
R
e
p
ro

d
u
c
e
d

fr
o
m

C
ro

p
S

c
ie

n
c
e
.

P
u
b
lis

h
e
d

b
y

C
ro

p
S

c
ie

n
c
e

S
o
c
ie

ty
o
f

A
m

e
ri
c
a
.

A
ll

c
o
p
y
ri
g
h
ts

re
s
e
rv

e
d
.

CROP SCIENCE, VOL. 47, NOVEMBER–DECEMBER 2007   2285

RESEARCH

White mold (WM), a disease of common bean (Phaseolus 
vulgaris L.) caused by Sclerotinia sclerotiorum (Lib.) de Bary, 

reduces yield in most production regions in the United States. 
White mold lowers economic yield by reducing seed number, 
weight, and quality (Kerr et al., 1978; Steadman, 1979). Control 
methods for WM include cultural practices such as crop rota-
tion, crop residue management, and reduced irrigation, fungicide 
application, and the use of resistant cultivars (Steadman, 1979). 
Development of bean cultivars with increased genetic resistance 
to WM would provide a mechanism to control yield losses, reduce 
the cost of production, and protect the environment by reducing 
the need to apply fungicides.

Two forms of resistance to WM in common bean are disease 
avoidance and physiological resistance. Avoidance mechanisms 

Quantitative Trait Loci Linked to White 
Mold Resistance in Common Bean

Judd J. Maxwell, Mark A. Brick,* Patrick F. Byrne, Howard F. Schwartz, 
Xueyan Shan, James B. Ogg, and Robert A. Hensen

ABSTRACT

White mold disease (WM) of common bean 

(Phaseolus vulgaris L.), caused by Sclerotinia 

sclerotiorum (Lib.) de Bary, reduces crop yield 

and quality throughout the United States. The 

development of cultivars with resistance to WM 

would be facilitated by the identifi cation and 

use of molecular markers linked to resistance 

genes. The objectives of this research were (i) 

to characterize WM reaction in a recombinant 

inbred line (RIL) population derived from a cross 

between resistant and susceptible germplasm, 

(ii) to validate the effect of a previously reported 

quantitative trait locus (QTL) for WM resistance, 

and (iii) to locate additional QTL associated with 

WM resistance. A RIL population that consisted 

of 94 lines was derived from a cross between 

G122 (resistant) and CO72548 (susceptible). 

The population was evaluated for WM reaction 

in three greenhouse tests and one fi eld environ-

ment, and for molecular markers throughout the 

genome. Two RIL were identifi ed with higher 

resistance levels (P < 0.05) than the resistant 

parent G122. A previously reported QTL on 

linkage group B7 was signifi cant (P < 0.01) in 

single-factor analysis of variance, but not with 

composite interval mapping. Five QTL for resis-

tance to WM were found (likelihood odds ratio 

[LOD] > 2.7) on linkage groups B1, B2b, B8, and 

B9. The QTL were contributed from both parents 

and together accounted for 48% of the pheno-

typic variation (R2). For fi eld resistance, one QTL 

(R2 = 12%) on linkage group B8 was detected. 

These results confi rm polygenic resistance to 

WM in common bean.
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include upright plant architecture, a more porous canopy, 
and early maturity to escape late season infection (Blad 
et al., 1978). Physiological resistance is controlled by host 
genetic factors that may inhibit infection or spread of the 
pathogen in host tissue. Together, avoidance and physiolog-
ical resistance are the most economical and eff ective control 
methods to reduce loss of yield and seed quality (Miklas et 
al., 2001). Because selection for physiological resistance is 
confounded by disease avoidance in fi eld environments, it is 
diffi  cult to select lines exclusively for physiological resistance 
(Hunter et al., 1982; Steadman, 1983). Therefore, artifi cial 
inoculation methods have been developed to identify phys-
iological resistance independent of avoidance mechanisms. 
These methods include excised stem assay (Miklas et al., 
1992a), limited-term inoculation (Coyne et al., 1981; Dick-
son et al., 1982; Hunter et al., 1981), callus assay (Miklas et 
al., 1992b), juvenile stem test (Dickson et al., 1981), and the 
oxalate test (Kolkman and Kelly, 2000). Each of these tests 
uses procedures in the greenhouse to identify physiologi-
cal resistance. Repeatability of the tests varies within and 
among labs for the diff erent evaluation procedures (Stead-
man et al., 2001). The most common inoculation test, the 
straw test, developed by Petzoldt and Dickson (1996), is 
a greenhouse test that uses mycelium applied with a soda 
straw to the severed stem of a seedling bean plant. The 
straw test evaluates physiological resistance, and has been 
shown to be among the most consistent and discriminative 
tests across laboratories (Kolkman and Kelly, 2003; Miklas 
et al., 2001; Park et al., 2001).

High levels of resistance to WM have been found in 
scarlet runner bean (P. coccineus L.) (Gilmore and Myers, 
2003) and moderate levels in common bean (Adams et 
al., 1973). Resistance has been reported to be controlled 
both by single genes or polygenic. Abawi et al. (1978) and 
Schwartz et al. (2006) reported that resistance was con-
trolled by a single gene that conditioned a high level of 
physiological resistance in progeny from crosses between 
scarlet runner and common bean. Many inheritance stud-
ies in common bean reported low levels of WM resistance 
controlled by several genes (Coyne et al., 1981; Ender and 
Kelly, 2005; Fuller et al., 1984; Kolkman and Kelly, 2003; 
Lyons et al., 1987; Miklas et al., 1992a, 2001; Park et al., 
2001). Recurrent selection has been suggested to increase 
resistance to WM (Lyons et al., 1987), however, recur-
rent selection among derived lines becomes less effi  cient in 
advanced generations because genetic variation is reduced 
and environmental eff ects have a greater eff ect, conse-
quently precision is reduced.

Molecular genetic markers have been used widely to 
detect quantitative trait loci (QTL) for a variety of traits in 
common bean, including plant morphology and agronomic 
traits (Kolkman and Kelly, 2003; Tarán et al., 2002), bio-
chemical processes (Erdmann et al., 2002), and WM resis-
tance (Ender and Kelly, 2005; Miklas et al., 2001, 2003; 

Park et al., 2001). Reports regarding QTL associated with 
WM resistance have ranged from numerous weak QTL 
to single major QTL. Park et al. (2001) reported several 
restriction fragment length polymorphism (RFLP) mark-
ers linked with physiological and fi eld resistance. They 
identifi ed one RFLP marker inherited from the cultivar 
PC-50 that was associated with lower WM disease scores. 
The marker explained 5 to 16% of the phenotypic varia-
tion for resistance and was located on linkage group B2. 
Ender and Kelly (2005) reported markers for fi eld disease 
severity located on linkage groups B2, B5, B7, and B8 of 
the integrated bean map. Miklas et al. (2001) reported a 
single major-eff ect QTL located on linkage group B7 (B7 
QTL) that accounted for 38% of the phenotypic variation 
for disease score in the greenhouse straw test. Their results 
indicated that the resistant allele at the B7 QTL, derived 
from the parent line G122, was important for condition-
ing physiological resistance in both greenhouse and fi eld 
evaluations. The B7 QTL was closely linked to the pha-
seolin locus (Phs), which can be identifi ed by a sequence 
characterized amplifi ed region (SCAR) marker (Kami et 
al., 1995); therefore, the authors suggested using the Phs 
SCAR marker to tag the B7 QTL.

The objectives of this research were (i) to character-
ize a RIL population derived from a single cross between 
G122 and Colorado pinto breeding line CO72548 for 
reaction to WM, (ii) to validate in this population the 
eff ect of the B7 QTL reported by Miklas et al. (2001), 
and (iii) to identify additional QTL associated with WM 
resistance through genomewide linkage mapping.

MATERIALS AND METHODS

Genetic Material
A RIL population that consisted of 94 F

5:6
 lines derived from 

the cross G122/CO72548 was used in this study. G122 (PI 

163120) is an upright, determinate bush (Type I) dry edible 

bean with elongated, cranberry-colored seeds. It is representa-

tive of the Andean gene pool and was the source of the resistant 

allele at a QTL located on linkage group B7 in a previous study 

(Miklas et al., 2001). CO72548 is an indeterminate, semi-vine 

(Type II), advanced pinto breeding line from race Mesoamerica 

of the Middle America gene pool. It was developed at Colorado 

State University (CSU) and is adapted to the western United 

States, but lacks adequate levels of resistance to WM. Ninety-

four F
2
 plants were advanced from the F

2
 to the F

5
 generation 

in the greenhouse by single seed descent. The seed produced 

on individual F
5
 plants was planted in the fi eld at Fruita, CO 

during summer 2004 to produce F
6
 seed for testing of each 

RIL. All screening and marker work was conducted with this 

seed source. The cultivar Montrose (Brick et al., 2001) and 

PC-50 (Saladin et al., 2000) were used as susceptible and resis-

tant checks, respectively, throughout the study. PC-50 is single 

plant selection in the Pompadour Checa land race and has been 

reported to be moderately resistant to WM (Park et al., 2001). 

Montrose is a pinto bean cultivar developed at CSU and is 

highly susceptible to WM.
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growth. Data obtained from the fi eld evaluation were com-

pared to the reaction using the straw test. Plant growth habit, 

which is controlled by a single locus (fi n), was classifi ed either 

as determinate or indeterminate at a nondiseased nursery at the 

CSU Western Colorado Research Center, Fruita CO in 2006.

Molecular Marker Analyses
We extracted DNA from three to four young trifoliolate leaves 

from a single plant for each RIL and parent using the method 

described by Skroch and Nienhuis (1995). Four DNA analy-

sis systems were used to genotype parental lines and the RIL 

population: randomly amplifi ed polymorphic DNA (RAPD), 

amplifi ed fragment length polymorphism (AFLP), microsat-

ellite DNA or simple sequence repeats (SSR), and sequence 

characterized amplifi ed region (SCAR). Parental lines were 

screened for polymorphisms before genotyping the 94 RIL 

used in this study. All polymerase chain reactions (PCR) were 

conducted in 96-well plates on a PTC-100 or PTC-200 ther-

mal cycler (MJ Research, Inc., Hercules, CA), and used Taq 

DNA polymerase and 10X ThermoPol buff er (New England 

BioLabs, Inc., Beverly, MA).

Random Amplifi ed Polymorphic Analysis
Nine primers (Operon Technologies, Alameda, CA) were used 

to genotype the RIL population. These primers corresponded 

to loci reported on previous common bean linkage maps. The 

PCR amplifi cations were conducted as described by Freyre et 

al. (1998) with slight modifi cations, which included the use of 4 

ng total genomic DNA and a diff erent source of Taq DNA poly-

merase. Amplifi cation products were separated on 1.5% agarose 

gels in 1X TBE buff er at 100 V for 2.5 h, stained with ethidium 

bromide, and digitally photographed under ultraviolet light 

with an AlphaImager gel documentation system (Alpha Inno-

tech Corp., San Leandro, CA). Band sizes that corresponded to 

previously mapped loci were scored and named as follows: the 

Operon primer serial name, an underscore, and band sized in 

base pairs (bp) estimated from a 1 kb molecular weight ladder 

(Promega, Madison, WI). For example, W6_600 identifi ed a 

band of 600 bp amplifi ed by the W6 Operon primer.

Amplifi ed Fragment Length 
Polymorphism Analysis
The AFLP analyses were performed using the restriction 

enzyme combinations EcoRI/MseI and PstI/MseI. Digestion, 

ligation, pre-amplifi cation, and selective amplifi cation reactions 

were conducted as described by Vos et al. (1995) with slight 

modifi cation. The selective amplifi cation was performed in a 

20 μL reaction of 30 ng of a two-nucleotide selective primer 

for PstI and 30 ng of a three-nucleotide selective primer for 

EcoRI and MseI, 2 mM dNTPs, 1 unit of Taq DNA polymerase 

with 10X ThermoPol buff er, and 1 μL of the pre-amplifi cation 

product. The PCR program for the selective amplifi cation was 

programmed for 36 cycles with the following cycle profi le: 30 

s at 65°C, subsequently reduced each cycle by 0.7°C for the 

next 12 cycles, then continued at 55°C for the remaining 23 

cycles, and 1 min at 72°C. Amplifi ed fragments were separated 

on 4% polyacrylamide gels run at 70 W for 2 h, then silver 

stained and scanned on a fl at bed scanner at 150 dpi resolution. 

White Mold Greenhouse Evaluation
Three separate straw tests (Petzoldt and Dickson, 1996) were 

conducted to evaluate reaction to WM in the RIL popu-

lation, parental lines, and checks at the CSU greenhouse 

facilities in Fort Collins, CO. Straw test 1 (fall, 2003), straw 

test 2 (fall, 2004), and straw test 3 (spring, 2005) consisted 

of four, four, and three replicates, respectively. Each test 

used plants that were germinated in 15-cm plastic pots with 

commercial potting medium. Each pot contained two plants 

that represented one replicate of an entry, and each plant a 

sample within the replicates. Replicates were arranged in a 

randomized complete block design. For all tests, the green-

house environment was maintained at 24 to 27°C with 12 to 

14 h natural or supplemental light. Plants were watered and 

fertilized for optimal growth.

The S. sclerotiorum culture S20 (Steadman et al., 2004) 

used for all greenhouse straw tests was grown from sclerotia 

collected from a Colorado bean seed cleaning plant in 1996. 

The sclerotia were geminated on potato dextrose agar (PDA) 

in a Petri plate, and then subcultured to prepare plates of fresh 

actively growing mycelium. The entire Petri plate of grow-

ing mycelium was used as inoculum after mycelium had grown 

from the center to the periphery of the Petri plate. Agar plugs of 

inoculum were cut into commercial soda straws for application 

to the plants. The straws were 6 mm in diameter, cut into 3-cm 

length pieces, and heat sealed at one end. The open ends of the 

straws with a plug of agar and mycelium at the distal end were 

placed over the freshly cut fourth internode of 21 to 28 d old 

plants for all straw test inoculations.

Immediately after inoculation, plants were transferred to 

a mist chamber that was automatically misted for 30 s every 5 

min and kept there for the remainder of the evaluation. Dis-

ease progression was evaluated on the 14th d post inoculation. 

Disease severity was rated on a 1 to 9 scale based on mycelial 

growth, where 1 = no mycelial growth past the point of inocu-

lation, 2 = mycelial growth half way to the fi rst internode, 3 = 

mycelial growth up to the fi rst internode, 4 = mycelial growth 

into the fi rst internode, but not past the fi rst internode, 5 = 

mycelial growth past the fi rst internode, but not half way to 

the second internode, 6 = mycelial growth over half way to 

second internode, 7 = mycelial growth into second internode, 

8 = mycelial growth past second internode, but still had a green 

stem below infection, and 9 = total plant death.

Field Evaluation
A subset of 90 RIL, two parental lines, and two checks were 

grown in a fi eld plot at the North Dakota State University 

(NDSU) Carrington Research/Extension Center during the 

summer of 2005. Experimental units consisted of single rows 

3 m long with approximately 50 plants in each row, with three 

replicates arranged in a randomized complete block design. 

The plants were artifi cially inoculated with ascospores at the 

R2 growth stage to obtain uniform infection. Disease severity 

(DS) was visually scored as the percentage of the entire experi-

mental unit that had disease symptoms (white mycelium on the 

foliage). Disease incidence (DI) was based on the percentage 

of plants among 10 consecutive plants at a location selected at 

random within the row. The DI was analyzed using analysis 

of variance procedures as a percentage of plants with mycelial 
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 Polymorphic bands were scored for each RIL in relation to the 

parental marker class. The AFLP loci were named by a capital 

letter corresponding to their respective digestion enzyme com-

bination where P = PstI, E = EcoRI, and M = MseI. Lowercase 

letters correspond to the selective nucleotide sequence and the 

number represents the band size estimated from a 10 bp molec-

ular weight ladder (BioRad, Hercules, CA).

Microsatellite Analysis
Microsatellite marker analysis was conducted with 33 SSR 

primer pairs developed by Yu et al. (2000), Gaitan-Solis et al. 

(2002), and Blair et al. (2003). In this study, PCR conditions 

were in accordance with Gaitan-Solis et al. (2002), with minor 

modifi cations. The PCR reactions were performed in a 20 

μL fi nal volume containing 50 ng of genomic DNA, 0.1 μM 

of each forward and reverse primer, 0.25 mM of dNTP, 10X 

ThermoPol buff er, and 1 unit of Taq DNA polymerase. The 

PCR temperature cycling profi le was a hot start of 92°C for 5 

min; 30 cycles of 92°C for 1 min, 47°C for 1 min, and 72°C for 

2 min; followed by 1 cycle of 5 min at 72°C. When the size dif-

ference between parental polymorphic fragments was relatively 

large ( >10 bp), PCR products were separated on 4% agarose 

SFR (Amresco, Solon, OH), and for smaller size diff erences 

they were separated on 4% polyacrylamide gels. Gels were visu-

alized as previously described for RAPD and AFLP markers.

Phaseolin Seed Protein Evaluation
All RIL and parental lines were genotyped for their respective 

alleles at the phaseolin seed storage locus type (Phs). A SCAR 

marker developed by Kami et al. (1995) was used to distinguish 

lines that possessed either the Tendergreen (T) or Sanilac (S) 

allele. Seed protein composition of a subset of lines was con-

fi rmed by extraction and gel electrophoresis of seed proteins 

using the procedure described by Gepts et al. (1992).

Data Analysis

Phenotypic Data
All greenhouse experiments were analyzed as randomized 

complete block designs, using Proc GLM of SAS for Windows 

9.1 (SAS Institute, Cary NC). Entries (RIL and checks) were 

considered as a fi xed model factor, while blocks were consid-

ered a random factor. An average severity index (ASI) score was 

calculated as the average straw test score for the three repeated 

straw tests by the use of the LSMEANS statement of Proc GLM. 

Error variance was homogeneous (P ≥ 0.05) among the three 

straw test evaluations. Deviations from normality among the 

ASI scores were determined by the Shapiro and Wilk test sta-

tistic W (SAS Proc Univariate). The same procedure was used 

for fi eld data. Correlation analysis (SAS Proc Corr) was used 

to determine the associations among disease evaluations under 

greenhouse straw test runs and the fi eld evaluation.

Molecular Marker Data
For each marker, we conducted a chi-square analysis to detect 

signifi cant deviation of genotypic classes from the expected 1:1 

Mendelian segregation ratio. Linkage maps were constructed with 

JoinMap 3.0 software (Van Ooijen and Voorrips, 2001). Pairwise 

linkage between markers was considered signifi cant at a minimum 

log
10
 of the likelihood odds ratio (LOD) score of 3.0, and multi-

point analyses were conducted to determine linkage distances with 

the Haldane mapping function. Microsatellite and RAPD markers 

that had been previously mapped, as well as the fi n and Phs loci, 

were used to anchor linkage groups to the common bean core 

map (Beebe et al., 2006; Blair et al., 2003, 2006; Frei et al., 2005; 

Liao et al., 2004; Ochoa et al., 2006; Yu et al., 2000). When two 

or more of our initial linkage groups corresponded to a single core 

map linkage group based on common markers, we attempted to 

bring them together at a reduced LOD stringency of 1.0 in Join-

Map, as suggested by the procedure used by Micic et al. (2005).

Quantitative Trait Locus Analysis
Markers signifi cantly associated with resistance to WM were 

identifi ed through single-factor analysis of variance (SFA) 

conducted with SAS Proc GLM and composite interval map-

ping (CIM) as implemented by QTL Cartographer (Wang et 

al., 2005). Analysis parameters for QTL Cartographer were 

Model 6 of the CIM procedure, stipulating an RI1 popula-

tion, window size of 10 cM, 10 cofactors determined by for-

ward stepwise regression, and genome scanning every 2 cM. 

Genomewise empirical threshold levels for declaring QTL sig-

nifi cance were obtained by 1000 permutations of the data set in 

accordance with Churchill and Doerge (1994). A chromosome 

location having a peak signifi cance value exceeding the thresh-

old was interpreted as the most likely position of a QTL, and 

the R2 value at that point was considered as the percent phe-

notypic variance explained by the locus. A two-LOD support 

interval was drawn on each side of the QTL positions. Epistatic 

interactions among all pairwise combinations of markers were 

evaluated with SAS Proc GLM, as implemented in the program 

EPISTACY (Holland, 1998), using a threshold signifi cance 

level of P < 0.0001. Finally, multiple-locus models including 

the most signifi cant fl anking marker of each QTL detected by 

CIM were evaluated with SAS Proc GLM.

RESULTS AND DISCUSSION

Characterization of Recombinant Inbred Line 
Population for Reaction to White Mold
Signifi cant variation for WM reaction among lines in the 
RIL population and check cultivars was observed in both 
greenhouse and fi eld tests. Reactions of the entries using 
the straw test indicated that results were consistent across 
the three evaluations (r = 0.716 to 0.789, P < 0.01), and 
the mean ASI among entries combined over evaluations 
was highly correlated with each of the three evaluations (r 
= 0.939, 0.943, and 0.907; P < 0.01) (Table 1). Field tests 
for disease severity (DS) scores diff erentiated the checks 
Montrose and PC-50, with mean DS 80% and 26%, 
respectively. Parental lines G122 and CO72548 were not 
signifi cantly diff erent in the fi eld test with DS scores of 
26 and 60%, respectively. The fi eld DS scores for the RIL 
population ranged from 13 to 90%, and the frequency dis-
tribution was normally distributed with transgressive seg-
regates at both the high and low ends of the  distribution 
(distribution not shown). The greenhouse straw test ASI 
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was correlated with fi eld disease severity (r = 0.54; P < 
0.01) and disease incidence (r = 0.302; P < 0.05) (Table 2). 
Signifi cant correlations between the straw test and fi eld 
disease severity indicate that the two tests provide similar 
estimates for reaction to WM. However, because the straw 
test does not detect avoidance mechanisms that are useful 
under fi eld conditions, the results were not expected to be 
identical. The correlation between ASI and fi eld disease 
incidence was likely lower than between ASI and fi eld 
disease severity because there was more variation in the 
data set for disease incidence (CV = 41 and 65 for disease 
severity and disease incidence, respectively).

The straw tests eff ectively diff erentiated (P ≥ 0.05) 
WM reactions between the resistant (PC-50) and suscep-
tible (Montrose) checks with a mean ASI of 5.9 and 8.0, 
respectively, when averaged over the three evaluations 
(Table 3). The parental lines of the RIL population G122 
and CO72548 did not diff er for mean ASI, with values of 
4.5 and 5.8, respectively. The ASI scores among lines in 
the RIL population ranged from 3.2 to 8.8. The frequency 
distribution for the mean straw test ASI among lines was 
normally distributed (P > 0.05) and showed evidence of 
transgressive segregation at both the high and low ends of 
the distribution (Fig. 1). A continuous frequency distribu-
tion and presence of transgressive segregates in both the 
straw test and fi eld test suggest that physiological resistance 
is controlled quantitatively. Quantitative inheritance is 
consistent with earlier investigations on the inheritance of 
resistance to WM (Fuller et al., 1984; Kolkman and Kelly, 
2003; Miklas and Grafton, 1992; Park et al., 2001). Two 
entries, RIL 31 and RIL 67, had lower (P < 0.05) mean ASI 
than the resistant parent G122 (Table 3). Since the parental 
lines are from diff erent common bean centers of domesti-
cation, with G122 from the Andean center and CO72548 
from the Middle American center, it is likely that the par-
ents possess diff erent resistance alleles.

Molecular Marker Analysis
Our marker analysis resulted in 198 scored polymorphic 
loci: 152 AFLPs, 31 microsatellites, 13 RAPDs, one SCAR 
(Phs), and one morphological locus (fi n). Ninety-four RIL 
were genotyped, however only 89 were used for data 
analysis because of the incidence of heterozygosity found 

using microsatellite markers. The linkage map constructed 
with JoinMap resulted in 13 linkage groups that could be 
identifi ed with core map linkage groups based on known 
marker locations. The 13 groups (Fig. 2) included 126 loci 
and covered a total genome length of 733 cM. An addi-
tional three linkage groups, with a total of 14 markers and 
77 cM, consisted solely of AFLP markers and could not be 
related to the core map. Compared to the 1200 cM linkage 
map reported by Freyre et al. (1998), our  combined map 

Table 2. Simple correlation coeffi cients among lines for reac-

tion to white mold in the greenhouse straw test with fi eld inci-

dence and fi eld severity for the recombinant inbred line (RIL) 

population derived from the cross G122/CO72548 (n = 63).

Field severity† Field incidence‡

————————————-  r ————————————-

Straw test mean ASI 0.540** 0.302*

Field Incidence 0.714**

*Signifi cant at the 0.05 probability level.

**Signifi cant at the 0.01 probability level.

†Disease severity was based on visual observations of severity, rated from 

0 to 100%.

‡Disease incidence indicates the percentage of plants with mycelial growth in an 

inoculated fi eld nursery.

Table 1. Simple correlation coeffi cients among lines across 

three separate greenhouse straw test evaluations, and the 

mean straw test average severity index (ASI) for the recom-

binant inbred line (RIL) population derived from the cross 

G122/CO72548 (n = 94).

Straw test 1 Straw test 2 Straw test 3

————————————-  r ————————————-

Straw test 2 0.789**

Straw test 3 0.716** 0.779**

Mean ASI 0.939** 0.943** 0.907**

**Signifi cant at the 0.01 probability level.

Figure 1. Frequency distribution of G122/CO72548 recombinant 

inbred lines based on (A) mean straw test average severity index 

and (B) fi eld severity.
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 represents about two-thirds of the common bean genome, 
about the same coverage as the map used by Miklas et al. 
(2001) for QTL analysis of WM resistance.

Twenty-four of the 126 loci on the Fig. 2 linkage 
maps showed deviations from Mendelian segregation at P 
< 0.01. These included all 12 loci on linkage group B10 
(B10a and B10b in Fig. 2), six loci on B5, two loci on B4, 
and one locus each on B6, B8, B9, and B11. All of the 
distorted loci on linkage groups B5, B10a, and B10b had 
an excess of CO72548 alleles, indicating the presence of 
factors that inhibited transmission of G122 alleles on those 
chromosomes. Paredes and Gepts (1995) examined seg-
regation distortions in Andean × Middle American gene 
pool crosses and also found that the distorted markers had 
an over-representation of Middle American alleles. The 
large number of distorted markers on B10 is consistent 
with previous reports for marker segregation distortion in 
common bean (Blair et al., 2003; Fall et al., 2001).

Validation of the Quantitative 
Trait Locus Linked to Phs
To validate the eff ect of the QTL linked to the Phs locus 
on B7 as reported by Miklas et al. (2001), the RIL popula-

tion was characterized with the Phs SCAR marker which 
distinguishes between T and S phaseolin alleles (Kami et 
al., 1995). We evaluated the ability of the Phs marker to 
identify the correct phaseolin allele by characterizing 10 
RIL for their seed storage protein patterns according to 
Gepts et al. (1992). The Phs marker identifi ed the correct 
phaseolin type for all 10 RIL evaluated. Therefore, the 
remainder of the RIL were characterized only with the 
Phs SCAR marker.

Because the B7 QTL was reported to condition 
resistance to WM, we conducted SFA to determine 
the eff ect of variation at the Phs locus on the resistance 
traits. The T and S genotypic classes that represent par-
ents G122 and CO72548 (resistant and susceptible allele, 
respectively) were signifi cantly diff erent (P < 0.01) for 
ASI, with mean values of 5.0 and 5.7, respectively. The 
R2 value for this analysis was 8.8%, compared to 38% 
for the B7 QTL reported by Miklas et al. (2001). The 
eff ect of variation at Phs was not signifi cant (P > 0.05) 
for fi eld severity in our study, although it was signifi -
cant in Miklas et al. (2001). There are several potential 
reasons for this diff erence in results. First, the diff erent 
genetic background of the susceptible parent used in 
the two studies may have altered the eff ect of the QTL. 
Because the two populations shared the parent G122, we 
anticipated similar results, however, the alternate parent 
used to develop the RIL diff ered in the Miklas popula-
tion. Miklas et al. (2001) used a black seeded line from 
race Mesoamerica as the alternate parent, whereas we 
used a pinto line representative of germplasm from race 
Durango. Second, the eff ect of the QTL may have been 
overestimated because Miklas et al. (2001) cautioned 
readers that the magnitude of the QTL eff ect could have 
been an overestimation because of small population size 
(n = 67). A third potential explanation is the diff erent 
S. sclerotiorum isolates used in the two studies. Miklas et 
al. (2001) used an isolate designated T001.1, which has 
been shown to be less aggressive than the Colorado iso-
late used in this study (Steadman et al., 2004). Park et al. 
(2001) reported diff erent QTL for WM resistance when 
two diff erent isolates were used on the same RIL popu-
lation. In summary, the Phs marker alone may not be the 
best indicator of resistance, because it conditioned a low 
amount of resistance in our study.

Quantitative Trait Locus Analysis
Composite interval mapping revealed fi ve QTL associ-
ated with physiological resistance to WM based on the 
greenhouse straw test (ASI), located on linkage groups B1, 
B2b, B8, and B9; and one QTL for fi eld disease severity 
detected on linkage group B8 (Table 4, Fig. 2). The QTL 
positions identifi ed by CIM were supported by signifi cant 
results from the SFA for markers located in close prox-
imity to the detected chromosome regions. No epistatic 

Table 3. Entry, greenhouse straw test average severity index 

(ASI), and phaseolin type among checks and recombinant 

inbred line (RIL) that had lower observed ASI than parent G122.

Entry ASI Phaseolin type†

RIL 31 3.2a‡ T

RIL 67 3.4a T

RIL 32 3.5ab T

RIL 7 3.5ab T

RIL 21 3.6ab T

RIL 35 3.7ab S

RIL 130 3.8ab S

RIL 125 3.8ab T

RIL 118 3.8ab S

RIL 47 3.9ab T

RIL 103 3.9ab S

RIL 17 4.1ab T

RIL 9 4.2ab T

RIL 111 4.2ab T

RIL 164 4.2ab T

RIL 41 4.2ab S

RIL 102 4.3ab T

RIL 20 4.3ab S

RIL 26 4.4ab T

G122 4.5bc T

CO72548 5.8c S

PC-50 5.9c NT§

Montrose 8.0d S

†Denotes the seed storage protein content for each entry, where T = Tendergreen 

and S = Sanilac.

‡Scores followed by the same letter are not signifi cantly different (P < 0.05).

§NT, not tested. This entry was not tested for phaseolin type in this research project.
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interactions were detected at a comparisonwise level of P 
< 0.0001 for either ASI or fi eld disease severity.

A QTL that accounted for 20% of the phenotypic 
variability (R2) for ASI was identifi ed on B1 between the 
AFLP markers PatMaac239 and PatMaca300. Another 
moderately large QTL for ASI (R2 = 14.8%) was located 
near AFLP marker EacaMaat220 on B2b. Other QTL asso-
ciated with physiological resistance to WM have been 
mapped on B2. Ender and Kelly (2005) reported two QTL 
in close proximity on B2 that were associated with WM 
resistance and detected in two diff erent RIL populations. 
Linkage group B2 has also been reported as an important 
region in the common bean genome for defense related 
genes for WM and other diseases (Ender and Kelly, 2005; 
Ryder et al., 1987; Walter et al., 1990). However, due to 
lack of common markers, a comparison between the loca-

tion of the B2 QTL reported here and prior QTL could 
not be made.

Two smaller-eff ect QTL for ASI were detected in dif-
ferent regions of linkage group B8 (Fig. 2, Table 4). For 
both of these QTL, the favorable allele (i.e., associated 
with a lower ASI rating) came from CO72548, in contrast 
to the QTL on other linkage groups, where G122 was 
the favorable allele donor. This fi nding could explain at 
least a portion of the transgressive segregates among the 
RILs that were observed both in the straw test and fi eld 
experiment. Regions of B8 have been previously reported 
to be associated with resistance to WM in the fi eld and 
greenhouse (Ender and Kelly, 2005; Miklas et al., 2003; 
Park et al., 2001).

The QTL on B9 mapped closest to the microsatellite 
marker BM154 and accounted for 12% of the  phenotypic 

Figure 2. Linkage map and quantitative trait locus (QTL) locations for white mold resistance in the common bean recombinant inbred line 

(RIL) population G122/CO72548. Open bars are placed to the left of QTL positions for straw test average severity index (ASI, white bars), 

and the shaded bar indicates a fi eld severity QTL. Horizontal lines within a bar mark the point of peak QTL signifi cance and the bar length 

indicates the 2-likelihood odds ratio (LOD) support interval on either side of the peak.
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variation for ASI (Table 4, Fig. 2). This QTL may be 
novel, since to our knowledge no other reports have iden-
tifi ed this region as associated with WM resistance. If 
confi rmed, the B9 QTL would be a good candidate for 
marker-assisted selection, because of the relative ease of 
using microsatellite markers for that purpose.

When analyzed together in a multiple-locus model, 
the most signifi cant markers fl anking the fi ve QTL for 
ASI accounted for 48% of the phenotypic variance for the 
trait. When Phs was added to the model, its eff ect was not 
signifi cant (P > 0.05).

For low fi eld disease severity only one QTL, on 
linkage group B8 with an R2 value of 12%, was detected 
at the genomewide signifi cance level of 0.10. The QTL 
position is intriguingly close to the QTL for ASI in the 
same region of B8 (Fig. 2), however, the 2-LOD support 
intervals of the QTL do not overlap, and the source of the 
favorable alleles diff er for the two QTL (Table 4). Mul-
tiple QTL on B8 for physiological and fi eld resistance is 
similar to the results of Park et al. (2001), who reported 
several overlapping QTL in what is apparently the same 
region of this linkage group. A potential correspondence 
in genomic regions that infl uence the two traits occurred 
on B1, where there was a large-eff ect QTL for ASI with 
a peak at 6 cM, and a subthreshold region with a peak 
LOD of 2.05 at 9 cM for fi eld disease severity (not shown 
on Fig. 2).

CONCLUSIONS
The combination of physiological resistance and avoid-
ance mechanisms is the most economical and sustainable 
approach to control WM disease. Screening procedures 
that identify physiological resistance are needed to accom-
plish this goal. The results of this study show that the 
straw test provides a useful and repeatable method to select 
material with an increased level of physiological resistance 

to WM without an extensive fi eld test. The straw test also 
has the discriminating ability to identify transgressive seg-
regates that indicate resistance can be obtained from mod-
erately susceptible germplasm.

This study did not validate the same level of eff ect 
for the B7 QTL for WM resistance reported by Miklas et 
al. (2001) based on either CIM or SFA. With SFA the B7 
QTL accounted for 8% of the variation for WM resistance 
in our study, whereas Miklas et al. (2001) reported that it 
accounted for 38% of the phenotypic variation for disease 
score in the greenhouse straw test.

We identifi ed fi ve QTL that together explained 48% 
of the variation in reaction to WM based on the straw 
tests. The combination of markers linked to QTL that 
conferred physiological resistance to WM on B1, B2b, 
B8, and B9, and one QTL for fi eld resistance on link-
age group B8 off er unique insights for breeding strategies, 
such as QTL pyramiding, and for greater understanding 
and improvement of resistance to WM. Breeding methods 
such as recurrent selection could be useful to develop WM 
resistant cultivars that possess both avoidance and physi-
ological resistance. Using marker-assisted selection for 
physiological resistance alleles, together with morphologi-
cal selection for avoidance, genetic gain per cycle could 
be maximized and improvements could be expected in a 
relatively short time.
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