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Received: 21 February 2012 / Accepted: 28 June 2012 / Published online: 14 July 2012

� Her Majesty the Queen in Right of Canada 2012

Abstract Common bacterial blight (CBB), caused by

Xanthomonas axonopodis pv. phaseoli (Xap), is a major

yield-limiting factor of common bean (Phaseolus vulgaris

L.) production around the world. Two major CBB-resistant

quantitative trait loci (QTL), linked to the sequence char-

acterized amplified region markers BC420 and SU91, are

located at chromosomes 6 and 8, respectively. Using map-

based cloning approach, four bacterial artificial chromo-

some (BAC) clones from the BC420-QTL locus and one

BAC clone containing SU91 were sequenced by Roche 454

technique and subsequently assembled using merged

assemblies from three different programs. Based on the

quality of the assembly, only the sequences of BAC 32H6

and 4K7 were used for candidate gene marker (CGM)

development and candidate gene (CG) selection. For the

BC420-QTL locus, 21 novel genes were predicted in silico

by FGENESH using Medicago gene model, whereas 16

genes were identified in the SU91-QTL locus. For each

putative gene, one or more primer pairs were designed and

tested in the contrasting near isogenic lines. Overall, six

and nine polymorphic markers were found in the SU91-

and BC420-QTL loci, respectively. Afterwards, association

mapping was conducted in a breeding population of 395

dry bean lines to discover marker-trait associations. Two

CGMs per each locus showed better association with CBB

resistance than the BC420 and SU91 markers, which

include BC420-CG10B and BC420-CG14 for BC420_QTL

locus, and SU91-CG10 and SU91-CG11 for SU91_QTL

locus. The strong associations between CBB resistance and

the CGs 10 and 14 from BC420_QTL locus and the CGs 10

and 11 from SU91_QTL locus indicate that the genes 10

and 14 from the BC420 locus are potential CGs underlying

the BC420_QTL locus, whereas the genes 10 and 11 from

the SU91 locus are potential CGs underlying the SU91_

QTL locus. The superiority of SU91-CG11 was further

validated in a recombinant inbred line population Sani-

lac 9 OAC 09-3. Thus, co-dominant CGMs, BC420-CG14

and SU91-CG11, are recommended to replace BC420 and

SU91 for marker-assisted selection of common bean with

resistance to CBB.

Introduction

Common bean (Phaseolus vulgaris L.) is the most impor-

tant pulse crop for direct human consumption. Its nutri-

tional composition includes complex carbohydrates (e.g.

fibre, resistant starch, and oligosaccharides), vegetable

protein, important vitamins and minerals like folate and

iron, as well as antioxidants and only very small amounts

of fat (McClean et al. 2008). In 2006, the bean industry was
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valued at $1.2 billion and $180 million in USA and

Canada, respectively (http://www.pulsecanada.com/). Com-

mon bacterial blight (CBB), incited by Xanthomonas

axonopodis pv. phaseoli (Xap), is a major yield-limiting

factor of common bean production around the world

(Miklas et al. 2006). Since CBB resistance is a complex

trait that is quantitatively inherited, host genetic resistance

is the most effective and environmentally sound approach

to control CBB (Miklas et al. 2006).

The two sequence characterized amplified region (SCAR)

markers, SU91 and BC420, have been of particular interest

to bean breeding programs for CBB resistance using marker-

assisted selection (MAS) (Miklas et al. 2006). The tepary

bean (Phaseolus acutifolius A. Gray) accession PI31944, via

the inter-specific dry bean line XAN159, is considered to be

the source of both BC420- and SU91-linked quantitative trait

loci (QTL). Together with another tepary bean accession

PI440795, they have provided the major source of resistance

to CBB in Canadian bean breeding programs. The germ-

plasm lines, HR45 and HR67, and the variety ‘Apex’

(HR199-4857) have obtained their resistance through

crosses with XAN159 (Shi et al. 2011). BC420 was located

on linkage group B6 (Miklas et al. 2006) and SU91 on

linkage group B8 (Miklas et al. 2006). The different chro-

mosome positions of the two SCAR markers make them

attractive sources for introgressing independent CBB-resis-

tance QTL into susceptible bean cultivars (Miklas et al.

2006). The presence of BC420 accounted for *62 % of the

phenotypic variation for resistance to CBB in a population

derived from a cross between HR67 and a susceptible white

bean W1744d (Yu et al. 2000). In the F5 recombinant inbred

lines (RILs) derived from a cross between HR67 and

OAC95-4 (moderately susceptible in the greenhouse), the

presence of BC420 accounted for *63 % of the phenotypic

variation for resistance to CBB (Yu et al. 2004). The pres-

ence of SU91 accounted for *14 % of the phenotypic var-

iation for resistance to CBB in an F2 population derived from

a cross between XAN159 (resistant) and Chase (moderately

susceptible) (Vandemark et al. 2008), and its presence

accounted for 17 % of the phenotypic variation for resis-

tance in a BC2F1 population derived from the same cross

(Vandemark et al. 2008). A recessive epistatic interaction

has been observed between the two loci: (1) the expression of

BC420 was epistatically suppressed by a homozygous

recessive su91//su91 genotype; (2) SU91//SU91 and SU91//

su91 genotypes conditioned an intermediate disease reaction

when homozygous recessive for bc420//bc420; and (3) the

highest level of disease resistance was conferred by geno-

types with at least a single resistance allele at both QTL

(BC420//-; SU91//-) (Vandemark et al. 2008). This result

indicates that breeders may realize the greatest gains for

resistance to CBB by selecting breeding materials that are

fixed for both QTL.

Unfortunately, both BC420 and SU91 are the dominant

markers. Dominant markers are less efficient for MAS

because they cannot distinguish heterozygous QTL from

homozygous QTL of a plant. So far, no co-dominant

markers have been developed for the SU91 QTL, and could

be used efficiently in MAS for CBB resistance. Moreover,

both the SU91 and BC420 markers were derived at random

from polymorphic sites in the genome. Genetic linkage

between these markers and a target QTL allele can be

broken by genetic recombination. In contrast, candidate

gene markers (CGMs) are markers derived from poly-

morphisms within genes that should have complete linkage

with the target loci (Andersen and Lubberstedt 2003).

Physical mapping enables the efficient generation of new

CGMs useful for co-dominant marker development. The

BC420-QTL has recently been physically mapped using a

bacterial artificial chromosome (BAC) library for HR45

(Liu et al. 2008). The minimum tiling path of the BAC

contig contains six BAC clones spanning an estimated size

of 750 kb covering this QTL region. BAC 4K7 is a clone

containing the BC420 marker (Liu et al. 2010). To date, the

SU91-QTL has not been physically mapped yet, and there

is some ambiguity about its precise genetic mapping

position. The current approach to BAC sequencing are the

next-generation sequencing platforms, due to higher cov-

erage and lower cost comparing to Sanger sequencing

technique (Varshney et al. 2009). Since the bean genome

had not been sequenced, the Roche 454 platform was

selected, as the longer reads generated (currently about 400

bases) are more amenable to de novo assembly and anno-

tation (Varshney et al. 2009). Moreover, different assembly

software packages use different assembly algorithms;

therefore, combining optimal assemblies from different

programs can give a more credible final product (Kumar

and Blaxter 2010).

Physical mapping provides a glimpse of local gene

content useful for searching candidate genes underlying

respective QTL. Annotation of plant genomic sequences

can be separated into structural and functional annotation

(Ouyang et al. 2009). Structural annotation is dependent on

sensitive, specific computational programs and deep

experimental evidence to identify gene features within

genomic DNA, while functional annotation is highly

dependent on sequence similarity to other known genes or

proteins. Coupling structural and functional annotation

across genomes in a comparative manner promotes a more

accurate annotation, i.e. candidate gene catalogue (Ouyang

et al. 2009). Near isogenic lines (NILs) harbouring BC420-

and/or SU91-QTL have been developed through crossing

XAN159 to Teebus (susceptible) (Vandemark et al. 2008).

NILs are premium plant materials for screening candidate

genes as in the absence of other segregating QTL, the

target QTL become the major genetic source of genetic
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resistance (Salvi and Tuberosa 2005). Since common bean

is reputed to be a species recalcitrant to transformation (Seo

et al. 2006), the validation of promising candidate genes

remains a challenge in common bean. As an alternative to

direct proof, candidate genes can be indirectly functionally

approved through association mapping (i.e. by identifying,

within a set of genotypes such as germplasm accessions and

cultivated varieties, a statistical association between allelic

variants at marker or candidate loci and the mean of the

analysed trait) (Andersen and Lubberstedt 2003). Shi et al.

(2011) successfully applied genome-wide association

mapping in a bean breeding population to detect the

markers associated to CBB resistance. Fourteen markers

were significant for both days after inoculation (DAI) and

five markers were highly significant (P B 0.001), including

BC420 and SU91.

The objectives of our study were to (1) identify a target

BAC clone harbouring SU91 marker, (2) sequence five BAC

clones at the BC420 locus and assemble two of them using a

combination of three different assembly algorithms, (3)

structurally and functionally annotate BAC sequences, (4)

develop and screen CGMs using contrasting NILs, (5) apply

association study to evaluate CGMs and validate candidate

genes, and (6) validate SU91 CGMs in a bi-parental

population.

Materials and methods

Plant materials

A pair of NILs, BBSS and bbss, are BC6-derived F2

(BC6:F2) plants from a cross between XAN159 9 Teebus

(Vandemark et al. 2008). A population of 392 advanced

bean breeding lines were used in association study (Fig. 1).

The population includes genotypes from different gene-

pool origins and breeding materials from different stages of

variety development in the AAFC-University of Guelph

Bean Breeding Program. These included 130 lines in the

advanced yield trials and 262 lines in the preliminary yield

trials. The population represents the range of genetic

diversity within the breeding program in Ontario, Canada.

Moreover, a population of 90 F4:5 RILs derived from a

cross between Sanilac (CBB susceptible) and OAC 09-3

(CBB resistant) was used to confirm the association of the

new markers with CBB resistance.

BAC sequencing, assembly, and annotation

Bacterial artificial chromosomes previously found to con-

tain the regions of interest were sequenced using the 454

platform (Roche Canada, Laval, Quebec) in Genome Que-

bec (BAC 4K7 and 59I10) (Montreal, Quebec), Beckman

Coulter Genomics (BAC 32H6) (Beverly, Massachusetts),

and Plant Biotechnology Institute (BAC 52C11 and 79B3)

(Saskatoon, Saskatchewan). BAC assembly used three

programs, Newbler (Roche Canada, Laval, Quebec), CLC

Genomics Workbench (Katrinebjerg, Denmark), and

Geneious (Auckland, New Zealand). Initial assembly by

Newbler was received from the BAC sequencing service

provider and was treated as the primary assembly. After-

wards, secondary assembly was conducted by CLC

Genomics Workbench using the ‘‘high-throughput de novo

assembly’’ module on the trimmed 454 reads. Results from

the 454 trimmed reads, the primary and secondary assem-

blies were integrated into Geneious to create final assembly.

The sequences of BAC 4K7 (JX000234) and 32H6 (JX

000235) were submitted to the National Centre for Bio-

technology Information (NCBI) database. Gene predictions

were based on ab initio method by FGENESH software

using Medicago gene model (http://www.softberry.com).

Sequences were subjected to BlastN similarity search

analysis against the NCBI, non-human, non-mouse ESTs

(est_others) database and annotated according to their

homology with known EST sequences.

Phenotypic evaluation

Plant materials for the association studies were field eval-

uated in 2009 at the CBB nursery in Harrow, Ontario,

Canada. The experimental design was a randomized com-

plete block with two replications. Each experimental unit

consisted of a single 0.5 foot long row with a 2 foot row

spacing. Artificial inoculation was carried out using fresh

bacterial inoculum, prepared by mixing equal amount of

two fuscans isolates 12 and 118, and two non-fuscans

isolates 18 and 98 with a concentration of 108 CFU/ml.

These four strains are endemic in Ontario, Canada, and

were isolated from the field (Park and Dhanvantari 1987).

Plots were mechanically inoculated at the unifoliolate

growth stage using a high-pressure sprayer at the constant

pressure of 250 psi. Two CBB ratings were taken at 14 and

21 DAI using a 0–5 scale for disease severity ratings, based

on a visual estimate of the percentage of CBB symptoms

on the total leaf area, where 0 = no symptoms,

1 = \10 %, 2 = 11–30 %, 3 = 31–50 %, 4 = 51–80 %,

and 5 = more than 80 % of inoculated areas showing

symptoms. CBB resistant (HR45) and susceptible (Dres-

den) checks were included in each block. Excel Macros

programmed by QI Macros (http://www.qimacros.com/)

was used to conduct Kolmogorov–Smirnov test of

normality.

The F4:5 RILs derived from a cross between Sanilac and

OAC09-3 were evaluated in field in the summer of 2011

and in growth room using a mix of the four Xap isolates

mentioned above with two replicates. The area under the
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Fig. 1 BAC gene prediction and CGMs (candidate gene markers) screening in contrasting NILs (near isogenic lines). a BAC 4K7; b BAC 32H6.

BBSS and bbss are the resistant and susceptible NILs
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disease progress curve (AUDPC) was calculated based on

three times rating for each replicate in the field test as:

AUDPC ¼
X4

i¼1

Xiþ1 þ Xi

2

� �
tiþ1 � tið Þ

� �

where, Xi is the severity rating of the host tissue damaged

at the ith rating, and ti is the time in DAI at ith rating.

Genotyping

Young leaf samples (100 mg) were frozen in liquid nitro-

gen and ground using an AutoGrinder 48 (AutoGen Inc.,

Holliston, MA, USA). After incubation with plant lysis

buffer (AutoGen AG00121) at 65 �C for 30 min, the DNA

was automatically extracted using an AutoGen 850 Alpha

system following the manufacturer’s directions (AutoGen

Inc.).

One or two primer pairs per each putative gene were

designed using Primer3 (http://frodo.wi.mit.edu/). PCR

was performed in 25 ll volumes containing 1 ll genomic

DNA (25 ng/ll), 0.5 ll dNTP mixtures (10 mM each),

5 ll 5 9 Green GoTaq PCR buffer (Promega, USA), 2 ll

primers (1.5 mM each), 0.2 ll GoTaq polymerase

(5 Units/ll) (Promega, USA), and 16.5 ll double-distilled

water. The PCR program was optimized and consisted of

initial denaturation at 94 �C for 3 min, 20 cycles of 30 s at

94 �C, 45 s from 56 �C to a ‘‘touchdown’’ (the annealing

temperature was lowered 1 �C after every two subsequent

cycles) at 47 �C for primer annealing, 1 min at 72 �C for

primer extension, followed by 21 cycles with a 47 �C

annealing temperature, and ended with 1 cycle of 10 min at

72 �C. The PCR products were analysed on 1.5 % agarose

gel and visualized by SYBR� Safe staining (Invitrogen,

USA). The F4:5 RILs, derived from a cross between Sanilac

and OAC09-3, were genotyped using SU91, SU91-CG10,

and SU91-CG11. The PCR protocol includes: 34 cycles of

30 s at 94 �C, 45 s at 60 �C, and 60 s at 72 �C, followed by

one cycle of 10 min at 72 �C. The PCR products were

electrophoresed through 2 % high resolution agarose gel

containing ethidium bromide for 3 h at 100 V.

Statistical analysis

Association study analyses were carried out with TASSEL

2.1 software, available at http://www.maizegenetics.net/

index.php?option=com_content&task=view&id=89&

Itemid=119. The MLM analyses were performed using a

kinship K matrix and population structure Q matrix. The

K matrix was generated based on 75 SNPs using kinship

matrix function in TASSEL (Shi et al. 2011). Population

structure consisted of a Q matrix that describes the percent

subpopulation parentage for each line in the analysis

(Shi et al. 2011). These percentages were calculated by

STRUCTURE 2.3.3 software, available at http://pritch.bsd.

uchicago.edu/structure.html. We set k (the number of sub-

populations) from 1 to 10 and performed 10 runs for each

k value. For each run, a burn in of 5,000 iterations was

followed by an additional 5,000 iterations. Since the like-

lihood for model parameter k = 2 was much higher than

k = 1 and comparable with k = 3 or higher, we chose

k = 2 and generated a Q matrix from 75 SNPs (Shi et al.

2011).

Results

Screening HR45 BAC library using SU91 marker

As the HR45 germplasm line contains SU91-QTL, a BAC

library was constructed from high molecular weight DNA

of HR45 (Liu et al. 2010). The library is composed of

33,024 clones with insert sizes of ranging from 30 to

280 kb, with an average size of 107 kb (Liu et al. 2010).

Since the library is estimated to represent approximately a

sixfold genome coverage (Liu et al. 2010), only one-third

of library was screened with twofold genome coverage.

The marker SU91 was used to screen plate pools, column

pools, and row pools from the library to identify positive

clones through PCR screening. Only one clone 32H6, with

an insert size of *90 kb, was positive for the SU91

marker.

BAC sequencing and de novo assembly

Based on the physical map of BC420-QTL locus, four

BACs, 4K7, 52C11, 59I10, and 79B3, were selected in a

previous study for sequencing (Liu et al. 2010). Adding

BAC 32H6 for SU91-QTL, five BACs were sequenced

using the Roche 454 pyrosequencing platform. Because of

the short 454 reads generated, no BAC was assembled into

one contig by Roche 454 assembly software Newbler.

Newbler uses the overlap–layout–consensus (OLC) algo-

rithm, whereas CLC Genomics Workbench and Geneious

use de Bruijun and Greedy Algorithms (Miller et al. 2010).

As the programs used different underlying algorithms to

generate contigs, we explored merging of assemblies and

found that the merged data sets not only aligned better to

reference sequences than individual assemblies, but were

also more consistent in the number and size of contigs.

BAC 32H6, 4K7, 52C11, and 59I10 were assembled into

one contig totalling 96, 101, 75, and 78 kb, respectively,

whereas BAC 79B3 was assembled into two contigs

totalling 92 kb (Table 1). The contig sizes of BAC 32H6,

4K7, and 52C11 are close to the size estimates made

through pulse field gel electrophoresis, whereas BAC
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59I10 and 79B3 were much less than expected. Consensus

sequence was constructed to remove the gaps and keep the

most frequent residues at each site for the contigs. In

comparison with pIndigoBAC-5 vector sequence, more

than 97 % of the sequences were recovered from the

contigs of BAC 32H6, 4K7, and 59I10, but \50 % from

BAC 79B3. Moreover, the consensus sequences of BAC

4K7 and 32H6 were found to have high homology to the

original BC420 (99.8 %) and SU91 (99.7 %) marker

sequences, respectively. Thus, accounting for assembly

size and relative to known target sequence, the sequences

of BAC 32H6 and 4K7 had the best value for CGM

development.

BAC sequence annotation

Both ab initio and homology-based methods were used to

search the genes in the BAC sequences (Fig. 1; Table 2). For

BAC 4K7, 21 novel genes were ab initio predicted by FGE-

NESH using Medicago gene model, including 10 from sense

chain and 11 from anti-sense chain (Table 2). Due to limited

resources, not all of them could identify similar nucleotide

sequences that exist in current EST databases by BLASTN. Of

the 21 putative genes, four and three genes were supported by

common bean and tepary bean ESTs, respectively, there were

16 genes in BAC 32H6 including 3 from sense chain and 13

from anti-sense chain. Of them, three, five, and one putative

genes were supported by common bean, tepary bean, and

soybean ESTs, respectively (Table 2). In addition, according

to current protein database, genes 3, 19, and 21 identified from

BAC 4K7 encoding the proteins similar to common bean gag-

pol protein (AAR13313) and potato integrase core domain

containing protein (ABI34329), whereas genes 3, 10, 11,

and 14 from BAC 32H6 encoding the protein homologues

of soybean UDP-glycosyltransferase 82A1-like protein

(XP_003544918), anthocyanidin 3-O-glucosyltransferase

1-like protein (XP_003518582), and choline-phosphate cyti-

dylyltransferase B-like protein (XP_003545206) (Table 2).

Screening CGMs using contrasting NILs

For each putative gene, one or two primer pairs were

designed and tested in the contrasting NILs. NIL BBSS and

bbss represent resistant and susceptible genotypes. Nine

CGMs, derived from BAC 4K7, showed polymorphisms,

including six dominant markers only present in BBSS and

three co-dominant markers with size polymorphism

between BBSS and bbss (Fig. 1a). These CGMs come from

eight putative genes (Fig. 1a, b). BC420 was located

between genes 8 and 9 (Fig. 1a). Meanwhile, six CGMs

derived from BAC 32H6 showed polymorphisms. They

include four dominant markers only present in BBSS and

two co-dominant markers with size polymorphism between

BBSS and bbss (Fig. 1b). Five candidate genes contribute

these CGMs. SU91 was located between genes 14 and 15

(Fig. 1b).

The evaluation of CGMs by association study

Polymorphic CGMs were further evaluated in a bean

breeding population, including 392 advanced breeding

lines (Fig. 2a). Each line was rated twice for CBB resis-

tance at 14 and 21 DAI. The resistant check, HR45, was

scored 0 at both disease observation dates, whereas the

susceptible check, Dresden, was scored 5 (Fig. 2b). The

frequency distribution of CBB severity scores showed a

continuous variation with population mean shifted towards

susceptibility (Fig. 2b). The Kolmogorov–Smirnov test of

normality for the whole population was significant

(P B 0.05) for both 14 and 21 DAI. Since a complex

familial relationships and population structure was found in

this breeding population, associations between the markers

Table 1 The summary of BAC assembly

BAC Estimated sizea (kb) 454 reads Contigb (kb) Consensus sequencec (kb) Identical to reference sequence

32H6 90 115,197 96 65 pIndigoBAC-5 (97.5 %)d, SU91 (99.7 %)

4K7 90 47,209 101 88 pIndigoBAC-5 (99.9 %), BC420 (99.8 %)

52C11 70 38,656 75 75 pIndigoBAC-5 (90.2 %), BC420 (54.9 %)

59I10 100 20,652 78 76 pIndigoBAC-5 (99.7 %), STS183.142 (92.7 %)

79B3 148 20,848 55 51 pIndigoBAC-5 (50.0 %), STS333.274 (55.3 %)

37 34 pIndigoBAC-5 (12.3 %), STS333.274 (53.5 %)

a The sizes were estimated by pulse field gel electrophoresis
b Largest contig in final assemble using Geneious software
c The contig essentially appears as a multiple sequence alignment of the fragments. After some manual editing of the contig to resolve

disagreements between fragments which result from read errors, the consensus sequence of the contig is extracted as the sequence being

reconstructed
d The percent identity, i.e. the percent that the BAC consensus sequences match up respective reference sequences within the limits of the full

match
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Table 2 List of genes predicted by FGENESH program and its EST and protein homologues from BlastN and BlastX output

FGENESH (Medicago) BlastN BlastX

Gene Chain Start base–end

base

Supported EST E value (max

identity)

Protein homologue E value (max

identity)

BAC 4K7 annotation

1 Plus 62–2,372 HO780792, tepary

bean

1E-89 (92 %)

2 Plus 4,873–6,724

3 Minus 6,931–8,231 CB539386, common

bean seedling

0 (95 %) AAR13313, common bean gag-pol polyprotein 2E-20 (61 %)

4 Minus 9,541–11,816

5 Minus 12,114–13,118

6 Minus 14,301–19,789

7 Minus 20,683–27,177 FE703648, common

bean

8E-161

(82 %)

8 Plus 27,647–28,981 FE703648, common

bean

8E-166

(82 %)

9 Minus 29,105–35,574

10 Minus 35,873–37,331

11 Minus 37,853–38,323

12 Plus 39,255–42,465

13 Plus 44,163–47,036

14 Minus 50,877–54,764

15 Plus 57,924–58,807

16 Plus 58,990–61,126

17 Plus 61,762–66,526 HO780792, tepary

bean

1E-89 (99 %)

18 Plus 69,025–70,874

19 Minus 71,081–72,381 CB539386, common

bean seedling

0 (95 %) AAR13313, common bean gag-pol polyprotein 2E-20 (61 %)

20 Plus 74,304–75,762

21 Minus 75,812–80,096 HO777542, tepary

bean

0 (99 %) ABI34329, potato integrase core domain

containing protein

0 (59 %)

BAC 32H6 annotation

1 Minus 867–1,114

2 Minus 3,047–5,616

3 Minus 5,733–8,815 CX546984, water

stressed soybean

3E-164

(85 %)

XP_003544918, soybean UDP-

glycosyltransferase 82A1-like

0 (72 %)

4 Minus 11,784–14,035 FE676335, common

bean

0 (97 %)

5 Minus 15,745–18,101 HO780614, tepary

bean

0 (98 %)

6 Minus 18,228–18,751

7 Minus 20,404–21,286

8 Minus 22,376–26,033 HO796722, tepary

bean

0 (99 %)

9 Plus 26,066–28,815 HO787592, tepary

bean

0 (99 %)

10 Minus 29,180–31,139 HO797100, tepary

bean

0 (98 %) XP_003518582, soybean anthocyanidin 3-O-

glucosyltransferase 1-like

0 (66 %)

11 Minus 34,246–36,076 HO797100, tepary

bean

0 (96 %) XP_003518582, soybean anthocyanidin 3-O-

glucosyltransferase 1-like

0 (65 %)

12 Minus 36,542–39,769
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and CBB rating were determined by unified MLM method,

taking population structure and kinship into account.

Because CBB ratings varied between disease observation

dates (Fig. 2b), these associations were determined for

respective DAI. Table 3 presents the markers significantly

associated with CBB ratings for each DAI analyses. The

P value determines whether a QTL is associated with the

marker. The R2 statistic is commonly used in QTL mapping

studies to measure the proportion of phenotypic variation

explained by molecular markers. However, unlike fixed

linear regression models, linear mixed models have no

well-established R2 statistic for assessing goodness-of-fit

and prediction power. The R2 marker only measures the

contribution of the marker to sum square after accounting

for all other effects in the model. Eighty-eight percent (15

of 17) of markers were significant in at least one date. Of

them, 7 and 15 markers were significantly associated with

the 14 and 21 DAI CBB rating, respectively. Seven

markers were significant for both dates, with high associ-

ations in markers SU91, SU91-CG9A, SU91-CG9B,

SU91-CG10, and SU91-CG11 (P B 0.001) located at the

SU91_QTL locus.

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 0-1 1-2 2-3 3-4 4-5

Common bacterial blight rating

F
re

q
u

en
cy

14 DAI

21 DAI

HR45

Dresden

   392 advanced breeding lines in the AAFC/University of Guelph Bean Breeding Program 

Advance yield trial
1st Group: coloured bean (CB AYT) 2nd Group: white bean, early maturity  (WB AYT E) 
3rd Group: white bean,  medium maturity (WB AYT M) 4th Group: white bean,  later maturity (WB AYT L) 
Preliminary yield trial 
1st Group: coloured bean, early maturity (CB PYT E) 2nd Group: coloured bean, medium maturity (CB PYT M) 
3rd Group: coloured bean, later maturity (CB PYT L) 4th Group: white bean, early maturity  (WB PYT E) 
5th Group: white bean,  medium maturity (WB PYT M) 6th Group: white bean,  later maturity (WB PYT L) 

(a)

(b)

Fig. 2 The frequency

distribution of CBB ratings of

breeding population in 2009

CBB nursery. Rating scales:

0 = no symptoms and

5 = more than 80 % of

inoculated areas showing

symptoms

Table 2 continued

FGENESH (Medicago) BlastN BlastX

Gene Chain Start base–end

base

Supported EST E value (max

identity)

Protein homologue E value (max

identity)

13 Minus 40,050–44,039

14 Plus 44,568–50,027 FE684024, common

bean

0 (99 %) XP_003545206, soybean choline-phosphate

cytidylyltransferase B-like

2E-135

(94 %)

15 Minus 50,458–51,720 FE694947, common

bean

0 (94 %)

16 Plus 54,167–57,260
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In contrast, BC420 was not significant for both dates.

This finding is consistent with a recessive epistatic model

of inheritance between the two loci, i.e. the SU91_QTL

locus is essential for CBB resistance and the greatest gain

in resistance to CBB is to select breeding materials that are

fixed for both QTL. Based on R2_marker value, two CGMs

per each locus show better association to CBB resistance

than the BC420 and SU91, including BC420-CG10B and

BC420-CG14 for BC420_QTL locus, and SU91-CG10 and

SU91-CG11 for SU91_QTL locus.

The evaluation of SU91 CGMs by genetic mapping

The F4:5 RIL population derived from the cross between

Sanilac and OAC 09-3 showed continuous variations of

CBB scores with population mean shifted towards sus-

ceptibility in both field and growth room phenotying

(Table 4). Both Sanilac and OAC 09-3 do not have BC420

marker and BC420 CGMs. SU91 is a dominant marker

present in OAC 09-3. SU91-CG10 is also a dominant

marker, but present in Sanilac. SU91-CG11 is a co-domi-

nant marker amplifying a 425 bp band for Sanilac and a

464 bp band for OAC 09-3 (Fig. 3). All three markers were

used to genotype 90 F4:5 RILs derived from the cross

between Sanilac and OAC 09-3. As shown in Table 4,

SU91 is significantly skewed towards resistant allele,

SU91-CG11 is less deviated than SU91, while SU91-CG10

is normally segregating (Table 4). In both field and growth

room phenotyping conditions, SU91-CG11 accounted for

greater portion of phenotypic variation than SU91

(Table 4). Since SU91-CG11 is a co-dominant marker, it is

able to distinguish homozygous QTL from heterozygous

QTL in plants (Fig. 3). The phenotypic value of the

heterozygous genotypes were between the two parental

type homozygous genotypes in both field and growth room

test (Supp. Table 1).

Discussion

Traditionally, BAC clones were sequenced by the Sanger-

based, shotgun approach. The Roche 454 platform, with its

longer reads (400–500 bp) provided a much higher

throughput than Sanger sequencing at a lower cost per base

(Varshney et al. 2009). Since reference bean genome was

not available, our BAC assembly could not be completed

solely using Newbler software. Analysis of 89,017 BAC-

end sequences from G19833 in combination with 1,404

shotgun sequences from Bat7 revealed that *49.2 % of the

bean genome contains repetitive sequence (Schlueter et al.

2008). When compared to the overall sequence composi-

tion of other legume BAC-end sequencing analyses, com-

mon bean appears to have a much higher percentage of

repetitive sequence than the 8.5 % identified for white

clover or the estimated 33.5 % for soybean (Schlueter et al.

464 bp
425 bp

Fig. 3 Co-dominant marker SU91-CG11 was used to genotype

parental lines Sanilac and OAC 09-3, and the recombinant inbred

lines derived from the cross between OAC 09-3 and sanilac

Table 4 Genotypic frequencies and single marker QTL analysis of SU91 and SU91 candidate gene markers in a recombinant inbred line

population derived from the cross between OAC 09-3 and Sanilac

Marker Allele X2 Note Field AUDPC Growth room

A H B 0a 1 2 3 4 5 R2c 0 1 2 3 4 5 R2

SU91 28 0 61 14.55*** Dominant 6b

(2)

10

(2)

29

(23)

32

(50)

13

(13)

0

(0)

0.4*** 1 4 21 33 27 2 0.27***

SU91-

CG10

49 0 40 1.36NS Dominant,

Repulsion to

SU91

0.28*** 0.23***

SU91-

CG11

27 20 41 2.88* Co-dominant 0.42*** 0.36***

A Sanilac allele, H heterozygous, B OAC 09-3 allele, NS not statistically significant
a CBB rating: 0 = no symptoms, 1 = less than 10 %, 2 = 11–30 %, 3 = 31–50 %, 4 = 51–80 %, and 5 = more than 80 % of inoculated areas

showing symptoms
b CBB rating at 14 days after inoculation (DAI), whereas 21 DAI in parentheses
c R2 is the proportion of phenotypic variance accounted for by the marker

* P B 0.05

** P B 0.01

*** P B 0.001
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2008). As a result of this, the assembly of the HR45 BAC

clones was challenged by the amount of repetitive

sequences present at the bean genome. Kumar and Blaxter

(2010) have carried out a systematic comparison of five

assemblers (CAP3, MIRA, Newbler, SeqMan, and CLC)

and concluded combining optimal assemblies from different

programs would give a more credible final product. We

explored combining three software, Newbler, CLC, and

Geneious, and found 97.5 % and 99.9 % vector sequences

recovered from BAC 32H6 and 4K7. This demonstrated that

merged assemblies aligned better to reference sequences

than individual assemblies. However, this approach could

not be used to assemble all the BAC clones in this study, and

additional analysis will be required to fully assemble those

fragments.

Although the marker BC420 has been used extensively

in the bean breeding programs for CBB resistance, its

usage is limited by its additive effect on resistance. Most of

the new CBB resistance materials in the AAFC/University

of Guelph Bean Breeding Program have SU91 marker band

but not BC420, for example, Rexeter (OAC 07-2), Apex

(HR199), and ACUG 10-6. All of them have high levels of

resistance. Moreover, its tight linkage with the V gene

limits the usefulness of BC420 in coloured bean market

classes (Liu et al. 2008). Previous studies have indicated

that some CBB-resistant lines derived from XAN159 in

Mexico had the SU91 marker band but not the BC420

marker (Liu et al. 2008). This may be because when they

selected the favourable seed coat colour, the BC420 linked

QTL was removed. These two major QTL from XAN159

have been transferred into different genetic backgrounds

through traditional breeding. With the development of

more markers tightly linked to the major QTL on B6,

breeders will have more options to pyramid these two QTL

in marker-assisted variety development. CGMs are supe-

rior to the random DNA markers SU91 and BC420 due to

their potential complete linkage with target loci (Andersen

and Lubberstedt 2003). The recruitment of polymorphic

markers required for CGM development is fairly simple for

Arabidopsis and rice because the whole genome has been

sequenced. Since no detailed sequence information is

available for common bean, the sequences from BACs

containing QTL markers were explored to develop CGMs.

Two CGMs per each locus showed better association to

CBB resistance than BC420 and SU91, including BC420-

CG10B and BC420-CG14 for the BC420_QTL locus, and

SU91-CG10 and SU91-CG11 for the SU91_QTL locus

(Table 3). Somehow, SU91-GC10 marker appears to be a

co-dominant marker in the NILs shown in Fig. 1, while it is

a dominant marker in the RIL population, thus its useful-

ness may depend on the population being assessed. Overall,

BC420-CG14 and SU91-CG11 are co-dominant markers

(Figs. 1, 3), and as a result, are more informative than

BC420 and SU91 for MAS. However, genetic ratios for

SU91 and SU91-CG11 are skewed to the resistant parent

(Table 4). Skewed segregation ratios of genetic loci are

often observed in the progeny of inter- and intra-specific

hybrids and the phenomenon are resulted from distorted

inheritance of alleles caused by competition among

gametes or from abortion of gamete or zygotes for pref-

erential fertilization (Lyttle, 1991). Since the origin of

OAC 09-2 resistance was also from tepary bean via inter-

specific hybridization, segregation distortion of SU91 and

SU91-CG11 could be largely explained by the result of

inter-specific hybridization. Furthermore, the high propor-

tion (23 %, 22 of 88) of heterozygotes was detected by the

co-dominant SU91-CG11 marker in the RIL population

(Table 4), thus SU91-linked locus appears to be a highly

heterozygous locus. Recent genomic research showed the

residual heterozygosity occurred in segmental ‘‘blocks’’,

thus the heterozygous locus under selection is assumed to

be embedded in a larger structural variant that prohib-

its homologous recombination (http://cphg.virginia.edu/

mackey/2010/05/14/residual-heterozygosity-vs-segmental-

duplications/). Since linkage drag was detected at BC420-

linked locus (Liu et al., 2008), we could assume the size of

the introgression segment containing SU91-linked locus

may also be much larger than the target region. Thus,

excess heterozygosity at SU91-linked locus could result

from the selection of a larger segment that prohibited

homologous recombination.

Previously, six amplified fragment length polymorphism

(AFLP) markers tightly linked to BC420-QTL were

screened using bulk segregation analysis (BSA) (Liu et al.

2008). For BSA, the individuals that are pooled are gen-

erally derived directly from a population that has already

been used to map (or monitor) segregation of a target trait.

BSA can be conducted as soon as that information is

available and BSA has a high degree of versatility in

making genotypically contrasting pools for disparate

regions across the genome by using different individual

lines from the same population. The resolution of BSA can

be varied by increasing or decreasing the number of indi-

viduals included in each pool of samples, or by narrowing

the genetic interval when marker data is available. How-

ever, BSA can also be inherently biased if the amounts of

DNA are highly skewed towards one or a few individuals in

each pool. One result of an imbalance in pool membership

could be elucidated as either high background outside of the

target region (which may lead to the suggestion that the

target region contains trans-acting factors that influence

gene expression at regions across the genome), or result in

genes from outside the target interval being falsely included

in it. Thus, after converting six AFLP markers into seven

sequence tagged site (STS) markers, only three STS

markers were mapped to BC420-QTL (Liu et al. 2008).
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Alternatively, we used a pair of QTL-NIL to screen CGMs.

Since NILs are genetically cleaner than BSA, it avoids some

of the BSA’s issues. The greatest concern is that the anal-

yses are limited by availability, taking many generations of

backcrossing and selection followed by selfing to generate

the populations. Moreover, if flanking genetic markers have

not been used in their development, then the size of the

introgression containing the target region is often large, and

as a result, resolution suffers. Because CBB-NILs were

developed solely guided by single QTL marker per locus,

polymorphic CGMs were further evaluated in large popu-

lation with 392 lines.

Since common bean is recalcitrant to transformation,

association studies have been used to indirectly approve

gene function (Andersen and Lubberstedt 2003). The aim of

association study is to identify genes and even functional

motifs within genes that affect phenotypic characteristics.

CGMs developed from genes 10 and 14 in BAC 4K7 are

better associated with CBB resistance than BC420

(Table 3), and CGMs developed from genes 10 and 11 in

BAC SU91 are better than SU91. Thus, genes 10 and 14 at

the BC420 locus are CGs for the BC420_QTL locus,

whereas genes 10 and 11 in BAC 32H6 are CGs for the

SU91_QTL locus. Moreover, both candidate genes for the

SU91_QTL locus were supported by the presence of tepary

bean ESTs (Table 2).

The NILs and resistant controls used in this study have

obtained their resistance through crosses to XAN159,

which was developed through inter-specific crosses to

tepary bean introduction line PI319443 (Miklas et al.

2006). Together with another tepary bean introduction line

PI440795, they provide the major sources of CBB resis-

tance to the Harrow, Ontario breeding population (Shi et al.

2011). Because genetic sequence of genes 10 and 11 at the

SU91 locus are more similar to tepary bean ESTs than

common bean, which indicate these regions as possible

sites of interspecific introgression of tepary DNA. In

addition, both genes 10 and 11 at the SU91 locus are the

homologue of the gene encoding UDP-glycosyltransferase

82A1-like protein in soybean (Table 2). UDP-glycosyl-

transferase (UGT) was found to be a key protein in the

plant that creates drug resistance (Zhao et al. 2007).

Alternatively, bean gene function could be directly tested

by VIGS (virus-induced gene silencing) (Waterhouse and

Helliwell 2003). BPMV (bean pod mottle virus) was used

as a vector to over-express or silence genes in soybean

(Zhang et al. 2010). Because BPMV is also known to infect

common bean, it has been tested as a vector in black bean

cultivar Black Valentine. GFP genes carried by the BPMV

vector were expressed in shoots and roots of Black Val-

entine when the plants were infected with the single gene

expression construct pBPMV-GFP2 or the double gene

expression construct pBPMV-GFP-BAR (Zhang et al.

2010). Validating the functions of the CBB candidate genes

with VIGS is underway.
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MW, Tohme J, Tomkins J, McClean P, Wing RA, Jackson SA

(2008) BAC-end sequence analysis and a draft physical map of

the common bean (Phaseolus vulgaris L.) genome. Trop Plant

Biol 1:40–48

Seo YS, Rojas MR, Lee JY, Lee SW, Jeon JS, Ronald P, Lucas WJ,

Gilbertson RL (2006) A viral resistance gene from common bean

functions across plant families and is up-regulated in a non-virus-

specific manner. Proc Natl Acad Sci USA 103:11856–11861

Shi C, Navabi A, Yu K (2011) Association mapping of common

bacterial blight resistance QTL in Ontario bean breeding

populations. BMC Plant Biol 11:52

Vandemark GJ, Fourie D, Miklas PN (2008) Genotyping with real-

time PCR reveals recessive epistasis between independent QTL

conferring resistance to common bacterial blight in dry bean.

Theor Appl Genet 117:513–522, 178

Varshney RK, Nayak SN, May GD, Jackson SA (2009) Next-

generation sequencing technologies and their implications for

crop genetics and breeding. Trends Biotechnol 27:522–530

1536 Theor Appl Genet (2012) 125:1525–1537

123



Waterhouse PM, Helliwell CA (2003) Exploring plant genomes by

RNA-induced gene silencing. Nat Rev Genet 4:29–38

Yu K, Park SJ, Poysa V (2000) Marker-assisted selection of common

beans for resistance to common bacterial blight: efficacy and

economics. Plant Breed 119:411–415, 484

Yu KF, Park SJ, Zhang BL, Haffner M, Poysa V (2004) An SSR

marker in the nitrate reductase gene of common bean is tightly

linked to a major gene conferring resistance to common bacterial

blight. Euphytica 138:89–95, 104

Zhang C, Bradshaw JD, Whitham SA, Hill JH (2010) The develop-

ment of an efficient multipurpose bean pod mottle virus viral

vector set for foreign gene expression and RNA silencing. Plant

Physiol 153:52–65

Zhao Y, Chow TF, Puckrin RS, Alfred SE, Korir AK, Larive CK,

Cutler SR (2007) Chemical genetic interrogation of natural

variation uncovers a molecule that is glycoactivated. Nat Chem

Biol 3:716–721

Theor Appl Genet (2012) 125:1525–1537 1537

123


	Development of candidate gene markers associated to common bacterial blight resistance in common bean
	Abstract
	Introduction
	Materials and methods
	Plant materials
	BAC sequencing, assembly, and annotation
	Phenotypic evaluation
	Genotyping
	Statistical analysis

	Results
	Screening HR45 BAC library using SU91 marker
	BAC sequencing and de novo assembly
	BAC sequence annotation
	Screening CGMs using contrasting NILs
	The evaluation of CGMs by association study
	The evaluation of SU91 CGMs by genetic mapping

	Discussion
	Acknowledgments
	References


