(s) responsible for resistance has been impos-
sible due to the lack of genomic resources for mungbean. 
Recently, the whole-genome sequence of mungbean has 
been reported (Kang et  al. 2014). Using this sequence 
together with QTL mapping and bioinformatics analyses, 
we were able to identify a candidate gene for Br in mung-
bean accession V2802.

Previous studies have shown that resistance to C. chin-
ensis and C. maculatus in V2802 is controlled by a sin-
gle dominant gene with some modifiers (Somta et  al. 
2007; Chotechung et  al. 2011). In this study, the segre-
gation of resistance to both insect species in BC11F2 was 

not consistent with monogenic inheritance, although the 
BC11F2 population used in this study was derived from the 
same BC4F2 population as that used in the study by Chote-
chung et al. (2011) (Fig. 1). These contrasting results may 
be because the BC11F2 population was a bulked popula-
tion derived from five BC11F1 families, each consisting of 
45–121 BC11F2 plants. The small number of plants in some 
families may have resulted in a deviation from the expected 
monogenic segregation.

Although segregation distortion of Br was evident in the 
BC11F2 population, QTL mapping detected a major QTL 
for resistance to both bruchids in V2802 in the genomic 
region previously identified to contain Br, as reported by 
Kaga and Ishimoto (1998) (Fig.  3). The QTLs for both 
bruchid species were localized to the same position and 
explained approximately 90 % of the variation in the pro-
portion of damaged seeds. These results agreed with the 
high correlation between the two bruchids in terms of the 
proportion of damaged seeds found in this study and pre-
viously (Somta et al. 2007). The source of resistance used 
by Kaga and Ishimoto (1998) was the accession TC1966. 
Thus, the resistance gene in V2802 and that in TC1966 
were predicted to be the same. The physical genome dis-
tance between markers VrBr-SSR13 and DMB-SSR158, 
which flank the bruchid-resistance QTL on the mungbean 
reference sequence, is only 38 kb, and contains two anno-
tated genes, Vradi05g03940 and Vradi05g03950, consid-
ered as candidates for Br. Vradi05g03950 corresponding to 
DMB-SSR158 which co-segregated perfectly with bruchid 
resistance (Supplementary Table S3) and confirmed our 
previous result (Chotechung et  al. 2011). Recently, Hong 
et  al. (2015) reported that C. chinensis resistance in a 
mungbean cultivar that derived its resistance from V2709 is 
controlled by two tightly linked major QTLs, although our 
research group concluded that the resistance in this acces-
sion is controlled by a single gene (Somta et al. 2007; Cho-
techung et al. 2011). Nonetheless, based on blast searches 
of the primer sequences of the markers GBssr-MB87 and 
RP that were linked to each QTL as reported by Hong et al. 
(2015), we found that the position of GBssr-MB87 on chro-
mosome 5 (5,602,082; identities = 94 %; E-value = 4.1) is 
very close to Vradi05g03950, while RP on chromosome 5 
has multiple positions corresponding to the region around 
5,210,000 to 5,520,000 (data not shown). Further research 
is required to explore the reasons for these contrasting 
results.

Both Vradi05g03940 and Vradi05g03950 encode a 
PGIP. Such enzyme inhibitor(s) play important roles in 
plant defense against phytophagous insects (Lawrence 
and Koundal 2002). For example, an α-amylase inhibi-
tor in common bean seeds negatively affects the growth 
and development of C. chinensis and C. maculatus (Ishi-
moto and Kitamura 1989; Shade et  al. 1994; Ishimoto 
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Fig. 4   Alignment of deduced amino acid sequences encoded by 
VrPGIP2 in Sulu_1, CM, an unknown accession (GBXO01011683), 
KPS1, V2802, V2817, V1128, and TC1966. Sulu_1, CM, 

GBXO01011683 and KPS1 are susceptible to bruchids, while V2802, 
V2817, V1128, and TC19966 are resistant to bruchids. Polymorphic 
sites are shown in bold
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et al. 2006). Polygalacturonase (PG) is a pectin-degrading 
enzyme that hydrolyzes α-1,4-glycosidic bonds between 
galacturonic acid units and acts preferentially on pec-
tic acid. These proteins belong to the leucine-rich-repeat 
protein family. In plants, PGIPs are known to play roles 
in defense against disease and insects. Pectinesterases 
and PGs degrade pectin into oligosaccharides that can 
be absorbed in the insect gut. The main causes of plant 
damage by phytophagous insects are PGs from salivary 
glands (Girard and Jouanin 1999; Boyd et  al. 2002). In 
C. maculatus, PGs are involved in digestion (Pedra et al. 
2003; Pauchet et al. 2010; Nogueira et al. 2012; Santana 
2013). Nogueira et  al. (2012) noted that a high number 
of PG isoforms in larval C. maculatus found in their 
study and that of Pauchet et al. (2010) could be explained 
by the presence of PGIPs in cowpea seeds fed to the 
insects. They also noted that plants accumulate or induce 
enzyme inhibitors involved in polymer digestion, such as 
α-amylase inhibitors for starch and PGIPs for hemicel-
lulose or pectin. Thus, PGs appear to play an important 
role in digestion in C. maculatus. In rice weevil [Sitophi-
lus oryzae (Coleoptera: curculionidae)] feeding on cereal 
seeds, especially rice and wheat, pectinases including PG 
function as digestive enzymes to degrade pectin in the 
seeds as an energy source (Shen et al. 1996). In addition, 
degrading pectin helps other digestive enzymes to gain 
access to their substrates in insect food (Shen et al. 1996). 
The same is likely to be true for PGs in Callosobruchus 
weevils.

Although the VrPGIP1 protein encoded by Vra-
di05g03940 (VrPGIP1) differs between KPS1 and 
V2802, VrPGIP1 is not likely to be the gene responsible 
for bruchid resistance in V2802 because the SSR marker 
VrBr-SSR13 within this gene did not completely co-seg-
regate with resistance (Supplementary Table S3). Also, 
Vradi05g03940 encodes an incomplete PGIP in V2802 
and all other bruchid-resistant accessions (Supplementary 
Fig. S3). However, further research is necessary to deter-
mine whether the incomplete VrPGIP1 plays any role in 
bruchid resistance. In this study, Vradi05g03950 (VrP-
GIP2) was re-annotated and was found to encode a poly-
morphic VrPGIP2 between KPS1 and V2802. The marker 
DMB-SSR158, which was developed from this gene’s 
sequence, co-segregated perfectly with resistance, suggest-
ing that VrPGIP2 is the gene responsible for bruchid resist-
ance at the Br locus. However, Liu et  al. (2016) recently 
showed that DMB-SSR158 was not completely associated 
with Br in recombinant inbred lines of NM92 × TC1966. 
The contrasting results between our study and that of Liu 
et  al. (2016) are worthy of further investigation. Among 
the three polymorphic amino acids in VrPGIP2 between 
V2802 and KPS1 (between resistant and susceptible mung-
beans) encoded by VrPGIP2, the change from S to A at 

position 320 is likely to play an important role in bruchid 
resistance. Leckie et al. (1999) showed that an S to A muta-
tion and vice versa at this position (equivalent to position 
326 of the common bean PGIP1 and PGIP2) affects the 
PGIP–PG interaction. Nonetheless, the perfect co-seg-
regation between DMB-SSR158 (VrPGIP2) and Br and 
the VrPGIP2 polymorphisms between KPS1 and V2802 
found in this study indicate that VrPGIP2 is a very strong 
candidate as the gene responsible for resistance at the Br 
locus. Gene cloning and complementation analyses should 
be conducted to confirm the role of VrPGIP2 in bruchid 
resistance.

Previous studies have shown that PGIPs play roles in 
the feeding behavior of Heteropteran insects. For example, 
PGIP3 and PGIP4 from common bean inhibit PGs of mirid 
bugs (Frati et  al. 2006). VrPGIP2 may also confer resist-
ance to other piercing–sucking insects by preventing the 
digestion of plant tissue by insect PGs. This could explain 
why Br confers resistance to not only bruchids, but also to 
pod-sucking bug [Riptortus clavatus (Thunb.)] (Heterop-
tera: alydidae) (Kaga and Ishimoto 1998).

The SSR marker system has become standard for MAS 
using standard laboratory facilities because SSRs are easy 
to detect (PCR-based), multi-allelic, highly polymorphic, 
and highly reproducible. Previously, only a few SSR mark-
ers linked to bruchid resistance have been reported for 
mungbean, including DMB-SSR158 (Chotechung et  al. 
2011; Chen et  al. 2013), GBssr-MB87 (Chotechung et  al. 
2011; Hong et al. 2015), and SSRbr1 (Miyagi et al. 2004). 
In this study, we developed several SSR markers located 
physically very close to the Br locus, and the marker DMB-
SSR158 located within the candidate gene sequence (Sup-
plementary Table S1and Fig.  3). These SSR markers will 
be very useful for MAS for bruchid resistance and will save 
3–4 months in each selection cycle as compared to pheno-
typic selection.
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