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ABSTRACT. This study evaluated the performance and estimated
the genetic potential of segregating populations of red bean. Twenty
populations of the second cycle of recurrent selection for red bean
breeding at Universidade Federal de Vigosa were advanced to the F
generation in bulk with selection for grain appearance. Populations plus
five controls were evaluated for grain yield in three dry seasons (2004,
2005, and 2007) in a 5 x 5 lattice design with three replications, in
four 4-m long rows. In the mean of the three crops, populations formed
three distinct groups in which some populations had a clearly superior
grain yield. Populations 288RVCI, 291RVCI, 295RVCI, 297RVCI,
300RVCI, and 303RVCI were the most promising. Over generations,
segregating populations by the bulk method with selection for grain
appearance may have reduced variability in grain yield. The 300RVCI
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population deserves further attention as it combines variability, high
mean, and a high probability of generating above-standard lines.

Key words: Phaseolus vulgaris; Red bean; Quantitative genetics;
Common bean breeding; Grain appearance

INTRODUCTION

Replacing existing bean cultivars with new common advantageous cultivars has been
a constant challenge in bean breeding programs. The identification of new cultivars that meet
the expectations of farmers and consumers involves research activities requiring dedication
and, above all, continuity (Ramalho and Abreu, 2006). Although main goal of improvement
has been increased grain yield, other features have also received the attention of breeders, such
as disease resistance; abiotic and biotic stresses; plant architecture; and grain quality (Miklas
et al., 2006; Hegay et al., 2013; Teran et al., 2013; Jost et al., 2014).

Because there are many traits to be improved in common bean, and no ideal line has
been bred, the most suitable alternative for the development of lines combining several desirable
phenotypes is hybridization. Usually, several segregating populations are obtained during
improvement of autogamous plants using hybridization programs. However, not all associate a
high mean with sufficient variability for selection of the interest trait. Therefore, populations that
are unpromising for breeding should be discarded as soon as possible to prevent wasted time in
evaluating underperforming lines. In the case of common bean, several strategies have been used
to select segregating populations, including the method of Jinks and Pooni (1976); estimates of m
+ a and d (means components); diallel crosses; and molecular markers (Pereira et al., 2007; Mendes
et al., 2009; Rocha et al., 2013; Silva et al., 2013a). These methods are useful for choosing more
promising parents and populations, increasing the efficiency of breeding programs.

The method of Jinks and Pooni (1976) to choose segregating populations has been
typically applied to the common bean in F, and F, generations (Carneiro et al., 2002; Cunha
et al., 2005; Melo et al., 2006). However, information about the later generations is scarce.
Normally, after hybridization, segregating populations are advanced to homozygosity, using
some method of segregating populations for later breeding of lines.

Since variability in grain appearance of common bean is wide, selection for this trait
by the bulk method did not reduce grain yield variability (Santos et al., 2001; Silva, 2009), in
this case, the method is called “bulk with selection.” The objective of the bulk with selection
method is to save time in the selection of traits with high heritability during the segregation of
populations, without affecting variability in quantitative traits.

The current study evaluated the performance and predicted the genetic potential of
20 segregating populations of red beans, conducted by the bulk method with selection for
grain appearance.

MATERIAL AND METHODS

Twenty bean populations were derived from intercrosses of 17 families (F, ) of the
first cycle of recurrent selection for red bean breeding of the Federal University of Vigosa and
three lines of purple beans (BRS Timbd, BRSMG Tesouro and VR-2). In the crosses, each
parent participated in two intercrosses to obtain 20 segregating populations (Table 1).
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Table 1. Genealogy of segregating populations of the second cycle of recurrent selection for red bean breeding.

Population Genealogy

284 RVCI Vermelhinho/AB136//Vermelhinho/AFR19521 /// Vermelhinho//Vermelhinho/IAPAR31

285 RVCI Vermelhinho//Vermelhinho/AN9022180 /// Vermelhinho//Vermelhinho/Aporé

286 RVCI Vermelhinho//Vermelhinho/Pérola /// Vermelhinho/Pérola//Vermelhinho/AFR 19521

287 RVCI Vermelhinho/AN9022180//Vermelhinho/Vermelho2157///Vermelhinho/IAPAR31//Vermelhinho/AFR19535
288 RVCI Vermelhinho/AB136//Vermelhinho/Vermelho2157 /// Vermelhinho//Vermelhinho/LR720982CP

289 RVCI Vermelhinho//Vermelhinho/IAPAR31 /// Vermelhinho//Vermelhinho/IAPAR81

290 RVCI Vermelhinho//Vermelhinho/Aporé /// Vermelhinho/Aporé//Vermelhinho/AFR19521

291 RVCI Vermelhinho/Pérola//Vermelhinho/AFR19521 /// Vermelhinho/Pérola//Vermelhinho/AB136

292 RVCI Vermelhinho/IAPAR31//Vermelhinho/AFR19535 /// Vermelhinho/IAPAR31//Vermelhinho/AB136
293 RVCI Vermelhinho//Vermelhinho/LR720982CP /// Vermelhinho/LR720982//Vermelhinho/AB136

294 RVCI Vermelhinho//Vermelhinho/IAPARS1 /// Vermelhinho/AFR19521//Vermelhinho/Vermelho2157

295 RVCI Vermelhinho/Aporé//Vermelhinho/AFR19521 /// Vermelhinho/AB136//Vermelhinho/Vermelho2157
296 RVCI Vermelhinho/Pérola//Vermelhinho/AB136 /// VR-2

297 RVCI Vermelhinho/IAPAR31//Vermelhinho/AB136 /// BRSMG Tesouro

298 RVCI Vermelhinho/LR720982//Vermelhinho/AB136 /// BRS Timbo

299 RVCI Vermelhinho/AFR19521//Vermelhinho/Vermelho2157/// Vermelhinho/AB136//Vermelhinho/AFR19521
300 RVCI Vermelhinho/AB136//Vermelhinho/Vermelho2157 /// Vermelhinho//Vermelhinho/AN9022180

301 RVCI VR-2 /// Vermelhinho//Vermelhinho/Pérola

302 RVCI BRSMG Tesouro /// Vermelhinho/AN9022180//Vermelhinho/Vermelho2157

303 RVCI BRS Timb6 /// Vermelhinho/AB136//Vermelhinho/Vermelho2157

Populations were advanced by the method bulk with selection for grain appearance,
up to the F, generation. In each generation, selection was based on the standard appearance
of commercial grain: typically red grain with gloss; no flattening; an elliptical shape; and
weighing between 22 and 24 g (for 100 grains weighed). Grains outside this commercial
standard were eliminated. The populations, along with five controls, were evaluated for
grain yield in generations F,, F, and F,, in the dry seasons of 2004, 2005 and 2007. The
experiment had a 5 x 5 lattice design with three replications, planted in four 4 m rows and 15
seeds were sown per meter of row. The F, generation was grown in the rainy season of 2006,
but excessive rains damaged the experimental accuracy, and these data were excluded from
statistical analysis. Experiments were conducted on the experimental farm of the Department
of Plant Science - UFV, in Coimbra, Minas Gerais (latitude 20°45'S, longitude 42°51'W, at
690 m above sea level).

Data for grain yield in kg/ha were subjected to analysis of variance per generation,
considering all effects as fixed, according to the statistical model:

Yia =m+pi +1c + b + € (Equation 1)

In the above model, Y, , is the value observed in plots that received treatment i in block
| in replication k; m is the overall mean; p, the effect of treatment i (i = 1, 2, 3, ..., 25); 1, the
effect of replication k (k =1, 2 and 3); bl(k) the effect of block 1 in replication k; and e, the
experimental error associated with observation Y, , assuming that the errors are independent,
normally distributed with zero mean and variance c>. Combined analysis of variance was
subsequently performed, using the adjusted means of the treatment and the method described
by Ramalho et al. (2012). Grain yield means were grouped using the Scott and Knott (1974)
test at 1% significance. Means of grain appearance were compared with means of control Ouro
Vermelho, by the Dunnett test at 1% confidence.
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In the F, generation, one central row per plot was earmarked to measure grain yield per
plant, to apply the methodology of Jinks and Pooni (1976) and to estimate the probability (P)
of each segregating population of originating lines that exceed the productivity of cultivar Ouro
Vermelho by 30%. All plants of one of the central rows of the plot were threshed separately. This
probability corresponds to the area on the right or left of a given value x on the abscissa of the normal
distribution. To determine this area, an estimate of the Z ordinate was used, by the expression:

Z=(x-m)/s (Equation 2)

where: x is the mean of the standard line (L) which is, in this case, the mean of cultivar Ouro
Vermelho plus 30%; m is the mean of the lines in the Foo generation, which, in a model without
dominance, corresponds to the mean of any segregating generation (F, ); s is the phenotypic

standard deviation between the lines
( =[5 ) (Equation 3)
F L

The variance between the lines (62, ) is twice as high as the additive genetic variance (6?) in the
F, generation. For a model without dominance, the phenotypic variance of the F, generation
(52 ) contains &2 + 2. Therefore,

Fy
A2 A2 ~n2 .
2(7A = 20Fr - 2O'E (Equation 4)
2

Considering that the environmental variance of the F, generation can be estimated by the
variance of the lines (controls), we have

s = \/621 = \/26'/21 +6, = \/2&12% -6 (Equation 5)
L 2

Therefore, for a given population i in the F, generation,

Z, = (l_' - va2 )/ W (Equation 6)

For populations evaluated in the F, generation, the phenotypic variance is:

~2 ~2 ~2 .
O'FF5 = 1880‘A +0, (Equation 7)
Therefore,
61 =62 -1 )18 (Equation 8)

Thus, the probability that a given population i (F, generation) will generate above-standard
lines was estimated by the expression:
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z,=(L -7, ) [lLosas?, —0.06457) (Equation 9)

From each population in the F, generation, 19 plants were selected. These plants resulted in
380 F, , families, which together with 20 controls were evaluated in the 2007 winter season, in
a 20 x 20 simple lattice design, in 2 m row plots. In the 2008 dry season, eight families (F, )
per population were evaluated, along with nine controls in a 13 x 13 triple lattice design and
plots of two 2 m rows. From the mean of the F, ; and F, , generations, the number of families
among the 50 (50+), 30 (30+) and 10 highest yielding families (10+) was determined.

RESULTS AND DISCUSSION

A significant effect of the source of variation (Table 2) was observed for populations,
indicating the possibility of selecting populations that, based on the mean, could be used to generate
lines with high yield performance. The population x environment interaction was not significant,
indicating a consistent behavior of populations in the three environments. It is worth remembering
that the effect of environments is confounded with the effect of years and generations, since the
evaluations were conducted in the dry season, but in different years and generations.

Table 2. Combined analysis of variance of grain yield (kg/ha) in assessment of 20 segregating populations of
red beans (F,, F,, and F, generations) in the 2004, 2005, and 2007 dry seasons in Coimbra - MG.

Source of variation d.f. Mean square P
Environments 2 65746059.54 0.000
Treatments 24 323357.80 0.000
Populations 19 235942.73 0.000
Controls 4 805410.57 0.000
Populations vs controls 1 56033.04 0.403
Treatments X environments 48 136340.94 0.009
Populations x environments 38 99716.04 0.180
Controls x environments 8 320143.47 0.000
Populations vs controls x environments 2 97003.93 0.299
Mean error 120 79653.50 -
Coefficient of variation (%) = 8.90 - -

Overall mean = 3170.40

DF - Degrees of freedom; P - probability.

By the Scott and Knott (1974) test, in the mean of the three environments populations
formed three distinct groups (Table 3), showing grain yield superiority for some. This indicated
the possibility of selecting promising populations to extract lines. However, even populations
with a lower performance may generate highly productive lines, since in this case, only the
mean was considered, and there is no information on genetic variability within populations.

For grain appearance, the grades of the populations did not differ from the grade of
the control Ouro Vermelho by Dunnett’s test at 1% confidence level (Table 3), indicating the
potential for extracting lines with red grains.

To predict the potential of segregating populations to generate high-yielding lines, in
the 2007 dry season, the grain yield per plant was assessed in each population (F, generation).
The methodology of Jinks and Pooni (1976) was used, which allows an estimation of the
probability that the segregating population will generate lines with a standard above a certain
performance. For this purpose, the mean of cultivar Ouro Vermelho was used as a reference
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(Table 4) plus 30% (29.96 g). The environmental variance (175.31) was obtained based on the
mean phenotypic variance of the five controls. This methodology has been widely used for
common bean (Carneiro et al., 2002; Cunha et al., 2005).

Table 3. Mean grain appearance (GA - grades 1-5) and mean grain yield (kg/ha) for the evaluation of 20
segregating populations of red beans (generations F,, F, and F, and controls) in the 2004, 2005 and 2007 dry
seasons in Coimbra - MG.

Population/control GA* 2004 (F2)f 2005 (F3)" 2007 (Fs)f Mean"
Vermelho 2157 3.7 2226° 35587 44242 3403°
Ouro Negro 5.0 2488 3648 40392 33922
Ouro Vermelho 1.5 23920 3304° 4475 3390°
285 RVCI 2.0 23142 32332 4568 33712
295 RVCI 1.5 2207° 3455¢ 4379 33470
297 RVCI 24 23312 35387 4127 33328
290 RVCI 23 2134° 3530° 4309* 33242
298 RVCI 23 22720 3279° 4308° 3286°
302 RVCI 3.0 2369* 34832 39572 32692
288 RVCI 1.8 2086° 3453° 42312 3256°
293 RVCI 1.6 2063° 3329 42517 32142
294 RVCI 1.7 2014° 3695° 3928° 32120
300 RVCI 1.8 2189° 33797 40242 3197°
299 RVCI 23 2216 3395¢ 39420 3184°
301 RVCI 2.9 2124° 3469° 3936° 3176
284 RVCI 1.1 1974° 3326* 4182 31612
Vermelhinho 1.5 1908° 3250° 4178 31120
296 RVCI 2.6 22002 32232 38742 3099°
303 RVCI 22 2355 3258° 3679 3097°
291 RVCI 1.9 1983 30322 4077* 3031°
287 RVCI 1.6 2081° 3289° 3660° 3010°
289 RVCI 1.9 1998° 31920 38332 3008°
286 RVCI 1.8 1996° 32212 3707* 2975
AFR-140 3.6 23207 2671 31512 2714¢
292 RVCI 1.4 1893 30012 32042 2699¢
Coefficient of variation (%) 11.1 5.8 10.3 8.9 8.9

“Means followed by the same letter in a column do not differ by the Scott and Knott test at 1% probability. *By
the Dunnett test at 1% probability, population mean grain appearance did not differ from the mean of the standard
control Ouro Vermelho.

For this methodology, the mean of any segregating generation (F, ) is considered to
correspond to the mean of the lines in the Foo generation (Jinks and Pooni, 1976). However,
additive gene action has to be predominant. For common bean, studies have reported a
predominance of additive effects for grain yield (Nienhuis and Singh, 1986; Kurek et al.,
2001). However, the predominance of dominance effects associated with grain yield has also
been described in studies analyzing F or F, generations (Rodrigues et al., 1998; Gongalves-
Vidigal et al., 2008; Silva et al., 2013b). This suggests that the methodology of Jinks and Pooni
(1976) is more appropriate for later generations, in which dominance effects are minimized.
In the current study, the methodology was applied in the F, generation, and dominance effects
were considered absent.

The probabilities (P) that the populations would originate lines that exceeded the
mean of Ouro Vermelho line by 30% are presented in Table 4. Among the 20, genetic variance
within populations was detected in only five (populations 287RVCI, 291RVCI, 292RVCI,
296RVCI, and 300RVCI), and 300RVCI had the highest probability (49.60%) of generating
above-standard lines. In the mean of the three environments (Table 3), four of five populations
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were not grouped with the highest yielding, by the Scott and Knott (1974) test. Only population
300RVCI was classified among the most productive, indicating that this population also has a
high mean, aside from variability, which is favorable for selection.

Table 4. Total number of assessed plants (NAP), grain yield per plant (g/plant), mean phenotypic variance
(62), genetic variances (62), Z values, and their respective probabilities (P) for each F, population of red beans
evaluated in the 2007 dry season in Coimbra - MG.

Name NAP Yield (g/plant) OA'% &3 Zi pe
! Gi

284 RVCI 123 20.35 128.72 -0 0.86 19.49
285 RVCI 114 19.74 126.44 - 0.92 17.88
286 RVCI 133 20.00 144.00 - 0.84 20.05
287 RVCI 114 24.42 204.11 28.80 0.39 34.83
288 RVCI 120 18.98 116.82 - 1.03 15.15
289 RVCI 145 18.39 109.26 - 1.13 12.92
290 RVCI 148 18.58 136.01 - 0.99 16.11
291 RVCI 120 22.84 223.64 48.33 0.47 31.92
292 RVCI 96 25.28 256.06 80.75 0.29 38.59
293 RVCI 132 21.59 167.32 - 0.65 25.78
294 RVCI 105 22.22 138.64 - 0.66 25.46
295 RVCI 133 21.22 137.18 - 0.75 22.66
296 RVCI 115 21.34 203.06 27.74 0.60 27.42
297 RVCI 138 20.07 174.55 - 0.75 22.66
298 RVCI 127 20.19 162.86 - 0.77 22.06
299 RVCI 123 19.94 135.19 - 0.87 19.21
300 RVCI 94 29.75 365.28 189.96 0.01 49.60
301 RVCI 154 18.73 155.37 - 0.90 18.41
302 RVCI 134 19.69 164.73 - 0.80 21.18
303 RVCI 119 18.44 150.62 - 0.94 17.36
Vermelhinho 136 19.92 130.33 - - -

Vermelho 2157 117 24.14 196.54 - - -

Ouro Vermelho 135 23.04 224.79 - - -

AFR-140 146 14.45 112.73 - - -

Ouro Negro 123 20.98 212.19 - - -

*The probability (P) cannot be inferred for populations with zero genetic variance. Values in %. *Genetic variance
zero. °Zi and P were not estimated for the controls.

For the other populations, the P calculated could not be interpreted, because it only
takes into account the mean, since the phenotypic variance, used to calculate the estimate,
is purely environmental. Null values for genetic variance indicate that the estimate of
environmental variance, based on controls, may not represent the true environmental variation
within populations. One possible cause may be the occurrence of genetic variations within
controls, due to mutations, natural breeding, mechanical seed mixing, or other factors. These
may lead to an overestimation of the environmental variance, hampering the estimation of
genetic variance within populations.

In this study, evaluations were performed in three crop cycles. It is therefore possible
that some variation occurred in the controls from one crop cycle to the next. In addition,
some controls may contain genetic variation within, depending on the way they were bred.
For example, the control Ouro Vermelho had the highest phenotypic variance (Table 4).
This control was derived from an F, plant advanced in bulk within the family (Carneiro et
al., 2006), and can be considered a multiline. This fact emphasizes the importance of using
inbred lines as controls to estimate the environmental effect, when applying the methodology
of Jinks and Pooni (1976).
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Another possible cause for zero variance is the use of individual plants as a basic
evaluation unit. Not only is the evaluation of individual plants labor-intensive, but it is
normally associated with errors, and may therefore impair an accurate estimation of the
variance. Zero variance has been commonly reported in assessments of individual common
bean plants by the methodology of Jinks and Pooni (1976) (Carneiro et al., 2002; Cunha et
al., 2005; Melo et al., 2006).

One of the causes of problems when evaluating individual plants is variation in the final
stand. In this study, all plants of one of the central rows of the plot were threshed separately.
Table 4 shows a large variation in final stand, since 94 plants of population 300RVCI versus
154 of 301RVCI were evaluated. It was also observed that the variation in the number of
assessed plants affected the mean yield per plant (Table 4). The correlation between the final
stand (total number of assessed plants, NAP) and the mean yield per plant was negative and
significant (-0.73), indicating that the lower the final stand, the greater the yield per plant.
Therefore, differences in the final stand, apart from affecting the estimation of variance,
may cause overestimation of the plant mean in populations with low density, and hamper
application of the methodology of Jinks and Pooni (1976), which takes into account the mean
and variance of the population.

Since the populations were conducted by the bulk method with selection for grain
appearance, a reduction in yield variability may have occurred. This may also have contributed
to a genetic variance of zero in most populations. Santos et al. (2001) reported that selection
for grain appearance did not affect yield variability, but selection was performed in only one
generation. In the current study, selection was applied in three generations (F,, F,, and F)).
Using the bulk selection method over several generations, Silva (2009) found that selection
for grain type did not affect grain yield variability.

Since the methodology of Jinks and Pooni (1976) was only applied in the 2007 dry
season, the genotype x environment (GE) interaction may also have contributed to the result of
zero genetic variance within populations, indicating that assessments should be conducted in
more environments. Rocha et al. (2013) found that the GE interaction influenced the prediction
of the potential of segregating populations.

The families F,, and F__, selected from 20 populations, were evaluated for grain yield.
Considering the mean of both generations, the population with the largest number of families
among the 10 most productive was 291RVCI (Table 5). The probability of deriving above-
standard lines from this population was 31.92%, according to the methodology of Jinks and
Pooni (1976), however, in the mean of the three assessments, this population was not grouped
among the highest yielding by the Scott and Knott (1974) test. On the other hand, population
300RVCI, with the highest probability of generating above-standard lines (49.60%), was
ranked among the highest yielding by the Scott and Knott (1974) test but was represented by
only one family among the 30 highest yielding.

Of the five populations with genetic variance within, by the evaluation of individual
plants, two (292RVCI and 296RVCI) were not represented among the 50 most productive
(Table 5). This indicates that these populations have genetic variability, albeit with low
mean. In the populations 288RVCI, 295RVCI and 297RVCI on the other hand, no genetic
variance was detected in the assessment of separate plants, but they were represented by two
families among the 10 highest yielding (Table 5). In general, the studied populations have
potential for breeding lines, of which 80% were represented with at least one family among
the 50 most productive (Table 5).
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Table 5. Mean, lower limit (LI) and upper limit (LS), grain yield (kg/ha), number of lines (NL) per population
among the fifty (50+), thirty (30+), and ten (10+) most productive, obtained by the evaluation of F,  and F,
red bean families in the winter of 2007 and dry season of 2008, respectively, in Coimbra - MG.

Population Mean LI LS NL (50+) NL (30+) NL (10+)
284 RVCI 3501 3351 3734 1 0 0
285 RVCI 3531 3118 3964 3 3 0
286 RVCI 3506 3082 3848 3 1 0
287 RVCI 3409 3069 3802 1 1 0
288 RVCI 3809 3664 4155 7 3 2
289 RVCI 3564 3265 3852 3 1 0
290 RVCI 3451 3104 3786 2 0 0
291 RVCI 3800 3445 4206 5 5 3
292 RVCI 3450 3323 3673 0 0 0
293 RVCI 3349 2940 3761 2 0 0
294 RVCI 3460 2855 3851 4 3 0
295 RVCI 3758 3580 3980 4 3 2
296 RVCI 3227 2922 3489 0 0 0
297 RVCI 3524 3006 4127 2 2 2
298 RVCI 3743 3568 3909 6 2 0
299 RVCI 3296 2978 3584 0 0 0
300 RVCI 3524 3102 3916 1 1 0
301 RVCI 3160 2630 3484 0 0 0
302 RVCI 3565 3269 3952 2 2 0
303 RVCI 3734 3338 4122 4 3 1
CONCLUSIONS

The populations 288RVCI, 291RVCI, 295RVCI, 297RVCI, 300RVCI, and 303RVCI
are the most promising for generate lines with red grains and high productivity.

The population 300RVCI associated genetic variability, high mean, and high
probability of generating lines superior to the standard cultivar.
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