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Abstract White mold is a severe disease of common

bean worldwide. Partial resistance occurs in the primary

and secondary gene pools. Factors essential for identi-

fying high levels of resistance that is effective through-

out the growing season are not known. Our objectives

were to determine which factors are most essential for

identifying high levels of resistance including: (i) path-

ogen isolates screened, (ii) inoculations/plant, (iii)

evaluation dates, (iv) area under disease progress curve

(AUDPC), and (v) the SCAR markers linked with

WM2.2, WM6.1, WM7.1, WM7.3, and WM8.3 resis-

tance QTL. Thirty-one genotypes were inoculated one

to three times/plant with ARS12D and ND710 isolates

in the greenhouse in Idaho, and CO467 and NY133 in

Colorado. Evaluations were made from 7 to 35 days

post-inoculation. Disease severity and AUDPC

increased until 21 days in Colorado and 35 days in

Idaho. Correlations were positive among isolates at each

evaluation date. The presence or absence of white mold

resistance QTL was not indicative of resistance

response. ‘Othello’ was susceptible to all isolates with

one inoculation, and VC13-5 was resistant to three

isolates and intermediate to ND710 after three inocu-

lations per plant; both of these genotypes lacked the five

resistance QTL. SE155-9 with WM2.2, WM7.1, and

WM8.3 QTL was resistant to CO467 and NY133.

However, SE152-6 with the same QTL was resistant and

possessed lower AUDPC values to all isolates after three

inoculations. Thus, screening with four isolates, three

inoculations/plant, and disease evaluations delayed until

21 days or longer helped identify genotypes with high

levels of broad-spectrum resistance.

Keywords Breeding for resistance � Phaseolus
vulgaris L. � P. coccineus L. � Sclerotinia sclerotiorum
(Lib.) de Bary

Abbreviation

AUDPC Area under the disease progress curve

BL Breeding line or lines

QTL Quantitative trait locus or loci

SCAR Sequence characterized amplified region

Introduction

White mold caused by Sclerotinia sclerotiorum (Lib.)

de Bary is one of the most destructive diseases of
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common bean (Phaseolus vulgaris L., both dry and

snap or green bean) in cool to warm and wet

production regions worldwide causing yield losses

up to 100 % (Schwartz and Singh 2013; Singh and

Schwartz 2010; Steadman 1983). The fungus attacks

more than 400 hosts, mostly dicotyledonous species

(Boland and Hall 1994; Bolton et al. 2006; Purdy

1979; Steadman and Boland 2005). In common bean,

under favorable weather conditions, the fungus

invades stems, branches, leaves, flowers, pods, and

seeds irrespective of the plant growth stages. For

example, dark-brown water soaked soft lesions are

observed on stems, often the most lignified and hardest

aerial plant part. These lesions are caused by the

presence of enzymes such as polygalacturonase and

pectin methyl esterase, and oxalic acid (Lumsden

1976; Maxwell and Lumsden 1970). Also, plant

wilting and white mold growth followed by presence

of black sclerotia is observed in and on the infected

tissue (Purdy 1979; Steadman and Boland 2005). A

sclerotium pre-conditioned in soil can divide carpo-

genically producing apothecia which contain asci with

ascospores (sexual reproduction) or germinate directly

through mycelia (asexual reproduction) (Merriman

1976; Schwartz and Steadman 1978). Thus, the

number of sclerotia in the field affects disease

incidence and one sclerotium per 5 kg soil can cause

over 40 % of disease severity (Abawi and Grogan

1979; Schwartz and Steadman 1978). The disease is

favored by lower temperatures (\25 �C) and high

moisture ([60 %), and plants are more susceptible at

pre-flowering and flowering stages (Steadman and

Boland 2005).

Genetic studies of S. sclerotiorum diversity showed

that polymorphism existed among different isolates

from Brazil, despite the fact that all isolates were of the

same mycelial compatibility group (Meinhardt et al.

2002). Moreover, different levels of aggressiveness

have been reported among isolates from Spain (Pasc-

ual et al. 2010) and the United States (Jhala et al. 2014;

Kull et al. 2004).

White mold disease management involved the use

of cultural practices such as rotation with non-host

crops, reduced plant population, row orientation to

prevailing wind, reduced frequency of irrigation and/

or quantity of water applied in each irrigation, reduced

fertilizer application, and deep plowing before plant-

ing (Blad et al. 1978; Paula Junior et al. 2009).

Furthermore, the application of fungicides at initiation

of and during flowering minimized the spread and

severity of white mold (Mahoney et al. 2014; Tu

1989). Finally, the use of resistant cultivars is crucial

for an economical and integrated control of white

mold especially under severe disease pressure (Miklas

et al. 2013).

Physiological resistance or simply resistance (com-

monly assessed in the greenhouse) and plant architec-

tural avoidance or simply avoidance traits (mostly

expressed in the field) are used for cultivar develop-

ment (Kolkman and Kelly 2003; Miklas et al. 2001,

2013). Resistance is related with oxalate sensitivity in

common bean (Kolkman and Kelly 2000) and scarlet

runner bean (P. coccineus L.) (Chipps et al. 2005).

Avoidance mechanisms are associated with plant

architectural traits such as tall upright growth habit,

porous or open canopy, and resistance to lodging,

which help reduce the establishment, severity, and

spread of the white mold disease (Kolkman and Kelly

2003; Miklas et al. 2001, 2013; Schwartz et al. 1978).

White small-seeded (\25 g 100-1 seed) navy bean

‘ICA Bunsi’ (synonymous with ‘Ex-Rico 23’) was the

first cultivar reported to have partial resistance (or

avoidance) to white mold in the field within the Middle

American gene pool (Miklas et al. 2004; Tu and

Beversdorf 1982). Moreover, breeding lines (BL)

USPT-WM-1 (Miklas et al. 2006) and USPT-WM-12

(Miklas et al. 2014) and cultivars Eldorado (Kelly

et al. 2012) and OAC Rex (Michaels et al. 2006)

derived resistance from ICA Bunsi. These genotypes

may help reduce or avoid damage during low to

moderate white mold pressure in the field (Miklas

et al. 2013), however, under more severe disease

pressure they are often inadequate to control white

mold. Furthermore, in the greenhouse tests, ICA Bunsi

and its derived genotypes were susceptible to white

mold (Singh et al. 2014b, c). In contrast, Andean

genotypes G 122, PC 50, and NY6020-4 have

relatively higher and more effective levels of resis-

tance than ICA Bunsi and its derived genotypes both in

the greenhouse and field (Balasubramanian et al. 2014;

Maxwell et al. 2007; Miklas and Delorme 2003;

Miklas et al. 2001; Park et al. 2001). Similarly,

Andean A 195, CORN 601, MO 162, and VA 19 have

higher levels of resistance in both conditions (Bala-

subramanian et al. 2014; Schwartz and Singh 2013;

Soule et al. 2011).

Within the secondary gene pool, P. coccineus L.

accessions PI 433246, PI 439534, and others possess
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higher levels of resistance (Gilmore et al. 2002;

Schwartz et al. 2006). Furthermore, interspecific BL

derived from P. coccineus such as 92BG-7, I9365-25,

I9365-31, VCW 54, and VCW 55 (Miklas et al. 1998;

Singh et al. 2009a, b, 2014c), and VRW 32 derived

from P. costaricensis Freytag & Debouck (Singh et al.

2013) also exhibit partial resistance depending on the

fungal isolate used for screening. Breeding lines

combining resistance from different gene pools (i.e.,

pyramided resistance) displayed yet higher levels of

resistance (Singh et al. 2014b; Terán and Singh 2009a,

2010).

Resistance to white mold is inherited quantitatively

by[25 major and minor effects quantitative trait loci

(QTL). Similarly,[35 QTL controlled plant architec-

tural avoidance mechanisms that are distributed in 21

regions across nine of 11 linkage groups (Miklas et al.

2013; Soule et al. 2011). Furthermore, 13 avoidance

QTL were co-located with 13 QTL for resistance

(Miklas et al. 2013). As discussed below, of the major

effect QTL, Soule et al. (2011) reported a sequence

characterized amplified region (SCAR) marker

SMe1Em5.110 linked with the WM2.2 resistance

QTL and WM8.3 QTL linked with SF13R10.410

marker, both present in the Andean common bean BL

VA 19. Similarly, the WM6.1 QTL from the Andean

snap bean NY6020-4 is linked with SAU.1350 marker

(Miklas and Delorme 2003), and WM7.1 QTL present

in the Andean common bean germplasm line G 122 is

linked with Phs-T gene (Miklas et al. 2001). The

marker SF13R10.410 is linked with WM7.3 QTL

present in the common bean x P. coccineus interspe-

cific BL I9365-31 (Soule et al. 2011).

Greenhouse screening is used for detection of

resistance. However, previously common bean

researchers often only used a single pathogen isolate

and single inoculation per plant, and evaluated for the

white mold disease response after 3–7 days post-

inoculation (Hunter et al. 1982; Petzoldt and Dickson

1996). Thus, the resistance response was measured at a

single point (often in the vegetative growth stage)

during the crop growing period. In contrast, for

successful cultivars high levels of resistance would

be required throughout the cropping period to reduce

pesticide use and production costs. The greenhouse

straw test (Petzoldt and Dickson 1996) or its modified

cut-stem method (Singh et al. 2014a; Terán et al. 2006)

allows use of multiple S. sclerotiorum isolates,

multiple inoculations at different points in the

vegetative and reproductive growth stages, and

repeated evaluations for a prolonged period (e.g.,

until 35 days post the first inoculation), thus covering

both the vegetative and reproductive periods on the

same plant (Singh et al. 2014b, c; Terán and Singh

2009b). Although the above screening methodology

would be the severest test ever applied in the common

bean and related Phaseolus species to the best of our

knowledge, it should allow detection of high levels of

the pathogen isolate-specific and broad-spectrum

resistance that is effective throughout the cropping

season. More recent studies, therefore, have used one

to two inoculations per plant and evaluations from 8 to

35 days post-inoculation for breeding, germplasm

screening, and genetic studies (Pascual et al. 2010;

Soule et al. 2011; Terán and Singh 2010; Viteri and

Singh 2015).

For the common bean production areas where

multiple pathogen isolates of different aggressiveness

are sympatric such as the Midwest region of the United

States, it is essential to identify genotypes with high

levels of broad-spectrum resistance. However, the

importance of using more diverse pathogen isolates,

multiple inoculations, and evaluations for prolonged

periods covering both the vegetative and reproductive

growth stages on the same plant in common bean is not

known. Thus, our objectives were to determine what

factors were more essential for identifying genotypes

with high levels of broad-spectrum resistance that is

effective throughout the growing season including:

(i) number of pathogen isolates screened, (ii) number

of inoculations per plant, (iii) the post-inoculation

evaluation date, (iv) area under disease progress curve

(AUDPC), and (v) the presence or absence of SCAR

markers linked with the major effect WM2.2, WM6.1,

WM7.1, WM 7.3, and WM8.3 white mold resistance

QTL. Also, correlations were determined between

mean white mold scores of 31 bean genotypes and four

pathogen isolates at each evaluation date.

Materials and methods

Phaseolus bean genotypes

P. coccineus PI 439534 (Schwartz et al. 2006) and 30

common bean genotypes of diverse origins were

included in this study (Table 1). The 30 common bean

genotypes included ICA Bunsi (Miklas et al. 2004; Tu
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Table 1 Growth habit, seed color or market class, and seed size for 31 bean genotypes tested for white mold response in the

greenhouse at Colorado State University in 2013 and at University of Idaho in 2012

Genotype Growth habitb Seed color or market class Seed sizec Reference

Checks

Othello II Pinto Medium Burke et al. (1995)

Chase III Pinto Medium Coyne et al. (1994)

UI 320 III Pinto Medium Myers et al. (2001)

White mold resistance donor parents

ICA Bunsi III White Small Tu and Beversdorf (1982)

USPT-WM-1 III Pinto Medium Miklas et al. (2006)

92BG-7 III Black Small Miklas et al. (1998)

PI 439534a IV Reddish-brown mottled Extra large Schwartz et al. (2006)

I9365-31 III Black Small Miklas et al. (1998)

VCW 54 II Purplish-black Small Singh et al. (2009b)

VRW 32 II Grayish-brown Small Singh et al. (2013)

A 195 I Beige Large Singh et al. (2007)

G 122 I Cream mottled Large Shonnard and Gepts (1994)

PC 50 I Red mottled Large Saladin et al. (2000)

NY6020-4 I White Large Miklas and Delorme (2003)

VA 19 I Light red kidney Large Soule et al. (2011)

New interspecific breeding lines derived from P. coccineus PI 439534

VC13-1 III Pinto Medium Singh et al. (2014c)

VC13-3 III Pinto Medium Singh et al. (2014c)

VC13-4 III Pinto Medium Singh et al. (2014c)

VC13-5 III Pinto Medium Singh et al. (2014c)

VC13-6 III Pinto Medium Singh et al. (2014c)

New breeding lines with pyramided resistance

SE152-6 I Greenish-gray Large Singh et al. (2014b)

SE152-8 I Greenish-black Large Singh et al. (2014b)

SE153-1 III Pinto Medium Singh et al. (2014b)

SE153-3 III Pinto Medium Singh et al. (2014b)

SE153-6 III Pinto Medium Singh et al. (2014b)

SE153-7 III Pinto Medium Singh et al. (2014b)

SE154-1 I Beige-mottled Large Singh et al. (2014b)

SE154-5 I Yellow opaque Large Singh et al. (2014b)

SE154-9 I Yellow opaque Large Singh et al. (2014b)

SE154-10 I Yellow opaque Large Singh et al. (2014b)

SE155-9 I Cream with black mottled Large Singh et al. (2014b)

a P. coccineus
b Growth habit, where I = determinate upright, II = indeterminate upright, III = indeterminate postrate semiclimbing, and

IV = indeterminate prostrate strong climbing
c Medium-seeded (25 to\40 gr 100-1 seeds) Middle American, small-seeded (\25 gr 100-1 seeds) Middle American, large-seeded

([40–60 gr 100-1 seeds) Andean common bean, and extra large ([60 gr 100-1 seeds) P. coccineus
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and Beversdorf 1982); four previously released pinto

beans, namely ‘Chase’ (Coyne et al. 1994), ‘UI 320’

(Myers et al. 2001), ‘Othello’ (Burke et al. 1995), and

USPT-WM-1 (Miklas et al. 2006); five recently

developed interspecific pinto BL (VC13-1, VC13-3,

VC13-4, VC13-5, VC13-6) derived from P. vulga-

ris 9 P. coccineus interspecific backcross UI 320*2/

PI 439534 (Singh et al. 2014c); three previously

reported interspecific BL (92BG-7, I9365-31, VCW

54) also derived from crosses between P. vulgaris and

P. coccineus (Miklas et al. 1998; Singh et al. 2009b);

one interspecific BL (VRW 32) derived from P.

costaricensis (Singh et al. 2013); five previously

reported white mold resistant Andean genotypes (A

195, G 122, NY6020-4, PC 50, VA 19) (Saladin et al.

2000; Shonnard and Gepts 1994; Singh et al. 2007;

Soule et al. 2011); and eleven recently developed BL

(SE152-6, SE152-8, SE153-1, SE153-3, SE153-6,

SE153-7, SE154-1, SE154-5, SE154-9, SE154-10,

SE155-9) with pyramided resistance (i.e., combined

from two or more sources) (Singh et al. 2014b).

Sources of resistance and multiple-parent crosses from

which these latter groups of 11 BL were derived

included: SE152 = CORN 501/G 122//A 195/VCW

55, SE153 = USPT-WM-1/CORN 601//USPT-CBB-

1/92BG-7, SE154 = VA 19/MO 162//A 195/G 122,

and SE155 = A 195/4/NY6020-4/92BG-7///MO

162/I9365-25//ICA Bunsi/G 122 (Singh et al. 2014b).

Inoculum preparation and greenhouse evaluation

Four isolates of S. sclerotiorum, namely ARS12D

(collected from an Andean common bean in Tartagal,

Argentina in 2012), CO467 (from a Middle American

common bean from Lucerne, Colorado in 1996),

ND710 (from a Middle American common bean from

the Red River Valley of North Dakota), and NY133

(from an Andean snap bean from New York) of

varying aggressiveness (Jhala et al. 2014; McCoy et al.

2012; Otto-Hanson et al. 2011; Steadman et al. 2006)

were used for inoculation and evaluation of responses

to white mold disease. The reasons for using four

isolates of different geographical origin and collected

from both Andean and Middle American common

beans were to determine their role in identifying

genotypes with broad-spectrum high levels of resis-

tance and to detect potential cross-over interactions

between the bean genotypes and pathogen isolates.

Fresh (48 h old cultures kept at 28 �C) mycelium

was multiplied as needed from pre-conditioned scle-

rotia before each inoculation for each isolate (Sch-

wartz et al. 2006; Singh et al. 2009a). Three plants

were sown in a 16.5 9 20.3 cm plastic pot for each

genotype and replicate. Response to pathogen isolates

ARS12D and ND710 was evaluated in the greenhouse

at University of Idaho, Kimberly in 2012. Response to

isolates CO467 and NY133 was evaluated in the

greenhouse at Colorado State University, Fort Collins

in 2013. Plants were inoculated beginning at the fifth

internode (approximately 1 month after planting)

leaving a 3 cm-long internode intact. A 200 ll

eppendorf tip stacked with three plugs of fresh mycelia

of each isolate was used for each inoculation per plant.

The second and third inoculations on the same plant

were made 7 and 14 days after the first inoculation,

respectively; however only on the resistant plants with

disease scores B4, see below. Thus, inoculation of

resistant plants continued from about 30–44 days post

planting, which covered vegetative and pre-flowering

to the end of flowering period. Inoculated plants were

kept under high humidity ([80 %) using humidifiers

situated under the greenhouse benches and keeping the

greenhouse floor wet for at least 1 week after each

inoculation. Plants were grown at mean day and night

temperatures of 24 and 18 �C, respectively, with 12 h

of light. White mold disease severity was evaluated at

7, 14, and 21 days post the first inoculation in

Colorado and at 7, 14, 21, 28, and 35 days post-

inoculation in Idaho using a 1–9 scale according to

Terán et al. (2006). Plants were considered resistant

with white mold scores of 1–4, intermediate[4 to\7,

and susceptible 7–9. White mold disease severity on

1–9 scale as described above according to Terán et al.

(2006) and the area under the disease progress curve

(AUDPC, Cooke 2006) were recorded on a single-

plant basis. The AUDPC values were calculated using

the sum of disease severity progression from 7 to

21 days post-inoculation in Colorado and from 7 to

35 days in Idaho for each pathogen isolate, using the

formula described by Cooke (2006) as given below:

Ak ¼
XNi�1

i¼1

ðyi þ yiþ1Þ
2

ðtiþ1 � tiÞ

where Ak = AUDPC value, N indicates the number of

assessments in time (i.e., three in the case of Colorado

and five in the case of Idaho), y indicates the white
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mold disease severity at each evaluation date, and

t indicates the time in days. Furthermore, the resis-

tance response after three inoculations per plant was

verified by visual evaluation at harvest maturity

(Singh et al. 2014b, c).

Molecular marker assays

Of the 21 white mold resistance QTL reported by

Soule et al. (2011), only the SCAR markers linked

with the five QTL derived from the four resistance

donor common bean genotypes amplified in this study

(Table 2). The SMe1Em5.110 SCAR marker was

linked with the WM2.2 resistance QTL and

SF13R10.410 was linked with WM8.3 QTL, both

from resistant Andean common bean VA 19 (Soule

et al. 2011). The marker SAU5.1350 was linked with

WM6.1 QTL from resistant Andean snap bean

NY6020-4 (Miklas and Delorme 2003). The co-

dominant Phs-T phaseolin seed protein gene was

associated with WM7.1 QTL from resistant Andean

common bean G 122 (Miklas et al. 2001). The

SF18R7.410/415 was a co-dominant marker for

WM7.3 QTL derived from interspecific BL I9365-31

(Soule et al. 2011). Thus, four resistance QTL

(WM2.2, WM6.1, WM7.1, WM8.3) assayed were

from Andean common bean and one (WM7.3) was

derived from P. coccineus, all of which were known to

possess high levels of white mold resistance (Schwartz

et al. 2006; Singh et al. 2014b, c). Thus, we assayed the

presence (?) or absence (-) of the five markers linked

with white mold resistance QTL in the laboratory at

University of Idaho, Kimberly Research and Exten-

sion Center in 2013. The DNA was extracted from the

bulk sample of emerging trifoliolate leaves from all

replicates for each genotype using the Dellaporta

protocol (Dellaporta et al. 1983). The DNA

concentration was adjusted to 10 lg/ml using a

BioPhotometer (Eppendorf AG, Hamburg, Germany).

The methodology and protocols used for marker

assays were those of Miklas and Delorme (2003);

Miklas et al. (2001); and Soule et al. (2011). All PCR

reactions were carried out in a PTC-100 thermocycler

(MJ Research Inc., Waltham, MA). PCR products

were run in 1.5 % agarose gel, stained with 1 % of

ethidium bromide, and the presence or absence of

DNA bands visualized over a UV light box (UVP

Products, Upland, CA).

Data analysis

The experiment was conducted with three treatments

in a factorial arrangement. Each of the three treatments

were considered a fixed factor. The three treatments

were two pathogen isolates (CO476 and NY133 at

Colorado State University, and ARS12D and ND710

at University of Idaho), 31 bean genotypes (Table 1),

and number of days post-inoculation (7, 14, and

21 days at Colorado State University, and 7, 14, 21,

28, and 35 days at University of Idaho) for evaluation.

All possible factorial arrangements of treatments were

completely randomized within each of the six blocks,

and a separate randomization was used for each block.

Thus, unlike the traditional factorial design, no

blocking of any kind for any of the three treatments

was performed in order to avoid creating micro-

climates either due to genotypes, pathogen isolates,

and/or the number of days post-inoculation that could

affect response of bean genotypes to white mold

disease. Therefore, the experiment constitutes a ran-

domized complete block design with six replicates.

For data analysis, replicates were considered a

random effect, and genotypes, pathogen isolates, and

number of days post-inoculation for evaluation were

Table 2 White mold resistance quantitative trait loci (QTL), their linked SCAR marker, and common bean source genotype

White mold resistance QTL Linked SCAR marker Common bean sourcea Reference

WM2.2 QTL SMe1Em5.110 VA 19 Soule et al. (2011)

WM6.1 QTL SAU5.1350 NY6020-4 Miklas and Delorme (2003)

WM7.1 QTL Phs-T G 122 Miklas et al. (2001)

WM7.3 QTL SF18R7.410/415 I9365-31 Soule et al. (2011)

WM8.3 QTL SF13R10.410 VA 19 Soule et al. (2011)

a For growth habit and seed characteristics refer to Table 1
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considered fixed effects. Analysis of variance was

used to compare disease scores among treatment

levels. Fisher’s least significant difference at P = 0.05

was used to compare treatment means. The range and

frequency of resistant plants for each genotype were

determined. As noted above, the AUDPC values

(using the sum of disease severity progression from 7

to 21 days post-inoculation in Colorado and from 7 to

35 days in Idaho for each pathogen isolate) also were

calculated (Cooke 2006). Furthermore, simple corre-

lation coefficients were calculated between the mean

white mold scores for 31 bean genotypes and four

pathogen isolates for each evaluation date. Data were

analyzed using the SAS 9.3 PROC GLM, FREQ, and

CORR procedures (SAS 2008).

Results

Mean squares were significant (P B 0.05) for the

number of days post-inoculation for evaluation,

genotypes, and genotypes 9 isolates interaction in

Colorado and Idaho (Table 3). Pathogen isolates,

isolates 9 number of days post-inoculation for eval-

uation, and genotypes 9 number of days post-inocu-

lation for evaluation interactions mean squares were

only significant in Idaho. Although the effect of

number of inoculations per plant was confounded with

the number of days post-inoculation for evaluation,

white mold disease scores and the AUDPC values

increased from 7 to 21 days post-inoculation in

Colorado and from 7 to 35 days in Idaho (Table 4).

Similarly, the percentage of resistant plants with white

mold disease scores of B4 decreased as the number of

inoculations per plant increased for each of the four

pathogen isolates (Table 5). The isolate ND710 with

mean disease score of 5.6 and AUDPC value of 156.6

was more aggressive than ARS12D with white mold

score of 5.0 and AUDPC of 139.6 in Idaho. In contrast,

significant differences (P[ 0.05) were not observed

between CO467 and NY133 isolates at any evaluation

date in Colorado (Tables 3 and 4). Furthermore,

significant positive correlation coefficients (r2 ranged

from 0.7 to 0.9; P B 0.01) were observed between the

mean white mold scores of 31 bean genotypes and the

four pathogen isolates for evaluations made at 7, 14,

21, 28, and 35 days post-inoculation (Table 6). For

comparison of results from both greenhouses, how-

ever, only data for 21 days post-inoculation will be

reported for the 31 bean genotypes for the four S.

sclerotiorum isolates. In addition, data for 35 days will

be reported for Idaho to assess the effects of evalu-

ations delayed beyond 21 days post-inoculation.

Pinto Othello was susceptible (mean white mold

scores 8.2–8.9) to all isolates and had the highest

AUDPC values (105.0–116.1) with only one inocula-

tion per plant (Table 7). Also, the Middle American

common bean genotypes Chase, UI 320, ICA Bunsi,

and USPT-WM-1 were susceptible (7.1–8.9) to

ARS12D, ND710, and NY133 after a single inocula-

tion per plant. In contrast, pinto USPT-WM-1 was

intermediate to CO467 (5.3) with two inoculations per

plant. P. coccineus PI 439534 was intermediate to the

four isolates at 21 days after three inoculations per

plant. Among BL derived from the secondary gene

pool, VCW 54 had significantly lower white mold

scores and AUDPC values compared to 92BG-7,

I9365-31, and VRW 32 to the four isolates at 21 days

post-inoculation (Table 7). The newly developed

interspecific pinto VC13 series BL derived from P.

Table 3 Analysis of

variance for the response of

31 bean genotypes to two

isolates of Sclerotinia

sclerotiorum in the

greenhouse at University of

Idaho, Kimberly in 2012

and at Colorado State

University, Fort Collins in

2013

* Significant F value at

P B 0.05

Source University of Idaho Colorado State University

df Mean squares df Mean squares

Replicate 5 8.83* 5 3.88

Pathogen isolate (I) 1 177.45* 1 5.55

Days post-inoculation for evaluation (D) 4 185.65* 2 299.31*

Genotype (G) 30 101.31* 30 48.75*

I 9 D 4 2.04* 2 3.83

G 9 I 30 2.90* 30 4.86*

G 9 D 120 1.41* 60 0.87

G 9 I 9 D 120 0.31 60 0.35

Error 1,545 0.54 925 1.74
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coccineus PI 439534 were more resistant than all

previously developed interspecific BL, irrespective of

the market class, derived from the Phaseolus species

of the secondary gene pool. In Idaho, the VC13 series

interspecific BL were resistant to ARS12D and

intermediate to ND710 at 21 and 35 days post-

inoculation. Furthermore, in Colorado, VC13-5 and

VC13-6 BL had resistant scores to both isolates at

21 days with three inoculations per plant.

Similarly, all newly developed pyramided BL of

the SE152, SE153, SE154, and SE155 series were

significantly more resistant than Andean G 122, PC

50, and NY6020-4 in both greenhouses (Table 7).

However, only Andean SE152-6 and Middle Ameri-

can pinto BL SE153-7 were resistant and had lower

AUDPC values in response to the four isolates at

21 days post-inoculation (Table 7). These two geno-

types and pinto interspecific BL VC13-5 had the

highest percentage of resistant plants. In contrast,

previously developed Middle American common bean

genotypes namely ICA Bunsi, Chase, UI 320, and

USPT-WM-1 had lower percentages of resistant

plants, higher AUDPC values, and broader ranges

for white mold disease scores (Table 7).

Evaluations until 35 days in Idaho helped determine

if the resistant or intermediate white mold scores

persisted longer than previously reported. For example,

P. coccineus PI 439534 was intermediate to pathogen

isolates ARS12D and ND710 at 21 days, however, it

had susceptible scores at 35 days post-inoculation

(Table 7). Similarly, Andean G 122, PC 50, and

NY6020-4 and interspecific BL VCW 54 derived from

P. coccineus were intermediate to ND710 at 21 days

post-inoculation, however, they were susceptible and

had higher AUDPC values at 35 days (Table 7). In

contrast, newly developed BL VC13-1, VC13-5,

SE152-6, and SE154-1 were resistant to ARS12D and

were close to resistant or intermediate (4.2–6.3), and had

lower AUDPC values (99.2–149.1) to the most aggres-

sive isolate ND710 even at 35 days post-inoculation.

Table 4 Mean white mold disease score at 7, 14, 21, 28, and

35 days post-inoculation in response to Sclerotinia sclerotio-

rum isolates ARS12D and ND710 in the greenhouse at

University of Idaho, Kimberly in 2012 and isolates CO467

and NY133 at Colorado State University, Fort Collins in 2013

Location/pathogen isolate Number of days post-inoculation Mean AUDPCa LSD (P B 0.05)b

7 14 21 28 35

University of Idaho

ARS12D 4.1 4.6 5.0 5.5 5.7 5.0 139.6 0.2

ND710 4.6 5.1 5.6 6.2 6.5 5.6 156.6 0.2

Mean 4.4 4.9 5.3 5.9 6.1 5.3 148.1 0.1

LSD (P B 0.05)c 0.1 0.1 0.2 0.2 0.2 0.1 3.6 –

Colorado State University

CO467 3.4 4.4 5.4 – – 4.4 61.9 0.2

NY133 3.7 4.6 5.3 – – 4.5 64.0 0.2

Mean 3.6 4.5 5.4 – – 4.5 63.0 0.2

LSD (P B 0.05)c 0.3 0.3 0.2 – – 0.2 3.6 –

a AUDPC, area under the disease progress curve
b To compare means between number of days post-inoculation within isolate
c To compare means between isolates within an evaluation date, and between AUDPC values

Table 5 Mean percentage of plants resistant to white mold

disease (scores B4) pooled over 31 bean genotypes to Scle-

rotinia sclerotiorum isolates ARS12D and ND710 in the

greenhouse at University of Idaho, Kimberly in 2012 and

isolates CO467 and NY133 at Colorado State University, Fort

Collins in 2013

Pathogen isolate Number of inoculations per plant Mean

1 2 3

ARS12D 81.2 70.1 62.2 71.2

ND710 68.8 59.0 43.5 57.1

CO467 71.9 63.1 46.3 60.4

NY133 68.3 60.4 41.9 56.9

Mean 72.6 63.2 48.5 61.4
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Othello, Chase, UI 320, ICA Bunsi, USPT-WM-1,

PI 439534, 92BG-7, and the VC13 series BL lacked all

five SCAR markers linked with white mold resistance

QTL (Table 8). Interspecific BL I9365-31, VCW 54,

and VRW 32 derived from the secondary gene pool

possessed the WM7.3 QTL. The pinto SE153 series

BL had the WM7.1 QTL. Similar to the Andean

parents or checks, all Andean pyramided common

bean BL of the SE152, SE154, and SE155 series

exhibited the SCAR markers linked with WM2.2,

WM7.1, and WM8.3 resistance QTL. The Andean

snap bean NY6020-4 amplified for the SCAR markers

linked with the WM6.1, WM7.1, and WM8.3 resis-

tance QTL. Nonetheless, the marker linked with the

WM6.1 QTL was not observed in Andean pyramided

BL SE155-9 even though it had NY6020-4 as a parent

(Table 8). Thus, none of the 31 bean genotypes tested

in this study had all five white mold resistance QTL.

Discussion

The white mold severity and AUDPC increased as the

number of inoculations per plant and number of days

post-inoculation for evaluation increased. Thus, sig-

nificant differences in white mold severity from 7 to

21 days in Colorado and Idaho occurred. Furthermore,

white mold severity significantly increased from 21 to

35 days post-inoculation in Idaho. Because common

bean plants may be infected multiple times during the

vegetative and reproductive growth stages in the field

and resistance for the entire growing season is

essential for the survival of a successful cultivar,

earlier evaluations (e.g., at 7 or 14 days) could lead to

misidentification of presumed resistant genotypes. For

instance, ICA Bunsi had a resistant response to one

inoculation with CO467 at 7 days, however, it was

susceptible after three inoculations at 21 days post-

inoculation. Therefore, selection of more resistant

genotypes should be based on at least three inocula-

tions per plant and evaluation delayed at least until

21 days post-inoculation or longer, thus covering most

of the vegetative and reproductive growth stages with

verification of the resistance response at maturity

(Singh et al. 2014b, c). Terán and Singh (2009a, 2010)

identified resistant genotypes at 33 days post-inocu-

lation and Viteri and Singh (2015) determined inher-

itance of white mold resistance in an Andean common

bean BL A 195 based on evaluations at 35 days post-

inoculation.

Identification of highly resistant bean genotypes

required three inoculations per plant. For example,

with only one inoculation pinto Othello was suscep-

tible to each of the four isolates at 7 days. In contrast,

Andean common bean BL SE152-6 exhibited resistant

or near resistant scores with three inoculations per

plant to the four isolates up to 21 days post-inocula-

tion and maintained that score until maturity. As noted

above, to the best of our knowledge, this screening

methodology of using multiple pathogen isolates of

different aggressiveness and inoculations per plant,

and delayed evaluations covering both the vegetative

and reproductive growth stages is the severest test ever

applied in common bean and related Phaseolus

species to assess the response against white mold

disease. Thus, the above screening methodology

Table 6 Simple correlation

coefficient between 31 bean

genotypes and four

Sclerotinia sclerotiorum

isolates at each evaluation

date

* Significant F value at

P B 0.01

Number of days post-inoculation for evaluation Pathogen isolate

CO467 ND710 NY133

7 ARS12D 0.7* 0.9* 0.7*

CO467 – 0.7* 0.8*

ND710 – – 0.6*

14 ARS12D 0.8* 0.9* 0.7*

CO467 – 0.8* 0.8*

ND710 – – 0.7*

21 ARS12D 0.9* 0.9* 0.7*

CO467 – 0.9* 0.8*

ND710 – – 0.7*

28 ARS12D – 0.9* –

35 ARS12D – 0.9* –
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Table 7 Range, mean score, area under the white mold disease

progress curve, and percentage of resistant plants for 31 bean

genotypes in the greenhouse at 21 and/or 35 days post-

inoculation with Sclerotinia sclerotiorum isolates CO467 and

NY133 at Colorado State University, Fort Collins in 2013 and

isolates ARS12D and ND710 at University of Idaho, Kimberly

in 2012

Genotypea Colorado State University (21 days) University of Idaho (21 days)

CO467 NY133 ARS12D

Range Mean AUDPCb RPc Range Mean AUDPC RP Range Mean AUDPC RP

Checks

Othello 8–9d 8.9 116.1 0.0 3–9 8.2 107.2 5.6 7–9 8.6 105.0 0.0

Chase 4–9 7.2 78.9 18.8 4–9 7.7 89.8 5.9 6–9 7.8 94.2 0.0

UI 320 1–9 6.6 73.7 33.3 3–9 6.8 81.5 11.1 4–9 7.2 84.4 5.9

White mold resistance donor parents

ICA Bunsi 4–9 7.3 77.5 6.3 4–9 7.7 93.1 6.3 6–9 7.1 93.0 0.0

USPT-WM-1 4–9 6.5 73.3 22.2 3–9 5.3 64.2 38.9 7–9 8.3 107.5 0.0

92BG-7 4–9 7.2 92.4 5.9 5–9 6.9 82.3 0.0 4–7 5.7 70.8 27.8

PI 439534 3–8 5.7 62.8 17.6 3–8 4.4 53.6 42.9 3–7 5.6 66.4 25.0

I9365-31 3–9 7.3 86.0 11.8 3–9 6.0 69.8 35.3 4–7 5.8 75.4 31.3

VCW 54 3–8 5.8 55.2 23.5 3–7 4.1 44.7 77.8 4–6 4.4 56.5 76.5

VRW 32 4–9 6.3 76.4 27.8 3–8 5.2 61.5 33.3 4–8 6.0 73.9 27.8

A 195 3–6 4.8 58.2 33.3 4–8 5.9 72.3 16.7 4–6 4.1 56.2 94.1

G 122 3–9 6.6 82.9 22.2 4–9 6.4 75.3 16.7 4–7 4.5 59.9 72.2

PC 50 4–9 6.3 77.6 31.3 4–9 7.8 97.3 5.9 4–9 5.8 73.7 28.6

NY 6020-4 4–7 4.9 61.3 53.3 4–9 6.3 80.2 26.7 4–9 5.4 68.7 46.7

VA 19 2–9 4.8 55.3 52.9 3–9 5.0 61.1 50.0 4–7 4.9 58.4 81.3

Interspecific breeding lines derived from P. coccineus PI 439534

VC13-1 2–7 4.2 48.2 66.7 4–9 5.9 64.6 16.7 2–4 3.8 51.1 100.0

VC13-3 2–9 4.0 44.9 88.9 2–8 4.9 59.1 55.6 3–6 3.8 45.7 88.9

VC13-4 3–6 4.5 51.9 55.6 3–7 3.8 47.6 83.3 2–9 4.1 50.7 88.9

VC13-5 2–9 4.0 46.9 77.8 2–6 4.0 46.9 66.7 3–4 3.7 48.0 100.0

VC13-6 3–5 4.0 42.4 83.3 3–7 4.1 46.1 83.3 3–7 4.3 53.6 83.3

New breeding lines with pyramided resistance

SE152-6 3–6 4.1 45.1 77.8 3–6 4.5 54.7 50.0 3–4 3.6 47.0 100.0

SE152-8 3–9 5.3 60.9 38.9 2–8 4.4 51.2 38.9 4–8 4.4 57.7 88.2

SE153-1 3–7 4.1 44.4 81.3 3–5 3.8 42.6 72.2 3–6 5.4 54.6 78.6

SE153-3 3–5 4.0 41.2 88.9 3–6 4.3 48.6 55.6 3–6 4.3 53.3 82.4

SE153-6 3–7 4.3 45.7 66.7 3–7 4.3 46.3 44.5 3–5 3.7 50.4 94.4

SE153-7 2–7 4.3 44.5 66.7 3–5 3.5 43.0 88.2 3–6 3.8 50.0 94.4

SE154-1 3–8 4.7 55.6 61.1 3–9 5.3 67.7 50.0 3–4 3.9 54.0 100.0

SE154-5 3–9 5.4 59.5 50.0 2–8 5.1 64.4 55.6 4–7 4.6 59.9 72.2

SE154-9 3–8 4.7 58.0 61.1 3–8 4.7 58.9 44.4 3–7 4.4 56.0 77.8

SE154-10 3–9 5.5 57.0 38.9 3–7 4.8 60.7 44.5 3–7 4.1 53.5 88.9

SE155-9 3–6 4.1 46.5 72.2 3–7 4.0 46.9 77.8 4–6 4.5 59.9 72.2

Mean – 5.4 61.9 46.3 – 5.3 64.0 41.9 – 5.1 64.2 62.2

LSD (P B 0.05) – 1.4 16.9 – – 1.3 16.1 – – 0.9 21.0 –
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Table 7 continued

Genotypea University of Idaho (21 days) University of Idaho (35 days)

ND710 ARS12D ND710

Range Mean AUDPC RP Range Mean AUDPC RP Range Mean AUDPC RP

Checks

Othello 8–9 8.8 108.9 0.0 9 9.0 229.6 0.0 9 9.0 234.3 0.0

Chase 8–9 8.9 117.6 0.0 7–9 8.7 209.7 0.0 9 9.0 243.4 0.0

UI 320 6–9 7.6 89.2 0.0 6–9 8.5 195.1 0.0 7–9 8.6 203.5 0.0

White mold resistance donor parents

ICA Bunsi 7–9 7.8 97.5 0.0 6–9 7.5 194.8 0.0 7–9 8.6 212.7 0.0

USPT-WM-1 4–9 8.5 112.5 5.9 8–9 8.9 229.1 0.0 7–9 8.9 235.3 0.0

92BG-7 6–9 7.2 89.8 0.0 4–9 6.8 159.3 16.7 6–9 7.9 196.8 0.0

PI 439534 4–9 6.2 74.2 7.1 3–9 6.7 154.2 25.0 7–9 8.2 178.4 0.0

I9365-31 4–8 6.7 86.3 5.9 4–8 6.5 162.9 12.5 4–9 7.0 182.4 5.9

VCW 54 4–8 5.6 65.1 22.2 4–8 5.6 125.9 35.3 4–9 7.5 159.0 5.6

VRW 32 4–8 6.6 82.4 5.6 4–9 7.1 167.0 16.7 7–9 7.4 183.0 0.0

A 195 4–8 4.4 58.0 83.3 4–9 4.3 115.8 88.2 4–8 5.1 125.8 55.6

G 122 4–9 5.5 70.8 44.4 4–9 5.1 128.7 61.1 4–9 6.6 156.3 22.2

PC 50 4–9 6.1 77.4 35.3 4–9 6.8 159.9 28.6 4–9 6.8 169.8 17.7

NY 6020-4 4–8 5.5 67.9 31.3 4–9 6.2 150.4 33.3 4–9 6.7 155.7 25.0

VA 19 4–6 6.0 64.3 43.8 4–8 4.9 124.0 62.5 4–8 6.0 143.5 25.0

Interspecific breeding lines derived from P. coccineus PI 439534

VC13-1 4–7 5.3 68.8 44.4 2–4 3.9 105.2 94.4 4–8 6.3 149.1 16.7

VC13-3 4–7 4.9 59.1 55.6 3–7 4.5 103.4 77.8 4–8 5.6 133.4 38.9

VC13-4 4–7 5.2 62.4 44.4 3–9 4.7 113.2 77.8 4–9 6.2 143.5 27.8

VC13-5 4–7 4.7 58.9 38.9 3–4 3.8 101.3 100.0 4–8 5.8 132.0 38.9

VC13-6 4–6 4.7 59.5 66.7 3–8 4.7 117.1 66.7 4–9 5.6 132.8 50.0

New breeding lines with pyramided resistance

SE152-6 3–4 3.9 52.3 100.0 3–4 3.9 99.2 100.0 4–6 4.2 108.9 88.9

SE152-8 4–6 4.6 59.1 77.8 4–9 4.6 120.5 88.2 4–7 4.8 123.5 72.2

SE153-1 4–6 6.7 60.5 33.3 4–7 5.4 123.6 50.0 4–9 6.7 145.0 16.7

SE153-3 3–7 4.8 63.3 62.5 4–7 4.5 115.8 82.4 4–8 5.4 135.2 50.0

SE153-6 4–7 4.5 57.2 66.7 3–8 4.4 108.7 83.3 4–9 6.1 129.1 22.2

SE153-7 3–9 4.4 56.8 77.8 3–7 4.2 106.8 77.8 4–9 5.1 123.5 61.1

SE154-1 4–5 4.1 55.2 94.4 4 4.0 109.3 100.0 4–7 4.3 114.3 88.9

SE154-5 4–6 4.4 57.8 77.8 4–9 5.2 129.1 50.0 4–8 5.0 123.5 55.6

SE154-9 4–7 4.7 60.5 66.7 4–9 5.4 126.0 50.0 4–9 5.6 133.8 44.4

SE154-10 4–6 4.4 58.9 77.8 4–8 4.6 113.4 77.8 4–9 5.0 123.5 61.1

SE155-9 4–6 4.3 55.2 77.8 4–9 5.5 130.1 50.0 4–9 5.6 125.0 50.0

Mean – 5.7 71.2 43.5 – 5.7 139.6 51.8 – 6.5 156.6 30.3

LSD (P B 0.05) – 0.6 20.0 – – 1.1 21.0 … – 1.0 20.0 –

a For growth habit and seed characteristics refer to Table 1
b AUDPC, area under the disease progress curve
c Percentage of resistant plants
d White mold score, where 1 = no sign of infection, 3 = infection did not reach the first node, but passed more than 2.5 cm after the

point of inoculation on the internode, 5 = infection passed the first node after the inoculation but no more than 2.5 cm, 7 = infection

reached the second node after inoculation, and 9 = fungus invasion passed the second node with or without causing plant death

(Terán et al. 2006)
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should ensure that the white mold resistance is

effective throughout the entire cropping period (i.e.,

covering both the vegetative and reproductive

periods). Furthermore, greenhouse space utilization

would be optimized when dealing with higher plant

populations that are inoculated with multiple isolates

Table 8 Presence (?) or absence (-) of five sequence

characterized amplified region markers linked with WM2.2,

WM6.6, WM7.1, WM7.3, and WM8.3 white mold resistance

quantitative trait loci in 31 bean genotypes and their source,

assayed at University of Idaho, Kimberly in 2013

Genotypea White mold resistance quantitative trait loci/source common bean genotypeb

WM2.2/VA 19 WM6.1/NY6020-4 WM7.1/G 122 WM7.3/I936531 WM8.3/VA 19

Checks

Othello - - - - -

Chase - - - - -

UI 320 - - - - -

White mold resistance donor parents

ICA Bunsi - - - - -

USPT-WM-1 - - - - -

92BG-7 - - - - -

PI 439534 - - - - -

I9365-31 - - - ? -

VCW 54 - - - ? -

VRW 32 - - - ? -

A 195 ? - ? - ?

G 122 ? - ? - ?

PC 50 ? - ? - ?

NY6020-4 - ? ? - ?

VA 19 ? - ? - ?

New interspecific breeding lines derived from P. coccineus PI 439534

VC13-1 - - - - -

VC13-3 - - - - -

VC13-4 - - - - -

VC13-5 - - - - -

VC13-6 - - - - -

New breeding lines with pyramided resistance

SE152-6 ? - ? - ?

SE152-8 ? - ? - ?

SE153-1 - - ? - -

SE153-3 - - ? - -

SE153-6 - - ? - -

SE153-7 - - ? - -

SE154-1 ? - ? - ?

SE154-5 ? - ? - ?

SE154-9 ? - ? - ?

SE154-10 ? - ? - ?

SE155-9 ? - ? - ?

a For growth habit and seed characteristics refer to Table 1
b For white mold resistance QTL, their linked SCAR marker, and source common bean genotypes refer to Table 2
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on the same plant with susceptible plants discarded,

and delayed evaluations of surviving resistant plants.

This also should minimize expense, time, and labor

used for the subsequent inoculum multiplications,

inoculations, and evaluations required for the identi-

fication of genotypes with high levels of broad-

spectrum resistance that is effective throughout the

growing season (Singh et al. 2014b, c; Terán and

Singh 2009a, 2010).

Variation occurs in aggressiveness among S. scle-

rotiorum isolates in multisite greenhouse and field

screening nurseries of common bean (Jhala et al. 2014;

McCoy et al. 2012; Otto-Hanson et al. 2011; Steadman

et al. 2006). The use of multiple greenhouses and

inoculations with different S. sclerotiorum isolates in

each greenhouse helps identify genotypes with spe-

cific as well as broad-spectrum resistance. Further-

more, significant crossover interactions, if any,

between common bean genotypes and pathogen

isolates could be identified. For example, McCoy

et al. (2012), Otto-Hanson et al. (2011); Singh et al.

(2014b, c), and Steadman et al. (2006) used multiple

isolates to identify white mold resistant common bean

genotypes with specific and broad-spectrum resis-

tance. Identification of genotypes with isolate-specific

resistance may have merit for areas where only that

isolate occurs, assuming that this pathogen informa-

tion is known and monitored over time. Therefore, if

we only used the most aggressive isolate ND710 in

Idaho, we would probably select only resistant geno-

types SE152-6 and SE154-1. However, pinto BL

VC13-5, VC13-6, SE153-1, SE153-6, and SE153-7

with high levels of resistance to other isolates would

be discarded. In contrast, if only the less aggressive

isolates ARS12D or CO467 were used, the differen-

tiation for genotypes with a broad-spectrum resistance

between the VC13 series of interspecific pinto BL

would have been difficult.

Although the mean white mold scores for the more

aggressive isolate ND710 were often higher than those

for ARS12D, there were no significant crossover

interactions between genotypes and pathogen isolates

in Idaho. This is consistent with the positive correla-

tions for mean white mold disease scores between 31

bean genotypes and the four pathogen isolates at each

evaluation date. Therefore, bean genotypes resistant to

one isolate would be expected to be resistant to other

isolates. Nonetheless, while bean genotypes resistant

to ND710 isolate would also be expected to be

resistant to ARS12D, the reverse did not always hold

true.

Among the Andean common beans, A 195 and VA

19 were the most resistant genotypes to four isolates,

supporting previous results (Soule et al. 2011; Terán

and Singh 2009a, 2010). A 195 and VA 19 were

derived from ‘Red Kloud’, and both possessed the

WM2.2, WM7.1, and WM8.3 white mold resistance

QTL (Soule et al. 2011; this study). Thus, it would be

important to determine the white mold response and

confirm if Red Kloud carries these (and other) QTL

expressed in the greenhouse and field in future studies.

Also, G 122 and PC 50 carried the same WM2.2,

WM7.1, and WM8.3 QTL, however they had higher

mean white mold disease scores compared to A 195

and VA 19. Thus, A 195 and VA 19 may possess

additional genes/QTL or different resistance

allele(s) that would be important to identify and tag.

Alternatively, G 122 and PC 50 may be variable or are

a mixture of resistant and susceptible genotypes and

need to be selected for a uniform resistance response

against each pathogen isolate of interest for future

genetic and breeding studies.

The WM7.3 resistance QTL from interspecific BL

I9365-31 was observed in interspecific BL VCW 54

and VRW 32. It would be useful to determine if

WM7.3 QTL from I9365-31 derived from P. coccin-

eus is present in P. coccineus G 35172 (Singh et al.

2009b) that was used in VCW 54, and P. costaricensis

G 40604 (Singh et al. 2013) that was used in VRW 32

as white mold resistant donor parents. The VC13

series of interspecific pinto BL derived from P.

coccineus PI 439534 did not possess the WM7.3 and

other four resistance QTL. Therefore, white mold

resistance in the VC13 series interspecific BL would

be expected to be different from those of I9365-31,

VCW 54, VRW 32, and the three Andean common

bean resistance donor parents, namely G 122,

NY6020-4, and VA 19.

Among pinto bean genotypes, the VC13 series

interspecific BL derived from UI 320*2/PI 439534,

had higher levels of resistance compared to UI 320,

Chase, and USPT-WM-1. These new BL also had

significantly higher levels of resistance than most of

the previously developed interspecific BL (92BG-7,

I9365-31, VCW 54, VRW 32). Because UI 320 was

susceptible to white mold, the P. coccineus PI 439534

contributed higher levels of white mold resistance to

the VC13 series pinto BL. Schwartz et al. (2006)
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identified a dominant resistance gene in UI 320/PI

439534, which needs to be tagged and mapped for

marker-assisted selection and its presence verified in

the VC13 series BL and PI 439534. Furthermore,

concerted efforts should be made to identify contrast-

ing and complementary sources of white mold resis-

tance in other Phaseolus genotypes of the secondary

gene pool species, introgressed, and/or pyramided into

common bean genotypes.

Breeding line SE152-6 with pyramided white mold

resistance QTL WM2.2, WM7.1, and WM8.3 was

significantly more resistant than A 195 which also

possesses the same three QTL. Similarly, SE155-9

was more resistant than VA 19 in Colorado; and both

SE152-6 and SE155-9 had higher percentage of

resistant plants compared to their other parents in

both greenhouses. Thus, pyramiding white mold

resistance from diverse germplasm sources was a

sound strategy to maximize selection gains and breed

for higher levels of broad-spectrum white mold

resistance (Singh et al. 2014b; Terán and Singh

2009a, 2010). Because none of the pyramided BL or

other genotypes tested in this study had all five white

mold resistance QTL, further pyramiding efforts

would be justified. Breeding lines such as 92BG-7,

NY6020-4, VCW 54, VC13-3 or VC13-6, SE152-6,

and SE153-3 or SE153-7 could be combined into a

multiple-parent cross using gamete (Singh 1994;

Terán and Singh 2009a) and/or recurrent (Terán and

Singh 2010) selections, and systematically screened

using both direct disease screening with isolates of

different aggressiveness and marker-assisted selection

to develop BL with yet higher levels of broad-

spectrum resistance possessing all five (and other)

white mold resistance QTL.

The range and percentage of resistant plants, in

addition to mean white mold disease scores, were used

for development of the SE (Singh et al. 2014b) and VC

(Singh et al. 2014c) series of BL. Consequently, some

of these newly developed BL had 100 % of plants

resistant to some isolates (e.g., VC13-1 and VC13-5 in

response to ARS12D) with comparatively low mean

white mold disease scores and AUDPC values. Thus,

selection gains may be considerably enhanced by

combining the range of white mold disease scores,

percentage of resistant plants, AUDPC values, and

mean disease scores in the selection process.

In summary, identification of bean genotypes with

high levels of broad-spectrum resistance required use

of multiple pathogen isolates of diverse origin, three

inoculations per plant, and evaluations delayed until

21–35 days post-inoculation. Furthermore, the resis-

tance response was verified at maturity, and the range,

percentage of resistant plants, and mean white mold

disease scores together were used in the selection

process from the early segregating generations (Singh

et al. 2014b, c). Thus, highly resistant interspecific

pinto BL (i.e., the VC13 series) from UI 320*2/PI

439534 and 11 BL with pyramided resistance (the SE

series) from three multiple-parent crosses were devel-

oped. Their white mold resistance was significantly

higher than that of previously developed Middle

American pinto BL and cultivars, Andean common

beans, and interspecific BL derived from the second-

ary gene pool Phaseolus species. Effectiveness of

these newly developed BL to combat white mold

disease with and without fungicides and other control

strategies should be determined. Also, their high levels

of resistance should be transferred into cultivars of

different market classes using the severest screening

methodology applied in the greenhouse in this study to

combat white mold disease in common bean

worldwide.
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