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Abstract
Bruchids or seed weevils are serious storage insect pests of mung bean and other pulses. Though
bruchid-resistant mung bean germplasm accessions are screened out, the molecular mechanisms of
bruchid resistance in mung bean are still unclear. In this study, a segregating population with 182 RILs
plants was developed; delimit the controlling gene to a 111-kb physical interval, in which 11 genes were
predicted. Vr04g00919 encoding the function of a polygalacturonase inhibitor, was the most likely
candidate genes. Here, sequence analysis of the candidate gene coding regions revealed that it has six
SNPs between the parental lines and three SNPs resulted in amino acid changes. Sequence alignment
revealed that one of these three SNPs are located in a conserved leucine rich repeat (LRR) domain, which
is essential for the function of the protein. Subcellular localization of the VrPGIP2-GFP fusion protein
indicated that the candidate gene PGIP2 is located in the nucleus and cytosol. RNA-seq and quantitative
real-time PCR (qRT-PCR) analysis indicated that many defense responses, cell wall synthesis, biotic and
abiotic stresses, and hormone synthesis were greatly activated in the bruchid resistance plants. These
�ndings contribute to the molecular marker assisted selection of bruchid resistance cultivars.

Introduction
Mung bean (Vigna radiata [L.] Wilczek) belongs to the Vigna genus within the Phaseoleae tribe of crop
legumes, which genome size is approximately 550 Mb. Mung bean is an important grain legume, is
widely planted in South and Southeast Asia, and they provide an energy and protein source for many
populations, particularly in the developing countries, and can be also used to improve soil fertility and
increasing nutrients inputs through nitrogen �xation (Nair et al. 2013). Besides, mung bean vegetable
sprouts are popular in Asian cuisine, and they are good sources of essential fatty acids, �ber, vitamin C
and minerals (Chen et al. 2015; Somta et al. 2007). Bruchid beetles (Coleoptera: Chrysomelidae:
Bruchinae) are among the most important and well-known as major insect pests of stored grains, can
cause signi�cant losses in some legumes during storage. Callosobruchus chinensis (L.) is one of the
most destructive insect pests of stored legume seeds, which often causes damage to the seed of mung
bean (Vigna radiata L.), adzuki bean (Vigna angularis L.), cowpea (Vigna unguiculata L.), pea (Pisum
sativum L.), faba bean (Vicia faba L.), chickpea (Cicer arietinum L.), lentil (Lens culinaris L.), soybean
(Glycine max L. Merr.) and lotus (Nelumbo nucifere Gaertn.) (Duan et al. 2014). The weevils could �rstly
lay eggs on the pods in the �eld, but the damage of the crop is generally low, and then the emerging
adults deposit eggs on the seed during storage, causing rapid multiplication of the pest, and therefore,
even if only a small amount seed were infected can cause considerable damage during storage. Generaly,
this weevil causes 33% Vigna seeds loss during storage, which may results in up to 100% of legume grain
loss with 3-5 months of storage, economic losses can also reach up to 100% (Boeke et al. 2004; Somta et
al. 2006). World-wide crop yield losses without the use of pesticides and other non-chemical control
strategies is estimated to be about 70% of crop production, which amounts to US $ 400 billion (Lawrence
and Koundal 2002).
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There are mainly three ways in controlling storage insect pests; one way is environmental manipulations
to prevent their growth, development and reproduction by using of chemical insecticides methods.
Chemical pesticides such as pesticides, organophosphate, carbamates, synthetic pyrethroids and insect
growth regulators most widely used to protect legumes against this insects and invasive pests are
effectively (Daglish et al. 1993), but have a large number of disadvantages including high costs and
environmental pollution, with risks to consumer health, and tolerance to insecticide in pest (Gbaye et al.
2011; Sales et al. 2000). The other way to control storage insect pests is physical control methods,
including low temperature treatment and airtight storage. In addition, improving the genetic resistance of
the host plant would be the most economical and sustainable way to preserve legume seeds against
destruction by weevils during storage (Meiners et al. 1980).

The mung bean germplasm resources of bruchid resistance have been identi�ed and characterized for
many years, but the resistant germplasm is scarce, and only a few bruchid-resistant lines are
available (Hong et al. 2015). Wild mung bean (Vigna radiata var. sublobata) accession TC1966 is
completely resistant to a number of bean weevil species, such as Callosobruchus chinensis,
Callosobruchus maculatus, Callosobruchus phaseoli, and Zabrotes subfasciatus (Tomooka et al. 2006).
The bruchid-resistant accession TC1966 is crossed with Vigna radiata, and the buchid resistance
gene was introduced into the cultivars (Fujii et al. 1989).

Bruchid resistance in mungean TC1966 is controlled by a single dominant gene. Gene mapping in
TC1966 indicated that the bruchid resistance gene (Br) is located on linkage group IV between restriction
fragment length polymorphism (RFLP) markers, pM151a and pA882 , to a location about 3.6
centimorgans (cM) from the pA882 (Young et al. 1992). The Br locus was narrowed down to 0.7 cM
between RFLP markers, Bng143 and Bng110, with Bng143 0.2 cM away from Br locus (Kaga and
Ishimoto 1998a). Cleaved ampli�ed polymorphism (CAPs) markers linked with the Br were also
developed (Chen et al. 2007). Based on QTL mapping, a SSR marker DMB158 was tightly linked with the
Br, with less than 0.1 cM (Chen et al. 2013).

Although these DNA markers closely linked to the Br locus have been reported, the candidate gene and
molecular basis are remaining unknown. The whole-genome sequences of mung bean were
assembled (Kang et al. 2014), which is convenient for development of DNA markers and gene
identi�cation. In this study, we reported �ne mapping of the Br locus in wild mung bean. The aim of this
study was to identify the candidate gene responsible for the bruchid resistance and reveal the molecular
basis.

Materials And Methods
Plant materials

The RIL population consisting of 182 F7 lines was derived from a cross between two inbred lines, C618
(female parent, resistant) and Zhonglv 5 (male parent, susceptible) using single-seed descent. Two



Page 4/21

bruchid-resistant mung bean lines C618 and N618 (isogenic line of Zhonglv 5), and 13 bruchid-
susceptible mung bean accessions, including Zhonglv 5, Zhonglv 10, Zhonglv 12, Jilv 5, Jilv 7, Bailv 11,
VC2917, VC3890A, VC1628A, VC2778A, and CN60 were used to analyze the mutation sites of the target
gene in this study (Supplementary Table S1). All mung bean seeds were obtained from the National Crop
Genebank of China (NCGC).

Evaluation of bruchid resistance

Bruchids of C. chinensis used for identi�cation of bruchid resistance. Bruchid were obtained by feeding
the adults with the susceptible mung bean seeds of Zhonglv 5, and the parental plants and each of the
RILs were individually harvested and used to evaluate for bruchid resistance. A total of 40 mature seeds
from patents, the seeds of RILs were evaluated by exposure to C. chinensis in three replicates as
described previously (Mei et al. 2009). When each of the susceptible control seeds of Zhonglv 5 is about
5 eggs, the adult insects were removed. Assays were maintained until all these seeds showed typical
bruchid symptoms. Ratios of the number of damaged seeds to the total number of seeds tested were
used for calculating the bruchid infestation. Highly resistant (HR) exhibited 0–20 % damaged seeds,
highly susceptible (HS) exhibited 81–100 % damaged seeds, and moderately resistant (MR) exhibited
21–80 % damaged seeds. A Chi-square analysis (χ2) goodness-of-�t test was used to determine the
goodness-of-�t to a 3 resistant (R) : 1 susceptible ration (S).

Simple Sequence Repeat (SSR) analyses and �ne mapping

Flanking SSR markers on mung bean chromosome 4 were used to screen for polymorphism between
parental lines. Polymorphism in each synthesized marker was �rstly assessed using parental DNA. The
physical positions of developed SSR markers were determined by BLAST searches of the primer
sequences against the Zhonglv 5 genome. The polymorphic markers were then used to determine the
genotype of recombinant plants.

Molecular cloning and sequencing

The total genomic DNA was extracted from mung bean young leaf tissue using a modi�ed cetyl-trimethyl-
ammonium bromide method (CTAB) method (Chen et al. 2015; Mei et al. 2009). Total RNA was isolated
from two-week-old mung bean seedling using the Trizol Reagent (Invitrogen, Carlsbad, CA, USA), and
cDNA was ampli�ed by using reverse transcription PCR (RT-PCR) with MLV Reverse Transcriptase
(Promega, Tokyo, Japan). Both the genomic DNA and cDNA of the candidate gene were cloned from
bruchid-resistant and susceptible lines in this study. Primer pairs (VrPGIP2-F/VrPGIP2-R and VrPGIP2JC-
F/VrPGIP2JC-R in Supplementary Table S2) were designed to amplify the whole and partial genomic DNA
or cDNA sequences of bruchid-resistant and susceptible lines. The PCR reactions were performed
and monitored in 20 µL of total volumes and the products were electrophoresed on 1% agarose gels and
extracted by using a gel extraction kit (TsingKe, China).

Localization of the VrPGIP‐GFP fusion protein
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To assess the subcellular localization of the VrPGIP2 protein, the VrPGIP2 ORF (open reading frame)
without the termination codon was ampli�ed using primers (VrPGIP-GFP-F and VrPGIP-GFP-R) that
incorporated BamHI and KpnI sites: 5′-GGATCC ATGCGAAGCCTGTTAATGAT-3′ (BamHI site underlined)
and 5′-GGTACCCTTGGTGCAGGGCAGAAGTG-3′ (KpnI site underlined). In the present study, the PCR
products were cloned into the pE3025-GFP vector to generate the pE3025-VrPGIP-GFP construct, which
under the control of the CaMV dual 35S promoter, as well as a TEV enhancer. The plasmid was
introduced to onion epidermal cells via a gene gun transformation (Bio-Rad, California, USA). At last, GFP
fluorescence was analyzed by confocal fluorescence microscopy (Nikon, Tokyo, Japan).

Protein sequence, phylogenetic and 3D-modelling analyses

Protein sequences of PGIP orthologs were retrieved from the NCBI GenBank database
(http://www.ncbi.nlm.nih.gov/entrez). The PGIP alignment was performed by using multiple amino acid
sequence alignment software CLUSTALX 1.83 (Thompson et al. 1997), and the phylogenetic tree was
constructed using MEGA 5.0 (Tamura et al. 2007). The distances between the branches were computed
via the neighbor-joining method with 1000 bootstrap replicates (Saitou and Nei 1987). Three-dimensional
(3D) structures of VrPGIP2 were predicted using the SWISS-MODEL protein structure homology-modelling
server (http://swissmodel.expasy.org) operating in automated mode (Arnold et al. 2006). Full length
amino acid sequences of VrPGIP were uploaded and visualized using Swiss-PdbViewer (Guex and
Peitsch 1997).

RNA-seq and qRT-PCR analysis

Total RNA was extracted from the immature seeds of bruchid-resistant and susceptible parent lines using
a TRIzol RNA extraction kit (Invitrogen, CA, USA). The total RNAs were treated with RNase-free DNase I.
Reverse transcription was performed with M-MLV Reverse Transcriptase (Promega, Madison, WI,
USA). The cDNA libraries of C618 and N618 were sequenced with Illumina platform The FASTQ �les
containing raw data for all the reads were submitted to the sequence read archive (SRA) database at
Genbank (www.ncbi.nlm.nih.gov), and given the accession number SRP043316. qRT-PCR ampli�cation
and analysis were performed using speci�c primers (Primer pairs sequences were listed in Supplementary
Table S3) with fluorescence dye SYBR Green (SYBR Green Supermix kit, Bio-Rad, USA) which was carried
out on CFX96 qRT-PCR detection system (Bio-Rad, USA). Actin was used as an internal control
for normalization. The relative expression level was determined by the 2−ΔΔCt method (Livak and
Schmittgen 2001).

Results
Phenotypic evaluation of bruchid-resistant and susceptible lines

To further con�rm the inheritance of bruchid resistance, these mature seeds of C618, Zhonglv 5, N618
(isogenic line of Zhonglv 5), and these seeds of RILs was evaluated against C. chinensis, approximately
60 days post-infestation, the seeds of C618 (Figure 1a), Zhonglv 5 (Figure 1c), and the seeds of F1

http://www.ncbi.nlm.nih.gov/entrez
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generation of (Zhonglv 5 × C618) appeared symptom-free, whereas the susceptible parent Zhonglv 5
showed worm-eaten symptoms (Figure 1b). Based on C. chinensis inoculation tests, 133 exhibited
resistant (R), and 49 exhibited susceptible (S) (Figure 1d), it showed a 3:1 ratio (R : S) (χ2 = 2.374, P >
0.1), which suggesting that bruchid resistance is a single dominant trait.

Map-based cloning of bruchid resistance gene

In our previous studies, the Br gene was mapped to a 380-kb physical region on chromosome 4 between
two simple sequence repeat (SSR) markers Vr04-221 and Vr04-604 (Figure 2a). To further delineate this
bruchid resistance gene, we further used 182 RILs plants for �ne mapping analyses. According to new
developed genome-wide SSR marker resources, 7 SSR markers between Vr04-221 and Vr04-604 between
the parents were polymorphic. By screening the population with SSR markers Vr04-246 and Vr04-531, 12
recombination events were detected, and 7 recombination events were detected by SSR markers Vr04-249
and Vr04-483, which delimited Br to a 111-kb physical region (Figure 2a), a total of 11 candidate genes
were predicted in this delimited region (Table 1), and only Vr04g00918 and Vr04g00919 were reported to
be related with resistance to diseases and pests. The full-length of DNA sequence of these 11 candidate
genes in the bruchid-resistant and susceptible lines were sequenced, and we found that the
Vr04g00919 gene with six single-nucleotide substitutions (Figure 2b), among them, G-to-T,  T-to-C, and A-
to-C changes at positions 958, 995 and 1003, causing three amino acids changes from alanine (A) to
serine (S) at position 320, leucine (L) to proline (P) at position 332, and threonine (T) to proline (P) at
position 335. Vr04g00919 was found to be intronless with 1011 nucleotides encoding a protein of 336
amino acids. It is a potential candidate of Br (Figure 2c), and it encoded a receptor-like kinase. The
putative amino acid sequences were aligned with those of the homologous proteins in the NCBI
database, and polygalacturonase inhibitor (PGIP) genes were identi�ed.

To better understand these variations that may affect gene function, the sequence differences of bruchid-
resistant and susceptible lines were aligned. The full-length genome DNA sequences from six lines (two
resistant to C. chinensis and four susceptible to C. chinensis) were PCR ampli�ed and sequenced. Both
the full-length cDNAs and deduced amino acid sequences were also aligned, respectively. Alignment
analysis indicated that six different SNPs and three amino acids were identi�ed in the cDNAs and amino
acids from C618, N618, Zhonglv 1, Zhonglv 5, Zhonglv 10, and CN60, respectively (Figure 2b, 2c).
Moreover, we used another 13 mung bean lines to investigate the utility of the primer sequences of
VrPGIPJC for MAS, and found that genotypes be co-segregated with bruchid resistance in all lines.

Subcellular localization of VrPGIP2

To determine the subcellular localization of VrPGIP2, GFP was fused to the C-terminus of VrPGIP2 under
the control of the CaMV35S constitutive promoter. The VrPGIP2 CDS was isolated from the Zhonglv 5.
The cellular location of VrPGIP2 proteins was investigated in onion epidermal cells transiently expressing
gene fusions to the green fluorescent protein (GFP). Microscopic analyses detected �uorescence of GFP
was present throughout the entire cell (Figure 2a-c), indicating the VrPGIP2-GFP protein accumulated
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primarily in both the nucleus and cytosol (Figure 3 d-f). Thus, VrPGIP2 was a nuclear and cytosol-
localized protein.

The protein structure of VrPGIP2

To �nd the domain essential for the function of the VrPGIP protein, the amino acid sequences of VrPGIP2
were searched against the protein database of NCBI. The protein is composed of leucine-rich repeats
(LRRs). Analysis of protein structure indicated that the VrPGIP2 polypeptide contains a typical LRR
domain and other conserved motifs (N-glycosylation site, protein kinase C phosphorylation site, casein
kinase II phosphorylation site, LDL-receptor class B (LDLRB) repeat site, and plant-speci�c LRR proteins.
The N-terminal and C-terminal contain cysteine-rich domains. VrPGIP protein is composed of four parts: a
signal peptide domain, LRR domain, B domain, and D domain (Figure 4a). The N-terminus of VrPGIP
includes a signal peptide (M1-A34) and B domain (V35-D82). B-domain contains four homologous Cys
residues (C39, C69, C70, and C80) and two conserved Trp residues (W63 and W74), which might be
necessary for PGIPs activity. The leucine rich repeat N-terminal domain (LRRNT) (H40-D81), the LDLRB
domain (K284-I297), the plant-speci�c LRR domain (P97-L169), and the typical LRR domain (L123-L193) is
highly conserved among the plant PGIPs. The main domain included 10 LRRs (each about 23 amino
acids long), which is thought to mediate protein-protein interactions.

To understand the protein structure, the 3D structure of VrPGIP2 was predicted using SWISS-MODEL, it
indicated that VrPGIP2 contains one α-helix and two β-sheets (Figure 4b). One β-sheet occupies the
concave inner side of the molecule and contains residues crucial for PG recognition, which is a
determinant of PGIPs speci�city. The 10 LRRs of PGIPs are of the extracytoplasmic type (LxxLxLxxNxL)
(Figure 4a), which are organized to form two β-sheets (Figure 4b). Compared to the amino acid sequence
of susceptible mung bean lines, the mutation site (A320 to S320) is located in the conserved LRR domain
(Figure 4a), which could be related to the PGIP functions in plant defense responses, and the non-polar
alanine was changed to polar serine, the conformation was changed, which �nally result in functional
change of LRR domain (Figure 4b). The other two mutation sites (P332 to L332, P335 to T335) are located in
the conserved D domain, and polar threonine was changed to non-polar proline (Figure 4a and 4b). These
data revealed that these SNPs variation are responsible for resistance/susceptible to bruchids.

Sequence alignment indicated that VrPGIP2 shares the highest similarity (73.0% identity) with CcPGIP
(Cajanus cajan), and relatively high homology (65.0% identity) with GmPGIP1 (Glycine max) through an
alignment analysis of sequences from leguminous plants. It also shares 62.0% identity with CaPGIP1
(Cicer arietinum, XP_012569258.1), but relatively low homology (30-56% identities) with other plant PGIPs
(Figure 4c), suggesting that the genetics relationship among leguminous plants is more closely than
other plants and the function of PGIP in leguminous plants is conserved.

Differential gene expression analysis of the bruchid-resistant and susceptible lines

To study the in�uence of VrPGIP2 on bruchid resistance, RNA sequencing analysis was performed to
detect differentially expressed genes (DEGs. A total of 83,542 transcript pro�les of bruchid-resistant line

http://www.ncbi.nlm.nih.gov/protein/828299937?report=genbank&log$=prottop&blast_rank=1&RID=JKAW4MTK01T
http://dict.cnki.net/dict_result.aspx?searchword=%e4%b8%ba%e4%ba%86&tjType=sentence&style=&t=in+order+to
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N618 and susceptible line Zhonglv 5, and 894 differentially expressed genes were identi�ed, of which 436
and 458 genes were up-regulated and down-regulated in N618 compared to Zhonglv 5. Some of these
DEGs were further con�rmed by using qRT-PCR. A functional cluster analysis of the DEGs indicated that
the genes that were involved in many defense responses, cell wall synthesis, biotic and abiotic stresses,
and hormone synthesis were greatly activated in the N618 plants. For example, resistant speci�c protein
(Vr04g00908), serine/threonine-protein kinase (Vr01g01268), Mitogen-activated protein kinase
(Vr09g01762), auxin transporter protein (Vr02g02682), cellulose synthase (Vr04g02415, Vr06g01105),
lipid-transfer protein (Vr05g02418, Vr08g01103), and MYB114 (Vr04g00047), were signi�cantly induced
in the bruchid-resistant line N618 (Figure 5). However, the RNA sequencing analysis shows that many
defense-related genes are activated in the bruchid-resistant lines, such as serine/threonine-protein kinase,
mitogen-activated protein (MAPK), cellulose synthase, and lipid-transfer protein. No candidate genes in
the mapped regions were found differentially expression in N618 and Zhonglv 5 in the mapped regions
except the resistant speci�c protein (Vr04g00908), which was very close to candidate genes. VrPGIP2 is
also not great differently expressed in resistant lines and susceptible lines due to the mutation sites of
VrPGIP2 is located in the coding region.

Discussion
Storage insect pests could cause serious damage to all legume crops (Keneni et al. 2011). Bruchid
beetles are the most important pests of stored grain legume seeds, including Callosobruchus maculatus
(F.) and Callosobruchus chinensis (L.) (Bushara 1988; Kashiwaba et al. 2003), and which are the most
important pests for stored grain legumes in Vigna crops and cause tremendous damage. Legume
breeders have long been interested in breeding bruchid-resistant cultivars and understanding the genetic
control of the bruchid resistance. However, study on bruchid resistance is di�cult due to the genetics of
seed components are different in both generation and ploidy level, and bruchid beetles are easy to
escape, need to maintain live colonies, and appropriate conditions of temperature, humidity, and
light (Yencho et al. 2000; Blair et al. 2010).

Characterization of bruchid resistance genes would help understand the molecular mechanism of bruchid
resistance. Although, �ne mapping of the bruchid-resistant locus has been reported many years
ago (Kaga and Ishimoto 1998b), identifying of the genes or candidate genes responsible for the bruchid
resistance is di�cult due to the lack of availability of large genomic sequences for mung bean, and the
e�ciency of genetic transformation of mung bean is still relatively low at present. Previously, much effort
toward the identi�cation of factors are responsible for bruchid resistance present in mung bean (Liu et al.
2016; Lin et al. 2005; Chen et al. 2002), cowpea (Luthi et al. 2013; Ahn et al. 2013; Solleti et al. 2008), rice
bean (Pavithravani et al. 2013; Venkataramana et al. 2016), common bean (Blair et al. 2010; Nishizawa et
al. 2007), and chickpea (Luthi et al. 2013). Metabolism and transposable elements (TEs) may be modi�er
factors for bruchid resistance by transcriptomic comparison of mung bean bruchid-resistant and
susceptible parental lines and their offspring (Liu et al. 2016). Transgenic cowpeas expressing alphaAI-1
strongly inhibited the development of C. chinensis and C. maculatus (Solleti et al. 2008). The activity of
APA (arcelin, phytohemagglutinin and α-amylase inhibitor) plays important role bruchid

http://www.els.net/WileyCDA/ElsArticle/refId-a0020102.html
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resistance (Pavithravani et al. 2013). The α-amylase inhibitor negatively affects the growth and
development of C. chinensis and C. maculatus in common bean seeds was reported (Ishimoto et al. 1996;
Chen et al. 2009). The alphaAI-1 in transgenic cowpea and chickpea lines signi�cantly increases
resistance to C. chinensis and C. maculatus (Luthi et al. 2013). The role of proteinase and amylase
inhibitor activity in legumes bruchid resistance remains unknown (Ishimoto et al. 1996; Piergiovanni et al.
1994; Fernandes et al. 1993). Some of the putative Br factors of mung bean bruchid lines were thought to
be harmful for human consumption (Miura et al. 1996). Subchronic oral toxicity studies of bruchid-
resistant mung bean demonstrated that bruchid-resistant mung bean is as safe as conventional mung
bean (Yao et al. 2015). The whole-genome sequence of mung bean enabled complete cloning and
characterization of genes. In this study, a candidate gene responsible for bruchid resistance was mapped
in mung bean, and the candidate gene has sequence similarity to glycine max polygalacturonase
inhibitor gene (XP_014499188). However, the function of the gene in mung bean remains unclear.

Plant polygalacturonase-inhibiting proteins (PGIPs) are one of the plant protease inhibitors (PIs),
which could inhibit the activtiy of polygalacturonase (PG) enzymes produced by fungal bacterial
pathogens (Ryan 1990; Kim et al. 2009), and insects (Lawrence and Koundal 2002; Ryan 1990; Green and
Ryan 1972; Darvill et al. 1994). PGIPs are extracellular plant proteins bound to the plant cell
wall containing LRR glycoproteins of approximately 360 amino acids in length (Cook et al.
1999), which play essential roles in plant defense against pathogens and insects. Polygalacturonases
(PGs) are an important pathogenicity factors, produced by pathogens and insects during early infection
that depolymerize the major component of homogalacturonan and pectin , which are the major
components of plant cell wall (Lionetti et al. 2010). Plants produce cell wall-associated PGIPs against
fungal, microbial, and insect PGs (Spadoni et al. 2006). The overexpression of PGIPs in transgenic plants
improves the resistance to bacterial and fungal pathogen (Aguero et al. 2005; Ferrari et al. 2012). PGIPs
counteract fungal PGs by forming speci�c complexes with them in the cell wall of many plants (Torki et
al. 2000; De Lorenzo et al. 2001), the accumulation of partially digested fragments of polygalacturonic
acid and oligogalacturonides induce the plant defense responses (De Lorenzo et al. 2001; Martin et al.
2003; Mohammadzadeh et al. 2015). PGIP reduces the susceptibility to bacterial and fungal attack in
different transgenic plants, such as Arabidopsis (Ferrari et al. 2003), wheat (Janni et al. 2008), sugar
beet (Powell et al. 2000), pear (Powell et al. 2000), and apple (Mohammadzadeh et al. 2015).
The resistance of PGIPs to fungal and bacterial has been extensively studied, but their resistance to
insects is much less known.

The LRR involved in recognition of the resistance gene products in many plant (Martin et al. 2003), and
several receptors involved in perception of hormones (Szekeres 2003), elicitors (Gomez-Gomez et al.
2001), defense responses against insects (Szekeres 2003), and fungal and bacterial symbiosis (Kistner
and Parniske 2002). The LRRs of PGIPs are organized into β1 and β2 sheets (Kalunke et al. 2014), and a
single amino acid change in β1 sheet confers the ability to recognize a novel PG, which imply that the
LRR domain is critical for determining recognition speci�city toward insects or pathogens (Leckie et al.
1999). In our study, the mutation sites are located in the conserved LRR domain, which change the
polarity of amino acids, results in the conformational and functional change of LRR domain. Most of

https://en.wikipedia.org/wiki/Polygalacturonase
https://en.wikipedia.org/wiki/Glycoproteins
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plant disease resistance (R) genes encode proteins contained a C-terminal LRR domain. The mutation
sites are related to the functions of PGIP against for bruchid resistance. 

Abbreviations
Br, bruchid resistance gene; QTL, quantitative trait locus; PG, polygalacturonases;
PGIP, polygalacturonase-inhibiting protein; RFLP, restriction fragment length polymorphism; CAP, cleaved
ampli�ed polymorphism; SSR, simple sequence repeat; SNP, single-nucleotide polymorphism; ORF, open
reading frame; DEG, differentially expressed gene; qRT-PCR, quantitative real-time PCR; PI, protease
inhibitors; MAPK, mitogen-activated protein kinase; LRR, leucine rich repeat; GFP, green fluorescent
protein; RFP, red fluorescent protein.
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Figures

Figure 1

Phenotypic evaluation of bruchid resistance in C618, Zhonglv 5, and N618 (isogenic line of Zhonglv 5).
(a) The undamaged seeds of C618, white oviposition are visible on seeds, but no damaged seeds. (b) The
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completely damaged seeds of Zhonglv 5, bruchid holes: typical bruchid symptoms. (c) The undamaged
seeds of N618, white oviposition are visible on seeds, but no damaged seeds.

Figure 2

Map-based cloning of the Br gene. (a) The Br gene was mapped to a 111-kb region between SSR markers
Vr04-249 and Vr04-483 on the chromosome 4 with 10 candidate genes. The Vr04g00919 gene encoding
polygalacturonase inhibitor with a six single-base substitution is the best candidate gene. (b) Two
bruchid resistant lines (C618 and N618) and four bruchid susceptible lines (Zhonglv 1, Zhonglv 5,
Zhonglv 10, and CN60) were used for homologous analyses. The six nucleotides substitutions are
consistent in bruchid-resistant and susceptible lines, respectively. (c) The three amino acids substitutions
are consistent in bruchid-resistant and susceptible lines, respectively.
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Figure 3

Subcellular localization analysis of VrPGIP2. (a) a-c Subcellular localization of pE3025-GFP. d-f
Subcellular localization of pE3025-VrPGIP2-GFP. Cells expressing GFP alone were used as a control. a, d
GFP fluorescence (green), b, e Bright �eld images; c, f merged images.
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Figure 4

Sequence comparison of PGIPs. (a) Alignment of the mung bean PGIP amino acid sequence with other
members in legume plants: CaPGIP1 in Cajanus cajan, GmPGIP1 in Glycine max, CaPGIP1 in Cicer
arietinum, MtPGIP in Medicago truncatula, PvPGIP1 in Phaseolus vulgaris, VrPGIP1, VrPGIP2 in Vigna
radiata, GmPGIP2 in Glycine max, and CcPGIP2 in Cajanus cajan (the mutation sites are in the LRR
domain and D domain, indicated by the red boxs). (b) Prediction of 3D structures of Zhonglv 5 and N618
proteins using SWISS-MODEL and visualization using Swiss-PdbViewer (the mutation sites are indicated
in red boxes. (c) Phylogenetic analysis of PGIPs in plants.
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Figure 5

qRT-PCR validation of differentially expressed transcripts between bruchid-resistant line N618 and
susceptible line Zhonglv 5. Error bars represent standard errors derived from three replications.
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