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ABsTRACT. Canning quality of dry bean (Phaseolus vulgaris L.), of which the degree of splitting (SPLT) and overall appearance
(APP) of canned beans are major components, is a complex trait that exhibits quantitative inheritance. The objectives of this
study were to identify major genes that affect APP and SPLT in kidney bean, and map the location of these loci to the
integrated core map of common bean. The analysis was performed using random amplified polymorphic DNA (RAPD)
markers and two populations of kidney bean, consisting of 75 and 73 recombinant inbred lines (RILs), respectively. The two
populations—*‘Montcalm’ x ‘California Dark Red Kidney 82’ and ‘Montcalm’ x ‘California Early Light Red Kidney’—were
planted in six year-location combinations in Michigan, Minnesota and North Dakota from 1996 to 1999. Correlations
between APP and SPLT were high (0.91 to 0.97). Heritability estimates for APP and SPLT ranged from 0.83 to 0.85 in the
two populations. Major genes for these traits were identified on two linkage groups. The first QTL, associated with seven
RAPD markers, was putatively mapped to the B8 linkage group of the core bean linkage map. Desirable canning quality
appeared to be derived from Montcalm at this locus. The second QTL, associated with four markers, appeared to be derived
from the California parents. The second linkage group was not assigned to a linkage group in the core map. Population and

environment-specificity were observed for the markers identified.

Beans of the light and dark red kidney market classes account for
=8% of the 1.44 Mg production of dry edible bean (Phaseolus
vulgaris L.) inthe U.S. (Lucier et al., 2000). Light red kidney beans
are used mainly in chili products, while the dark reds are a significant
component of restaurant salad bars. Kidney bean cultivars must
meet strict seed size, shape and color criteria, and have acceptable
canning quality for commerce. Canning quality is a complex trait
and is associated with influences that determine the hydration
characteristics of seeds, thermal conditions that render seeds palat-
able and provide for the digestion of nutrients, and consumer and
processor preferences (Adams and Bedford, 1975; Forney et al.,
1990; Hosfield and Uebersax, 1980, 1990; Hosfield et al., 1984a;
Uebersax and Bedford, 1980). Although physical and chemical
attributes of cooked beans all contribute to processing quality, no
single characteristic can adequately describe a sample (Hosfield,
1991; Hosfield and Uebersax, 1990). A number of tests have been
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developed that describe the component nature of canning quality.
Tests that measure traits such as general appearance, incidence of
splitting, firmness, and washed drained weight are routinely used by
breeders to assess canned bean quality (Hosfield and Uebersax,
1980; Hosfield et al., 1984a, 1984b; Wassimi et al., 1990).

Canning quality traits exhibit quantitative inheritance (Hosfield
et al., 1984a; Walters et al., 1997; Wassimi et al., 1990). In
quantitative trait analysis, the use of markers and genetic maps has
permitted the breeder to identify regions of the genome that most
likely contain the genes or groups of genes [quantitative trait loci
(QTL)], responsible for the expression of complex traits. QTL
mapping in dry bean has been successful for mostly disease resis-
tance traits (Ariyarathne et al., 1999; Jung et al., 1999; Kelly and
Miklas, 1998; Miklas et al., 1998, 2000, 2001; Park et al., 1999,
2001).

QTL for seed traits important in bean quality (size and shape)
have been identified (Park et al., 2000). These traits are essential for
classifying beans into distinct market classes, and they affect, to
some degree, the expected canning quality of a market class. With
regards to canning quality per se, Walters et al. (1997) identified
several random amplified polymorphic DNA (RAPD) markers
associated with component traits of canning quality in three popu-
lations of navy bean. Markers were linked to visual appeal (VIS),
texture (TXT), and the washed drained weight (WDWT) of pro-
cessed beans. Location and population specificity among the marker-
QTL associations were observed in the study.
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The mapping of loci associated with canning quality should be
useful inkidney bean breeding programs. Accordingly, the objec-
tive of this study was to identify major genes that affect the
expression of the canning quality traits, appearance (APP) and
degree of splitting (SPLT). We also evaluated whether RAPD
markers associated with visual appeal (same trait as APP in the
current study) in navy bean (Walters et al., 1997) were useful in
kidney bean. Our study was conducted in six environments
spanning 4 years of production, which allowed us to evaluate the
consistency of the marker-trait associations. The putative loca-
tion of QTL detected in this study was mapped to the integrated
core map of common bean (Freyre et al., 1998).

Materials and Methods

PLANT MATERIALS. Two recombinant inbred popula-
tions were derived from crosses between the dark red kidney bean
cultivars ‘Montcalm’ (MCM) and ‘California Dark Red Kidney
82’ (CDRK 82), and MCM and ‘California Early Light Red
Kidney’ (CELRK). MCM (Copeland and Erdmann, 1977) has
excellent canning quality. CDRK 82 has less desirable canning
quality than MCM. CELRK is recognized as possessing favor-
able canning quality for a light red kidney but lacks the superior
attributes of the dark red kidney, MCM.

Population 1, derived from a cross between MCM and CDRK
82, consisted of 75 dark red kidney bean recombinant inbred lines
(RILSs). Population 2 comprised 73 RILs and was derived from a
cross between MCM and CELRK. RILs were derived from
single-plant F, selections advanced in the greenhouse using
single-seed descent until the F¢ generation. Seed from Fg plants
was bulked, and increased in the field until the F; generation. The
seed types in Population 2 varied among dark and light red, and
noncommercial intermediate RILs.

FIELD PLOT PROCEDURES. For this study, the RILs of Popula-
tions 1 and 2 were grown in six experiments: Michigan (1996,
1997, 1998, 1999); Minnesota (1996) and North Dakota (1999).
For the Michigan experiments, the 75 and 73 RILs and two
parents of each respective population, and a number of checks to
give 81 entries for each population were planted in a 9 X 9
balanced lattice with two replications (except for 1996 when three
replications were used) on a McBride Sandy Loam (coarse-
loamy, mixed frigid Alfic Fragiothods) at the Montcalm Potato
Research Farm near Entrican, Mich. In each experiment, entries
were planted in two-row plots, 6.1 m long and spaced 0.5 m apart.
The within row spacing was =8 cm. Herbicide and fertilizer
applications were made following recommendations made by the
Michigan Dry Bean Production Research Advisory Board Agrono-
mist. Mature plants of each of the 81 entries of each replication of
each population were hand harvested from 4.6 m? of a plot and
threshed using an Almaco stationary plot thresher (1996-98) and
a Hege 140 Plot Harvester (1999).

The respective RILs, parents and checks of each population
were grown in lattices and replicated two times in a Hubbard
sandy silt (sandy, mixed, frigid, Entic Hapludolls) near Perham,
Minn., and in a Gardena silt (coarse-silty, mixed, superactive,
frigid, Pachic Hapludolls) near Erie, N. Dak. At both locations,
the entries were planted in two-row plots, 6.1 m long and spaced
0.8 m apart. Within row spacing was =8 cm at these locations.
Mature plants were hand harvested from 6.0 m? of plot and
threshed with an Almaco Stationary Plot thresher. The threshed
seed lots were sent to Michigan where they were evaluated for
canning quality. In each year, the threshed seed were cleaned of
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plant debris, broken and/or diseased grains and soil particles, and
sized using 4 X 19-mm slotted metal sieves and stored at 22 °C and
75% RH until thermally processed.

EVALUATION OF CANNING QUALITY. Before canning, seed mois-
ture percentage was determined on 250 g of beans using a
moisture meter. Duplicate samples from each plot with a fresh-
weight equivalent of 100 g total solids (Hosfield and Uebersax,
1980) were placed in nylon mesh bags and soaked at 21 °C for 30
min and blanched at 88 °C for 30 min. Soaking and blanching
were done in distilled water adjusted to 0.025 mol-L! calcium ion
(Hosfield and Uebersax, 1980; Uebersax and Bedford, 1980).
The soaking and blanching procedures produced well-hydrated
beans with minimum bean damage, similar to beans soaked and
blanched in the high-temperature systems common throughout
the U.S. canning industry (Hosfield and Uebersax, 1980).

After bean samples were blanched, each was immersed in tap
water (22 °C) for 5 min to cool. Samples were drained, weighed,
and filled into number 303 (100 X 75 mm) tin cans and covered
with boiling brine. The brine was prepared by adding 142.0 g
sucrose, 113.4 g of NaCl to 9.1 kg of distilled water adjusted to
0.025 mol-L! calcium ion. The cans were exhausted at 90 °C for
5 min in a water filled exhaust box, sealed, and cooked in a
commercial retort without agitation for 45 min at 116°C and 1.04
x 10° Pa (15 psi). After the beans were thermally processed, the
cans were removed from the retort, cooled under running tap
water (22 °C) for 15 min, and stored inverted for a minimum of
2 weeks at 22 °C before any evaluations were made.

Subjective evaluations were made on the contents of each
thermally processed can of beans (Hosfield and Uebersax, 1980;
Walters et al., 1997). Beans were decanted into Styrofoam
containers and evaluated by a team (7 to 12 persons) of trained
judges. The judges rated bean samples for APP and SPLT ona 7-
point scale, as follows: 1 = very undesirable; 2 = moderately
undesirable; 3 = slightly undesirable; 4 = neither desirable nor
undesirable; 5 = slightly desirable; 6 = moderately desirable; 7 =
very desirable. In the case of SPLT, arating of 7 indicated that the
sample had no broken or split beans, while a rating of 1 indicated
that most of the beans in the sample were broken, burst, or
severely split in the horizontal, vertical, or tangential planes. The
APP and SPLT scores were averaged across judges for each
sample.

RAPD MARKERS. DNA from five plants of each parent and each
RIL, at the Fy generation at the earliest, was extracted using the
protocol reported by Walters et al. (1997). Polymerase chain
reactions were performed in a DNA thermal cycler (model 480;
Perkin Elmer Cetus) or a programmable thermal controller (PTC-
100; MJ Research, Inc.). Random primers were used (Williams et
al., 1990), and the reaction conditions were as follows: 20 puL
reactions containing 1x buffer (20 mm Tris-HCI, pH 8.4; 50 mm
KClI), 3 mm MgCl,, 0.2 mm dNTPs, 20 ng total genomic DNA, 20
ng primer and 1 U Taq polymerase from Gibco BRL; 3 cycles of
1 min at 94 °C, 1 min at 35 °C, 2 min at 72 °C; 34 cycles of 10 s
at 94 °C, 20 s at 40 °C, 2 min at 72 °C, with a third segment
extension of 1 s per cycle; and a 5-min extension at 72 °C. PCR
products were resolved with 100-bp and 1 kb DNA ladders from
Gibco BRL on a 1.4% agarose gel on 1x TAE buffer.

In total, 557 single decamer primers from Operon Technolo-
gies (Alameda, Calif.) were screened, 107 of which identified
markers that are part of the core linkage map of common bean
(Freyre et al., 1998). Mapped markers were used to help locate
putative QTL associated with APP and SPLT on the integrated
map. A combination of screening of the DNA of the parents and
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Table 1. Estimates of variance components, and the components scaled to sum to 100 for appearance (APP) of processed kidney bean in Populations 1
and 2, grown in Michigan, Minnesota and North Dakota from 1996 to 1999.

Population Variance component*Y
Analyses combined over 4 years in Michigan
o’ (%) 0%, (%) Oy (%) o, (%) o’ (%)
1 0.44 (46.5) 0.03 (3.5) 0.09 (9.5) 0.06™ (5.8) 0.33" (34.7)
0.39 (394) 0.04 (3.6) 0.19"(19.2) 0.02" (2.3) 0.35" (35.4)
Analyses combined over six environments
o, (%) o’ (%) 0y (%) o, (%) o’ (%)
1 0.40 (44.0) 0.02 (2.4) 0.10" (10.6) 0.14™ (14.9) 0.26™ (28.1)
2 0.36 (36.8) 0.02 (2.3) 0.217 (21.7) 0.03™ (3.0) 0.36™ (36.3)

“E = error, G = genotype, R = replications, Y = year, V = environment (location and year confounded), G X Y = genotype X year interaction, G X

V = genotype X environment interaction.
YParentheses = components scaled to sum to 100.
“*Significant at P = 0.05.

of bulked DNA from RILs, prepared through selective genotyping
(Miklas et al., 1996), was used to initially screen for polymorphic
primers. Population 1 was scored for the presence or absence of
marker bands for 17 primers that appeared to exhibit polymor-
phism between the DNA bulks. The segregation ratios of these
markers in the population were determined. The markers were
analyzed for linkage and for significant associations with APP
and SPLT traits.

Population 2 was scored for the presence or absence of 11
marker bands that met the following criteria: a) segregation
according to a 1:1 ratio and b) either significant correlation with
APP or SPLT in Population 1, or linkage with markers that were
significantly associated with these traits in Population 1. The
canning quality scores of these selected lines were then deter-
mined.

To determine if the markers associated with canning quality in
navy bean (Walters et al., 1997) were associated with canning
quality traits in kidney bean, DNA samples from the three kidney
bean parents and the navy bean parents were screened using the
primers and amplification conditions reported by these authors
(Walters et al., 1997). The amplification products were resolved
side by side on an agarose gel to identify the markers.

STATISTICAL ANALYSIS. Correlations among the traits for each
environment were determined using the program proc corr in
SAS (SAS Institute, 1998). Heritability estimates were calculated
on a progeny mean basis (Fehr, 1987), using data from two
replications in all six environments. This heritability approxi-
mates a narrow-sense estimate because coefficients for nonaddi-
tive genetic components in the expectation of genetic variance are
near zero for Fg-derived lines (Hallauer and Miranda, 1981).
Confidence intervals for heritability estimates were derived ac-
cording to Knapp et al. (1985).

Chi-square tests on the segregation ratio of the putative mark-
ers were conducted for the two populations. Linkages between
markers that segregated according to a 1:1 ratio were determined
using Mapmaker (Lander et al., 1987). Linkage was considered
significant if the logarithm of odds (LOD) score was 2>4.0.
Centimorgan distances were based upon recombination fractions
(Kosambi, 1944). For each environment and the average over all
environments, two methods were used to detect quantitative trait
loci. For the first method, significant associations between single
markers and the plot mean scores for canning quality traits were
detected by single-factor analysis of variance using the SAS
program (SAS Institute, 1998). Significance levels were set at
0.05 for acceptance of marker-trait associations. Groups of mark-
ers were also analyzed using ANOVA.

The second QTL detection method was composite interval

Table 2. Means and ranges of scores for appearance of processed beans of parents and RILs of Populations 1 and 2, planted in six environments.

Environment
Population” 1996-Mich 1996-NDak 1997-Mich 1998-Mich 1999-Mich 1999-NDak
Population 1
Parent 1 3.6 3.8 4.8 43 4.1 3.6
Parent 2 2.0 - 2.5 2.3 2.8 -
Means of parents 2.8 --- 3.7 33 34 -
Means of RILs 3.1 3.1 3.6 3.6 3.6 2.7
Ranges of RILs 1.5-6.0 14-6.1 22-6.3 1.9-6.2 1.9-5.7 1.34.6
LSD 5, 1.1 1.3 1.1 1.9 1.3 1.1
CV (%) 18.1 20.0 14.7 245 174 19.5
Population 2
Parent 1 4.1 38 4.7 4.9 44 32
Parent 2 32 2.6 52 2.7 3.6 4.9
Means of parents 3.6 32 5.0 3.8 4.0 4.0
Means of RILs 34 3.1 3.7 32 34 32
Ranges of RILs 2.1-5.7 1.2-55 1.7-5.2 1.24.9 1.5-59 1.3-55
LSD 05, 12 1.1 1.0 1.4 12 1.1
CV (%) 184 17.3 13.7 223 17.7 16.6

“Population 1: Parent 1 = MCM, Parent 2 = CDRK 82. Population 2: Parent 1 = MCM, Parent 2 = CELRK.
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Table 3. Narrow-sense heritability estimates for appearance and degree of  mapping (CIM), performed by QTL Cartographer version 1.15
splitting of processed beans in Populations 1 and 2. (Basten et al., 1994, 2001), using the linkage map constructed
with Mapmaker. Forward and backward analysis was used for the

Population Appearance (Cl) Degree of Splitting (C1) program SRmapqtl and Model 6 for Zmapqtl. Ten background
1 0.83 (0.75-0.87) 0.84 (0.76-0.87) . . e 1o
5 0.85 (0.77-0.89) 0.85 (0.78-0.89) markers and a window size of 10 cM were specified in the
] e ) T analysis. Significant LOD threshold values were at the P = 0.05
“CI = confidence interval of h? estimate. and were determined based on the permutation test (Churchill and
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Fig. 1. Composite interval mapping (CIM) plots of appearance (APP) and degree of splitting (SPLT) of RILs of Populations 1 and 2 in the environments 1999-Mich,
1999-NDak and 1996-Minn, and averaged over the 6 environments in the study. LOD threshold values at 0.05 are shown as broken lines.
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Table 4. Proportion of variance (R?) explained by QTL at linkage groups LG 1 and LG2 and estimates of the additive effect, a, of the QTL on the appearance
(APP) and degree of splitting (SPLT) of processed beans of Populations 1 and 2, planted in six environments.

Linkage group LG1* Linkage group LG2
Population 1 Population 2 Population 1 Population 2
Characteristic R? a* R? a R? a R? a
APP
Mich 1996 0.070 0.243 - --- - --- --- -
Minn 1996 --- --- --- --- --- --- 0.071 —0.266
Mich 1997 0.065 0.201 --- --- --- --- --- ---
Mich 1998 --- - --- - --- --- --- ---
Mich 1999 0.094 0.277 - - 0.052 —-0.208 - -
NDak 1999 - - - - 0.059 -0.171 0.190 —0.428
Average” 0.085 0.167 --- --- 0.066 —0.150 0.067 —0.179
SPLT
Mich 1996 0.089 0.317 --- --- --- --- --- ---
Minn 1996 - - - - 0.065 —-0.230 0.079 —0.290
Mich 1997 0.068 0.214 - - - - - -
Mich 1998 - - - - - - - -
Mich 1999 0.098 0.282 - - --- --- - ---
NDak 1999 --- --- --- --- 0.077 -0.203 0.199 —0.453
Average 0.081 0.171 --- --- 0.061 —0.150 0.070 —0.183

Za = estimate of the additive effect of allele derived from MCM.

YNonsignificant, based on the LOD score threshold calculated through the permutation test.

*Average = averaged over all environments.

Doerge, 1994), with 1000 permutations for each test. The proportion
of variance explained by the QTL and estimates of the additive effect
were calculated using QTL Cartographer.

Results and Discussion

Mean squares for genotypes were significant for APP and SPLT
for Populations 1 and 2 in each of the six environments (data not
shown). Genotypic mean squares from combined analyses of vari-
ance were significant for the two traits despite significant environ-
mental effects. The significant environmental effects led to signifi-
cant genotype X environmental interactions (data not shown).
Experimental variability was investigated further by examining
variance component estimates (Table 1). The main interest was to
examine the relative importance (percentage) of the genotypic (G),
genotype X year (G X Y), and genotype X environment (G X V)
components. Means and ranges for APP of the parents and RILs are
shownin Table 2. Inmost cases, the parents differed significantly for
APP score (Table 2).

In all cases, the variance component for genotypes was greater
than the environmental component for APP and accounted for
>25% of the total variance and ranged from 28% to 36% (Table 1).
Although significant first order interactions of genotype X year and
genotype X environment demonstrated a change in relationship
among the lines, the genotypic variance component (Table 1)
overshadowed the first-order interaction components, indicating
that some RILs maintained their relative rankings across environ-
ments. Comparison of the performance of individual RILs indicated
this fact (data not shown).

HERITABILITY ESTIMATES AND COEFFICIENTS OF CORRELATION.
The narrow-sense heritability estimates for APP and SPLT were
similar in both populations and were approaching high value
(=0.90) (Table 3). For Population 1, the heritability estimates were
0.83 and 0.84 for APP and SPLT, respectively. For Population 2,
APP and SPLT had a heritability of 0.85.

The phenotypic coefficients of correlation between APP and

612

SPLT were similar in value and significant in each of the six
environments, ranging from 0.94 to 0.97 and 0.91 to 0.97 in
Populations 1 and 2, respectively (data not shown). Results of the
QTL analysis for APP and SPLT reflected these high correlations.
The plots of linkage map vs. LOD score for APP and SPLT from the
CIM analyses had similarly shaped curves and were significant in
the same environments (Fig. 1).

The appearance of canned beans is an indication of the appeal the
processed product has toward the ideal preferred by processors and
consumers. Although several factors influencing APP—such as
brine clarity and the amount of starch in the brine and adhering to the
surface of beans; the degree of clumping; and seed color, size and
shape—are considered in evaluating the acceptability of canned
kidney beans, the degree of splitting of the beans apparently plays
alarge role in the acceptance or rejection of a sample (Forney et al.,
1990; Lu and Chang, 1996). The causes of splitting during process-
ing are not known, although factors such as genotype, condition of
the seed atharvest, and storage, harvesting, and handling procedures
may affect the trait. The high positive correlations between APP and
SPLT indicated that the use of one or the other trait rather than both
could accurately predict the canning quality of kidney bean breeding
lines.

DETECTION OF QTL FOR CANNING QUALITY TRAITS. The 14
primers that generated RAPD markers associated with canning
quality traits in navy bean (Walters et al., 1997) were screened
against the three kidney bean parents in the present study. We found
no significant marker-trait associations with these markers in kid-
ney bean either because of absence of polymorphism between the
kidney bean parents or the lack of amplification products.

A different set of RAPD markers from those reported by Walters
et al. (1997) were identified in the kidney bean populations. The
results of single marker analysis on this new marker set, using
simple linear regression, were similar to those obtained through
composite interval mapping (CIM) and are not shown here. Plots
from CIM for three environments, 1996-Minn, 1999-Mich, and
1999-NDak, and the mean averaged over all six environments are
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Table 5. RAPD markers, presence of marker alleles in parental genotypes, Montcalm (MCM), for dominant red color (oxblood) (Miklas et al.,
California Dark Red Kidney 82 (CDRK82), California Early Light Red Kidney (CELRK),and  2000; Smith, 1939, 1961 cited by Bassett, 1998),
the average significant means for the appearance (APP) trait in Population 1 (MCM X and QTL associated with seed weightandlength

CDRKS2) and Population 2 (MCM x CELRK) in six environments.

(Park et al., 2000).

The canning quality traits, APP and SPLT,

Marker Allele” Population 1%

Population 2%

were analyzed in six environments from 1996 to

Source of allele ~ Average APP**  Source of allele ~ Average APP”™ 1999. The marker-trait associations for both

LG1 Markers APP and SPLT in both populations were signifi-

0Y7.850 - MCM 34 MCM ns cant only in a subset of the six environments

+ CDRK 82 3.1 CELRK (Fig. 1; Table4).InPopulation 1,a QTL for APP

0Q14.950 - MCM 3.5 MCM ns and SPLT was detected on LG1 in 1996-Mich

+ CDRK 82 32 CELRK (not shown in Fig. 1), 1997-Mich (not shown in

OP15.1150 ) MCM 15 MCM ns Fig. 1), apd 1999—M1ch; the same QTL was not

. CDRK 82 32 CELRK detected in 1996-Minn, 1998-Mich (not shown

inFig. 1) and 1999-NDak (Table 4; Fig. 1A and

OAG10.1650 - MCM 3.5 MCM ns B). For the mean APP and SPLT scores, aver-

* CDRK 82 3.2 CELRK aged across all environments, the presence of a

OA17.4000 + MCM 3.4 MCM ns QTL region on LG1 was detected in Population

CDRK 82 32 CELRK 1 (Table 4; Fig. 1A and B). The QTL explained

0OI8.1600 " MCM 3.4 MCM s 7% 10 9% and 7% to 10% of the variance in APP

CDRK 82 k) CELRK and SPLT, respectively, in Population 1. In

OU20.1150 i MM 14 MCM e Population 2, no significant QTL for APP and

: . CDRK 2 3' 5 CELRK SPLT were detected by CIM analysis in any

i environment. The additive effect of the MCM

LG2 Markers allele ranged from 0.17 t0 0.28 for APP and 0.17
OAH17.700 - MCM ns MCM ns to 0.32 for SPLT in Population 1 (Table 4).

+ CDRK 82 CELRK The QTL detected on LG2 had significant

0G17.1300 - MCM 32 MCM 3.2 effectson APPin 1999-Mich and 1999-NDak in

+ CDRK 82 34 CELRK 3.5 Population 1 (Table 4; Fig. 1E). For SPLT in

OAN16.3000 ) MCM 39 MCM 39 Populatiop 1, the QTL detected on LGZ was

+ CDRK 82 3.4 CELRK 35 detected in the environments 1996-Minn and

1999-NDak (Table 4; Fig. 1F). In Population 2,

OH18.1000 * MCM ns MCM 3.2 a QTL was noted for both APP and SPLT in the

- CDRK 82 CELRK 35

environments 1996-Minn and 1999-NDak

* Allele: (-) = marker band is absent; (+) = marker band is present

¥ ns = marker-trait association was not significant at level of significance = 0.05.
*Average APP = APP scores averaged over the six environments

¥ High scores and high scoring-parents are in bold type.

shown in Fig. 1. The LOD thresholds shown are for the scores
averaged over all environments. Two QTL conditioning both APP
and SPLT in both populations were identified by CIM on two
linkage groups, designated LG1 and LG2. LG1 consisted of seven
markers—0Q14.950, OP15.1150, OAG10.1650, OY7.850,
0I8.1600, OU20.1150, and OA17.400—and spanned a total map
distance of 24 cM in Population 1 and 5 cMin Population 2 (Fig. 1A—
D). InPopulation 1, markers OP15.1150 and OAG10.1650 mapped
to the same location. In Population 2, markers OU20.1150,
OP15.1150 and 0Q14.950 also mapped to the same location, and at
a distance of 0.7 cM from OAG10.1650. Aside from covering
different total distances, the seven markers on LG1 displayed a
different order between the two populations. LG2 consisted of four
markers—OAH17.700,0G17.1300,0AN16.3000,and OH18.1000
—and covered a total of 26 cM in both populations (Fig. 1E-H).
The map interval identified as LG1 was putatively located to
linkage group B8 on the core map for P. vulgaris (Freyre et al.,
1998), based on the presence of the markers OI8.1600/1500 and
0U20.1150. The exact orientation of this linkage group on B8 could
not be determined because of the different order of the marker
0OU20.1150 on the linkage maps of Populations 1 and 2 (Fig. 1).
Several seed traits have been mapped to B8, namely, the C locus for
seedcoat pattern (McClean et al., 2002; Park et al., 2000), the R gene
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(Table 4; Fig. 1G and H). The QTL controlling

APP and SPLT was expressed across environ-

ments in both the dark red and light red kidney

bean populations (Table 4; Fig. 1E to H). The

QTL detected on LG2 explained 5% to 7% and
6% to 8% of the variance in APP and SPLT, respectively, in
Population 1; and 7% to 19% and 8% to 20% of the variance in APP
and SPLT, respectively, in Population 2 (Table 4). The estimate of
the additive effect of the allele from MCM on APP and SPL T ranged
from —0.15 to —0.23 in Population 1 and from —0.18 to —0.45 in
Population 2 (Table 4).

Based on the parental source of the alleles for each marker, the
QTL detected on LG1 that was associated with desirable APP and
SPLT was derived from MCM, the parent chosen in the study with
the most desirable canning quality (Table 5). The major genes for
desirable canning quality traits on LG2, however, appeared to be
derived from CDRK 82 for Population 1 and CELRK for Population
2. We did not expect this result because genotypes with undesirable
canning quality are, in general, not considered as a source of genes
for improving canning quality traits. However, studies have shown
that genotypes with undesirable characteristics, such as the wild
relatives of crops, which are rarely used in the improvement of
quantitative traits such as yield and quality, may in fact be used to
improve these traits. For example, QTL from the phenotypically
inferior wild rice relative, Oryza rufipogon, were used to improve
grain yield in cultivated rice (Xiao et al., 1998), and QTL from
unadapted tomato germplasm were used to improve color and
soluble solids in cultivated tomato (Tanksley and Nelson, 1996). In
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the current study, CDRK 82 and CELRK appeared to possess the
QTL for desirable APP and SPLT on LG2 (Table 5). The allele
present in MCM on LG2 appeared to be associated with less
desirable canning quality, as indicated by the negative additive
effects on APP and SPLT noted for this parent (Table 4). The
presence of alleles that are expressed only under particular environ-
ments (environment-specific) may explain why MCM had less than
desirable (and less than expected) APP scores in 1997-Mich and in
1999-NDak. Unexpectedly, CELRK, which almost always mani-
fests low APP scores (=3.0) in canning trials, regardless of the
environment (Hosfield, personal observations), had higher scores
than MCM in these two environments (Table 2).

Since the two populations used in this study had a common
parent, and dark red and light red kidney beans are closely related
market classes (Ghaderi et al., 1982), major genes for canning
quality common to both populations were expected to be found. We
observed this to be the case for the QTL on LG2, which was mapped
on the genome of CDRK 82 and CELRK, the two parents developed
and released by the California Agricultural Experiment Station. The
putative QTL mapped to LG1 did not account for any significant
variation in Population 2.

MARKERS FOR USE IN MARKER-ASSISTED SELECTION. Canned bean
appearance in both dark red and light red kidney beans influence
consumer choice. Poor canning quality in kidney bean is often the
characteristic that prevents a high yielding, disease resistant, and
otherwise agronomically superior line from becoming a cultivar.
Hence, the importance of consumer and processor requirements
makes the improvement of canning quality an important breeding
objective for these market classes. Since selection for canning
quality is labor-intensive, and requires a pilot-scale canning facility
and =250 g of seed for testing, breeders are interested in alternatives
to traditional selection strategies. The use of marker-assisted selec-
tion (MAS) could facilitate the evaluation of breeding lines in the
seedling stage of a particular generation of testing. Since the traits
in this study had high heritabilities, >0.8 for both populations, a
combination of early-generation selection or pedigree selection
would be preferable.

Based on our results, the use of only one marker for each QTL
may be sufficient to effectively select for desirable canning quality
traits in these populations. Considering the linkage data and CIM
plots (Fig. 1) and the efficiency of using the least number of markers
possible, the best markers to use for MAS appear to be OP15.1150
onLG1andOG17.13000nLG2. Single-markeranalysisby ANOVA
indicated that, among the markers in LG1, marker OP15.1150
accounted for the largest amount of variation in APP and SPLT in
Population 1 (data not shown). Marker OG17.1300 similarly ac-
counted for a relatively large amount of variation in APP and SPLT
in both populations, compared to the other markers in LG2 (data not
shown). The CIM plots (Fig. 1) likewise indicated evidence for a
QTL affecting APP and SPLT at these marker locations. Our results
indicate that these two markers have utility in selecting for canning
quality in kidney bean breeding populations.

The markers identified in this study may be useful in indicating
a genotype’s potential for desirable canning quality, even before
seed production, and in reducing the number of crosses needed to
evaluate the trait (Dudley, 1993), particularly when MCM is used as
aparent. The identification of such genotypes with superior canning
quality represents continuing efforts to meet demands for high
quality canned beans.

The use of MCM as a source of genes for the improvement of
canning quality in kidney bean breeding programs seems justified
by the results of this study. Our results also indicated that major
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genes for desirable canning quality traits may be present in genomes
of cultivars with less desirable canning quality than MCM (e.g.,
CELRK). Further research using other DNA marker systems on
both dark red and light red kidney beans may help to identify
additional QTL associated with canning quality in these two market
classes. Considering the low LOD threshold values we determined,
larger populations may also be useful in refining the location of the
major genes identified in our study and identifying other loci
involved in the expression of canning quality.
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