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ABSTRACT. We aimed to identify simple sequence repeat (SSR)
markers linked to quantitative trait loci (QTLs) associated with white
mold resistance in a segregating population derived from a cross
between common bean cultivars Jalo and Small White, in the Southern
State of Minas Gerais. Parents were crossed to obtain the F, generation
of 190 plants. From these, F,, and F,, progenies were obtained for
phenotypic evaluation. DNA was extracted from F, plants and parents
for genotyping with SSR primers. For phenotypic assessment by the
straw test, we used 190 F, , progenies and six lines in a triple-lattice
design of 14 x 14 m. Nine trials were conducted for phenotyping by
the oxalic acid method to evaluate 177 F, , progenies, in addition to the
two parents and two common treatments represented by the Jalo and
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Corujinha lines. The experimental design for the oxalic acid method
was completely randomized with three replicates. Adjusted means of
evaluations related to F, ; and F, , were used to identify QTLs by using
the moving away method from the marker under Bayesian analysis. The
markers GATS91, BM197, and X60000 stood out with high heritability
and with effects on disease reduction by the straw test; therefore, these
markers are promising for selection. The markers BM183, BM 189, and
SSR-IAC143 were associated with the QTLs identified by oxalic acid,
providing greater effects in white mold resistance with high heritability.
Based on the oxalic acid and straw test methods, the most prominent
marker was PVBR189.

Key words: Phaseolus vulgaris; Sclerotinia sclerotiorum;
Bayesian analysis; Oxalic acid; Straw test

INTRODUCTION

White mold, caused by the fungus Sclerotinia sclerotiorum (Lib.) De Bary, is one of
the most devastating fungal diseases of beans, because it limits yield potential and also reduces
the quality of seeds and pods. The occurrence of white mold has increased in recent years,
causing large losses in commercial plantations. Outbreaks can cause an average loss of 30%.
However, under favorable climatic conditions, these losses may reach 100% in susceptible
cultivars (Singh and Schwartz, 2010).

Considering the impact of this disease on bean crops, researchers have sought strategies
to evaluate resistance to white mold. Among these strategies, fungal mycelium has been used
in the straw test (Singh and Téran, 2008), which is a non-destructive method, allowing rapid
advances in breeding programs performed to obtain resistant progenies. An indirect method is
also used for assessment, in which genotypes are evaluated according to the resistance of the
plant to oxalic acid. This method was developed based on evidence that S. sclerotiorum uses
oxalic acid to invade bean plants, and acid resistance can function as an indirect mechanism of
disease control (Kolkman and Kelly, 2000).

Carvalho et al. (2013) concluded that both the straw test and oxalic acid methods
could be used together, because they can select progeny carriers of different white mold-
resistance mechanisms.

Although the evaluation methods are well established, success in breeding for resistance
to white mold has been limited mainly due to lower resistance levels of lines, complex trait
inheritance, and high environmental influence, which together reduce heritability (Carneiro et
al., 2010). In this sense, the development of breeding strategies to identify superior genotypes
in the early stages of breeding programs is of great interest.

An alternative is the adoption of molecular marker-assisted selection (MAS). MAS
permits the introduction or overexpression of genes or quantitative trait loci (QTLs) in
susceptible genotypes or populations of interest. In this way, some QTLs conferring resistance
to white mold, determined by field and greenhouse tests, were identified over the 11 linkage
groups in common bean (Ender and Kelly, 2005; Maxwell et al., 2007; Mkwaila, 2013).

Information provided by molecular markers is useful in the selection process only
when associated with QTLs that are involved in disease control, mainly in sources of adaptive
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resistance. Accordingly, the identification of QTLs associated with white mold resistance, as
assessed by different methods, permits the identification of more QTLs, as well as validating
those already described in the literature.

The objective of this study was to identify simple sequence repeat (SSR) markers
linked to QTLs controlling resistance to white mold, by using the straw test and plant reaction
to oxalic acid in a segregating population derived from a cross between the cultivars Jalo
and Small White.

MATERIAL AND METHODS
Genetic material

The lines Jalo EEP 558 and Small White were used as the parents. The cultivar Jalo
EEP 558 is semiprostrate, plant type III, with indeterminate growth, grain of intermediate
brightness, trade group Manteigdo, 100-grain weight of 30-40 g, medium cycle, and adapted
to the Southeastern Brazil. It is moderately resistant to white mold as determined by the straw
test and oxalic acid. The cultivar Small White is of Mesoamerican origin, has white beans, is
plant type IV, has long internodes, and is prostrate. In field trials, it has not shown resistance to
white mold. Although the Small White is not adapted to Brazilian conditions, it is one of the
few genotypes that are compatible with Jalo, which is of Andean origin.

The parents were crossed to obtain the F , F, generations, and F, , and F, , progenies,
which were used in the experiments.

Progeny genotyping

DNA from 190 F, plants and both parents was extracted according to the method
described by Pereira et al. (2007). Nucleic acids were rehydrated in Tris/EDTA buffer and
quantified on 1% agarose gel using DNA markers of known concentrations. After quantitation,
DNA was diluted to a concentration of approximately 10 ng/uL for use in subsequent reactions.

First, polymorphisms were investigated in the parents with 600 pairs of random
microsatellite primers (SSR) of Phaseolus vulgaris, whose sequences are available in the
Bean Improvement Cooperative (BIC, 2007). After checking the polymorphism in the parents,
70 primers considered polymorphic were used to genotype the F, population of 190 plants.
Genotypes of the SSR markers were identified with scores of -1, 0, and 1 for homozygous
with fewer base pairs, heterozygous, and homozygous with a greater number of base pairs,
respectively. For all markers, the DNA fragment (allele) from the parent Jalo was considered
as A" and the allele from the parent Small White was considered as A%. At each locus, changes
in allele frequencies were checked using the y? test, which determines whether the frequencies
deviate casually from those expected. The general expression is represented by

2= (FOi_FEi)z Equation 1
X Z T (Eq )

1

in which FO, is the frequency observed in class i and FE, is the expected frequency of class i.
The segregation hypothesis was 1:2:1 in F, and loci with significance at 5% probability or less
were considered as having segregation distortion.
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Evaluation of resistance to white mold using the straw test

Phenotypic evaluation was performed in the field using F, . progenies during the
winter growing season. The experimental design used was a 14 x 14-m triple lattice, the
190 progenies were considered as treatments, and both parent lines (Jalo and Small White),
the lines Cornell 605, G-122, and CNFC 9506, which have partial resistance to white mold,
and the cultivar Corujinha, which is susceptible to disease, were considered as controls. The
experimental plot consisted of a 1-m row with 0.60-m spacing between rows and a sowing
density of 15 seeds per meter.

We used an aggressive isolate of S. sclerotiorum identified by Silva et al. (2014).
We obtained the inoculum of disinfected sclerotia in potato-dextrose-agar medium at 20° +
3°C in Biochemical Oxygen Demand (BOD) for 3 days, with a 12-h photoperiod, and two
multiplications to achieve greater uniformity. Three days after the second multiplication,
Eppendorf tips with an agar disc containing the mycelium were used to inoculate plants of
approximately 28 days of age. For inoculation, we eliminated the apex of the main stem of
the plant, cutting 2.5 cm from the node, which remained in contact with the mycelium in the
tip. Ten competitive plants per plot were inoculated. Eight days after inoculation, each plant
was evaluated for resistance to white mold, by means of a diagrammatic scale as proposed by
Teran et al. (2006). The mean of the plot was used for data analyses.

Indirect evaluation of progenies through reaction to oxalic acid

We evaluated 177 F,, progenies and the parents Jalo and Small White. Seeds (N = 60)
of each of the 179 genotypes were sown in Styrofoam trays containing Plantmax® commercial
substrate to obtain bean plants. After the emergence of the second trifoliate leaf, about 20 days
after sowing, 30 of the most uniform plants were selected.

Due to limited space in the laboratory, nine trials were conducted. In addition to the
179 genotypes, we used two common controls in each experiment, the susceptible cultivar
Corujinha and the parent Jalo. The experimental design was completely randomized with three
replicates, and each plot contained 10 plants.

Selected plants were cut at the stem base, in the afternoon, and the lower portion of
the stem (2 cm) was immersed in 20 mM oxalic acid solution and kept in a plastic container
for 20 h overnight under controlled temperature (22°-24°C). The solution was adjusted to pH
4 with NaOH. In all trials, a control (treatment without oxalic acid) was used, consisting of a
flask with distilled water (pH 4) in which some bean plants were immersed. The purpose of
this control was to verify if plant wilting was related to the action of oxalic acid.

The reaction of each plant was determined by the descriptive key proposed by
Kolkman and Kelly (2000), and the mean of the plot was used for data analysis.

QTL identification
Moving away from the marker under Bayesian analysis
Given the low density of polymorphic markers obtained, it was not possible to

construct linkage groups consistent with the bean consensus map and, within these maps, the
distribution of markers did not permit construction at regular intervals due to the distance of
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some SSRs in the linkage group. To mitigate this and to exclude marker bias in the search for
QTLs, we chose to map multiple QTLs non-biased for marks. This technique was presented
by Pamplona et al. (2015), being an adaptation of the multiple-marker analysis described
by Xu (2003) and multiple-QTL analysis described by Wang et al. (2005). It allows the QTL
to assume variable positions within a range (distance) set by the frequency of recombination
between the QTL and the marker instead of fixed intervals between two flanking marks, such as
in the mapping of multiple-QTL mapping, adopting a more restricted search. In this study, we
used the recombination frequency range of 0 to 0.25, adopting a pivotal QTL search in the mark,
within this range. Thus, it is assumed that the mark is linked to the QTL with a maximum value
0f 0.25, and it then moves within the chosen interval, moving away or approaching the mark that
is used as a pivot. Therefore, the likely QTL may be located at any position within this range.

To obtain the corrected mean values, we used the average score obtained in each plot from
10 plants for both experiments. In the straw test evaluation, the averages were corrected based
on the recovery of interblock information. The averages obtained in the oxalic acid experiments
were subjected to individual and pooled analyses using SAS: PROC MIXED (2000).

For the identification of QTLs, the observed variables are the phenotypic data corrected
from averages of progenies y = {y },i = I,... n and the genotypes of markers, while unobserved
variables are the average b, the genotypes of QTLS (x/ and w, ) their effects (a. and d) the
residual, addltlve and domlnant variances (67, 6°, ;and o d) and the positions of( the QTLs A
={hj=1..p.

The adopted model is as follows:

=b, +Z i Zwljdj+e (Equation 2)

in which b is the average of the studied population, p is the total assumed number of QTLs
(in this case, the number of markers, assuming that each marker is linked to one QTL), 4,
and d, are the additive and dominance effects, respectively. The residue e, is assumed to have
a normal distribution N(0,57). The variables x and w, are obtained from the metrics F,, as

follows (Yang, 2004; Zeng et al., 2005):

1,for AA —1/2,for AA
x; =40,for Aa; and w, =4 1/2,for Aa; (Equation 3)
—1,for aa. —1/2,for aa.

However, x, and w, genotypes are not observed, but may be inferred based on the information
of marker j ‘and the % position of QTLs.

The likelihood function, a priori and a posteriori distributions, and the steps of the
Markov Chain Monte Carlo (MCMC) algorithm for sampling of the complete conditional
distributions, used in this study were described by Pamplona et al. (2015).

As many ranges do not contain QTLs, they are penalized and shrunk to zero by
shrinkage Bayesian methodology. For this, we used a similar formulation to Bayes B, presented
by Meuwissen et al. (2001), Gianola et al. (2009), and Gianola (2013). Thus, the hierarchical
model can be described as:

v:|B.05 ~N| b +Zx,j : Z ydo o] Li=l,nj=1,.,p (Equation 4)
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, N(0,A) with probability 7
o2, x~1ID = i
a;~ 0,7 N(0.02 ) with probability 1-7"/ b (Equation 3)
N(0,A) with probability 7
~ 2 _ ] — :
d;~oy.7x~1D N[o,aj_j with probability 1— 7>/ ~1==P  (Equation 6)
J

The priori is a mixture of a mass of points at 0 (zero) with a Gaussian distribution, where A
= 0%, and 7 and / - & are the mixture probabilities, respectively, where 7 is assumed to be
known and arbitrarily specified (herein assumed 7 = 0.95).

For sampling of A positions, the distribution does not present a closed function and,
therefore, we used Metropolis-Hastings sampling. Using the priors presented herein, we
obtained a model similar to that shown by Pamplona et al. (2015), adapted to Bayes B as
described by Meuwissen et al. (2001). The conditional posteriors obtained in this model are
similar to those obtained by Pamplona et al. (2015), except that instead of the marker shrinkage
o n

factor -~ for the additive effect and - for the dominance effect, the shrinkage factors were

a

% and %-— % respectively, where 7:{1,0} and p(n) ~ Bernoulli(m).

70 +(1-m)A 0 7ol +(1-m)A°

ﬁN(aj\O,agi)
ﬂ'N(aj |O,O'§I)+(1—7I)N(aj |O,A)

plr;=1]..)~ (Equation 7)

Post-MCMC analysis

The profile of the QTL intensity was represented by Yang and Xu (2007) as a function
of position f{4). However, this is not sufficiently informative for inference about the QTL in
shrinkage Bayesian analysis. Based on this, Yang and Xu (2007) proposed to describe the effects
of QTLs according to their quadratic and weighted forms by the intensity of the position:

g (/I) = W(ﬂ) f (i) (Equation 8)

in which W(A)=b"V,'b+d'V,;'d, b and d are the vectors of additive and dominant effects,
respectively, of QTLs, ¥, and ¥, are the inverses of the variances of the effects of QTLs given
by {Zi:lwf’*—%‘jﬁ‘ %, corresponding to the inverse of the information matrix of additive effect and
(Zi:ﬂf*%ﬁ?]q"i’ which corresponds to the inverse of the information matrix of dominant effect.

This test is equivalent to a Wald test (W (1)) and follows an approximate chi-square
distribution with two degrees of freedom (Yang and Xu, 2007). In this study, the marks
considered significant for this population were those with value of (8) greater than {ss, =5.99.

After identifying the likely QTLs, the distances between marks and QTLs were
calculated in centimorgans, by using the Kosambi function, which assumes interference in
recombination events (Kosambi, 1944). Therefore, the formula used was
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x=0.25-In [it%’}:] (Equation 9)

in which 7 is the recombination frequency.

As the search for QTLs may vary in the range of » = 0.25, the most probable position
of a mark at a certain recombination distance is the mode in the range of 0 to 0.25. Thus, if the
distribution of A is uniform within that range, it is likely to represent no QTL. Alternatively,
the intervals can be separated into groups of 1 cM to assess the relative frequency of “hits” in
each group. The value of the Wald test can be weighted by the relative frequency (RF) in order
to avoid that regions little visited and with high Wald may overlap on regions much visited
and with low Wald. This is possible since the change in position in the Metropolis-Hasting
algorithm is based on probability p(y|4).

The relative frequency results multiplied by Wald (RF x Wald), heritability, and
recombination frequencies are presented in graphs. The first graph shown for each evaluation
method (oxalic acid and straw test) shows the RF x Wald values of 70 marks used in this study.

In the second graph for each evaluation method, the marks are considered significant
(RF x Wald > 5.99) where heritability values were higher than 50%, and other marks had their
heritability values represented by zero, to more clearly visualize the results. The third graph
for each evaluation method shows the recombination frequency values of the selected marks
in the second graph, and the recombination frequency values of other marks are represented
by zero for clear visualization of the final markers selected.

RESULTS
Segregation of markers in progenies

Among the 600 pairs of primers tested, 70 were identified as polymorphic in the parents.
According to Blair et al. (2006a), common bean possesses no large molecular polymorphisms,
even when highly contrasting parents are used. Of the 70 polymorphic primers found, 35 have
a known position on 10 of the 11 chromosomes of the species. The positions of the other 35
primers in the genome are not known (BIC, 2007).

Mendelian segregation analysis revealed that 14 of the 70 loci segregated as expected
(ATA244, BM139, BM200, BM212, BMD33, BMD36, M75856, PVBR67, PVBR93,
PVESTBR 71, PVESTBR 73, PVESTBR 204, PVESTBR 279, and PVMO03). Thus, 57
SSR loci (81.42%) showed segregation distortion (P < 0.05).

Identification of QTLs by oxalic acid and straw test

Before describing the results, it is important to report that the first attempt to identify
QTLs involved use of the composite interval mapping method (Zeng, 1993). However, the
results were not feasible, since the map (and consequently, the linkage groups) was distorted
from the results found in the literature. It should be noted that in situations where the genome
has few markers, the constructed genetic map becomes inaccurate and impractical, since it
cannot reconstruct the linkage groups or construct linkage maps that are distorted from the
physical map. In addition, the presence of a high percentage of loci with segregation distortion
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may have affected the mapping in this study. In situations such as this, and even with the use of
few polymorphic marks, it is necessary to use a method to search QTLs along the genome that
does not require map construction. Therefore, we used the adapted technique “moving away
from the marker” under Bayesian analysis, since this technique does not require a linkage map
to identify QTLs.

Among the 70 markers tested, 62 identified significant QTLs for the expression of
white mold resistance through the reaction to oxalic acid. Significance was tested by the
Wald test, and by considering the RF of each. Thus, all QTLs with RF x Wald > 5.99 were
considered to be significant. These marks are shown in Figure 1. Markers are represented on
the abscissas, and the RF x Wald values are represented on the ordinates. The red line is the
limit of 5.99 for identification of QTLs, and markers with peaks represented above this line
are considered significant.

Oxalic Acid

1000 1500 2000 2500

RF*Wald

500
1

Y

TTTTTTTT T T T T T I T T T T T T T T T T T T I T T T T T T T T T T T T T T T T T I T T T T T T T T I ITTITTTT
14 7 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70

0

Markers

Figure 1. Identification of quantitative trait loci (QTLs) for resistance to white mold by the oxalic acid method with
simple sequence repeat (SSR) markers through the relative frequency (RF) x Wald test, by using the moving away
method from the marker under Bayesian analysis.

Among the 62 significant markers, only 10 had heritability higher than 50% (Figure
2). The red line in Figure 2 represents the limit of 50% heritability and QTLs considered
significant must have peaks above this line to be selected.

Oxalic Acid

I

TTTTTTTTT I T I T I T T I T I T T T T T T T T T T T T T T T T T T T T T T T T T I T T T I T T T T TTITTTITT
1 4 7 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70

Heritability
00 01 02 03 04 05 06 07 08

Markers

Figure 2. Significant QTLs for resistance to white mold by the oxalic acid method, through SSR markers, with
heritability greater than 50% by using the moving away method from the marker under Bayesian analysis.
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Importantly, markers with heritability lower than 50% are represented by zero. This
was performed for better visualization of the markers selected in this step.

Heritability measures the reliability of MAS, since it determines the percentage of
genetic variation that is inherited. For this type of analysis, no pattern in the literature has
defined heritability ranges that can be considered low, medium, or high. Therefore, herein, it
was agreed that a minimum of 50% heritability would be considered acceptable for the use
of certain markers in assisted selection. Nevertheless, the higher the value of heritability, the
more useful and reliable the marker.

To accept that QTL and marker are linked, we assumed that they must be at a maximum
distance of 10 cM (considerable limit to nonoccurrence permutations). In Figure 3, the red line
represents the 10-cM recombination frequency, and the markers linked to QTLs, which are
considered significant, must have a recombination frequency below this line. Thus, of the 10
significant markers with heritabilities greater than 50%, seven are linked to QTLs (X57211,
BM183, PVBR189, BM189, BM160, PVBR35, and SSR-IAC143) (Figure 3).

Oxalic Acid

0.16
1 1

0.12
1

0.08
|

1

Recombination frequency

0.04
1

T xs7211 PVBR189 migo| |Bmiso PYBR ssriacias
SA 183
° TTTTTTTT T I T I T I T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T I T T T T T T T
1 4 7 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70

Markers

Figure 3. Recombination frequencies between 10 markers and significant QTLs for resistance to white mold by
the oxalic acid method, through SSR markers, by using the moving away method from the marker under Bayesian
analysis. Red points represent the selected markers.

Of note, markers whose recombination frequencies are represented by zero in Figure
3 did not necessarily present true low values; however, for convenience, they were not
represented in these graphs. Such representations were adopted to provide a better view of the
peaks of the 10 markers previously selected.

The negative signs of the additive effects indicate that alleles of the resistant line,
which has the lowest average, decrease the trait value. As the phenotypic analysis was
performed by a grading scale, whereby the lowest score indicates the greatest resistance, the
reduction in the trait value leads to disease resistance. Thus, the negative additive effects
for QTLs related to the trait indicate that the alleles from the Jalo parental line, which was
characterized as resistant, influence this trait, reducing the disease. This is extremely important
in plant breeding as only additive effects are transmitted by descent (Juliatti et al., 2013).

Negative dominance effects indicate that heterozygous individuals had lower average
values for these traits than the homozygotes, and contribute to greater resistance. As observed for
heritability, there is no pattern to define the effect as low, medium, or high. The lower the value
(considering the negative effects as favorable), the greater the contribution to disease reduction.
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For the straw test method, among the 70 markers used, 54 identified significant QTLs,
that is, reached RF x Wald > 5.99 (Figure 4).

Straw test

/\/\/WU/MAJ«M

TTTTTTTTT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T TTTTTTTTTTT
1 4 7 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70

400 500
| |

1

RF*Wald
300

200

100
I

Markers

Figure 4. Identification of QTLs for resistance to white mold by the straw test method with SSR markers through
the RF x Wald test, by using the moving away method from the marker under Bayesian analysis.

Among these 54 markers, six had heritability of at least 50%: X57211, PVBR144,
PVBR189, X60000, GATS91, and BM197 (Figure 5).

TTTTTTTTTTIT T I T I T I T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T TTITTITTITTITTTTT
1 4 7 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70

Straw test

Heritability

0.00 0.10 0.20 0.30 0.40 0.50 0.60

Markers

Figure 5. Significant QTLs for resistance to white mold by the straw test method, through SSR markers, with
heritability greater than 50%, by using the moving away method from the marker under Bayesian analysis.

Figure 6 shows that all six markers identified as significant in the previous step are
located up to 10 ¢cM from a QTL.
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Straw test

- PVBR189 GATSO1
X57211
PVBR144 X60000 BM197

Recombination frequency

0.000 0.002 0.004 0.006 0.008 0.010

TTTTT T I T T T T T T T T T T T T T T T T T T T T T T T T T T T T I T T T T T T T TTTTTTTTTT
1 4 7 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70

Markers

Figure 6. Recombination frequencies between the six markers and significant QTLs for resistance to white mold by
the straw test, through SSR markers, by using the moving away method from the marker under Bayesian analysis.
Red points represent the selected markers.

Table 1 shows that there was a low coincidence of markers identifying QTLs between
the two methods (oxalic acid and straw test). Among the 70 markers used, only two markers
with heritability greater than 50% simultaneously identified QTLs by straw test and oxalic
acid, with variation in the effects of reduced or increased resistance. The QTL found in both
tests was almost at the same distance, which could indicate a pleiotropic effect. However,
given the distance between the mark and the identified QTL, these two marks would not
be very useful in plant breeding. Given the distance between the mark and the QTL found,
these two marks would be very useful in common bean breeding, especially PVBR189, for
increasing the resistance.

Table 1. Consistencies between markers near QTLs determined by oxalic acid analysis (F, , progenies) and the
straw test (F,, progenies) in common bean.

Marker | D* \ E.ad® \ E. Dom* | h? (%) | RFx Wald®
Oxalic acid

X57211 0.862 + + 77.765 2500.330
PVBRI89 0.983 - - 53.671 166.489
Straw test

X57211 0.890 + + 63.004 551.893
PVBR189 0.956 - - 50.284 138.647

“Distance in centimorgan (cM) between the marker and the QTL; *Quantitative trait loci (QTL) additive effect;
°QTL dominance effect; ‘QTL heritability; ‘Relative frequency (in 10,000 iterations) x Wald value. (-) increased
resistance; (+) reduced resistance.

DISCUSSION

Markers with segregation distortion in studies on common bean have been detected
in the literature. Blair et al. (2003) found 23 and 9% segregation distortion in SSR loci in two
different populations. Galeano et al. (2009) and Garcia et al. (2011) detected 19 and 28.9% of
loci with significant segregation distortion, respectively.
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According to Tanksley et al. (1992), Mendelian segregation distortion along the genome
may be caused by chromosomal rearrangements and post-zygotic or zygotic gametic selection.
The sampling effect and genotyping errors may also contribute. It is likely that some of those
factors contributed to the high percentage of loci with distorted segregation in the present study.

Although the exact cause of segregation distortion is unknown, some studies have
shown the importance of these loci in QTL identification from genetic maps. Xu (2008)
suggested a theory for the emergence of loci with segregation deviation and stated that QTL
detection power can be subtly reduced when the analysis disregards deviated loci. The author
also noted that if the map is well saturated, and such loci are randomly distributed in the
genome, the losses are insignificant. They also argued that loci with segregation deviation are
used to obtain a genetic map and for QTL identification, because when the marker is closely
linked to the QTL, the identification made by the marker is not affected.

Some of the markers associated with white mold have been described in other studies
in relation to the disease, whether from evaluation of the occurrence in the field, by inoculation
through the straw test, or by the reaction to oxalic acid.

Markers BMD33 (GL11) and BM157 (GL1) were mapped by Mkwaila (2013):
BM157 was associated with QTL WM 1.347%%_ which explains 19.9% of the variation in white
mold resistance as assessed by the incidence in the field; and BMD33 was associated with
QTL WM11.1™, explaining 15.4% variation in the expression of resistance to white mold by
straw test. In the present study, despite markers BM 157 (straw test) and BMD33 (oxalic acid)
presenting significant QTLs for resistance to white mold, both showed low heritability (16.69
and 15.12%, respectively).

Ender and Kelly (2005), Maxwell et al. (2007), and Mkwaila (2013) mapped the
marker BM143 in GL2 near the QTL designated WM?2.3BRCCTW  However, in the present
study, the marker BM 143 only identified significant QTL by the oxalic acid method, which
has low heritability (24.72%), despite its negative dominance effect.

Haggard (2007) showed that GL2 are contained in the marker BM 139, which is strongly
associated with resistance to white mold in the field, and GATS91, which is associated with
resistance both in the field and in the straw test. In the present study, BM139 identified QTL
with low heritability. GATS91 also identified QTL through both approaches, and was more
promising for MAS in the straw test evaluation because it acts to reduce disease (additive and
dominance effects of -0.284 and -0.011, respectively) with 52.06% heritability.

In the map produced by Haggard (2007), GL3 has the marker BM 172 associated with
resistance to white mold in the field and in the straw test. This marker identified QTLs by both
methodologies, with effects in disease reduction; however, it showed low heritability (39.75
and 27.73% for the oxalic acid and straw test methods, respectively).

Marker BM187 was mapped in GL6, identifying the QTL WM6.15°, R31 from
populations RIL Benton/NY6020-4 (Miklas et al., 2003) and RIL Raven/I9365-31 (Soule et
al., 2011). This marker flanks QTLs for days-to-flowering, plant height, plant width, number
of seeds per plant, and the V gene, which is associated with flower color (Blair et al., 2006b).
Haggard (2007) identified this marker associated with resistance to white mold by straw test in
GL6. By using both the straw test and reaction to oxalic acid, Lara et al. (2014, 2015) used the
mapping population obtained from a cross between CNFC 9506 and RP-2 and identified the
markers BM184 and BM187 associated with the most significant QTL, with high heritability.
However, these markers contribute to reduce resistance and are distant from each other at 43.84
cM by the oxalic acid method. In the present study, although BM187 was linked to a QTL (9.10
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cM) and acted to reduce the disease, it presented low heritability (30.86%) by oxalic acid.

Marker ME1 was mapped by Galeano et al. (2009) and Blair et al. (2010) in GL9. In
a study developed by Lara et al. (2014, 2015), ME1 was found to be located 0.82 and 0.29
cM from a QTL with 71.37 and 0.55% heritability by the straw test and oxalic acid evaluation
methods, respectively. This QTL acts to increase resistance to white mold. In the present study,
MEI1 also identified QTLs by both evaluation methods; however, the heritability obtained was
low, being 17.31% when using oxalic acid and 27.70% when using the straw test.

Marker BM183 was mapped in GL7 by Gaitan-Solis et al. (2002). In the present
study, this marker was efficient at identifying a QTL by both methodologies, which works by
reducing the disease, because the additive and dominance effects are negative. This marker
would be more promising in selection by the oxalic acid method as a heritability of 78.59%
was presented when using this method.

Other QTLs related to white mold resistance have been reported in the literature;
however, the markers that identified them were not used in the present study. In addition, some
markers were associated with resistance to white mold in this study but were not supported
by evidence from the literature. It is important to highlight them, since different results were
found in other studies and because the resistant parent (Jalo) is of Andean origin and there
have been no reports on its use in other studies.

Using the oxalic acid method, further notable markers were BM 189 and SSR-IAC143,
because they had higher RF x Wald values and effects at reducing white mold.

Using the straw test method, markers X60000 and BM197 stood out with heritability
above 50% and effects on increasing resistance. The results of the present study indicate that
marker BM197 is 0.903 ¢cM from a QTL; X6000 is 0.822 ¢cM from the identified QTL. These
markers showed the smallest additive effect (BM197) and the smallest dominance effect
(X60000), i.e., greater power of white mold reduction in the population and are considered as
promising in MAS.

Considering the two evaluation methods, Table 1 shows the coincidence, mainly, for
the QTL identified by marker PVBR189, which acts by increasing resistance. This marker
is therefore important for the simultaneous selection of resistance by both the oxalic acid
and straw test methods. The marker X57211 acts by reducing resistance to disease, despite
identifying significant QTL.

A low number of coincident markers between the two methodologies was expected,
given the low and non-significant correlation (Spearman correlation of 2.06%) between the
averages of the progenies by both methods. In addition, the coincidence between the two
QTLs discussed indicates the possibility of identifying the same QTL for both resistance
mechanisms. However, confirmation of this hypothesis is only possible by mapping these
QTLs and by analyzing the population with the highest number of markers; therefore, this was
inconclusive in the present study.

With the lack of correlation between phenotypic evaluations by the oxalic acid test
and the straw test, these results confirm that there are multiple genes/QTL controlling the
physiological resistance to white mold, that is, some genotypes having higher tolerance to oxalic
acid, while others having additional resistance identified by straw test. There have been some
suggestions that oxalic acid released by S. sclerotiorum contributes to the initial aggression of
the fungus to the host, besides acting in the subsequent stages of defense (Cessna et al., 2000).

In conclusion, markers GATS91, BM197, and X60000 stood out with high heritability and
with the greatest effects in reducing the disease by straw test. Thus, they are promising for MAS.
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Markers BM183, BM 189, and SSR-IAC143 are associated with QTLs identified by oxalic
acid, contributing to the greatest effects in increasing resistance to white mold, with high heritability.

Considering the simultaneous use of the oxalic acid and straw test methods, the most
prominent marker was PVBR189. However, all are relevant to MAS and may contribute to
increase disease resistance.
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