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Common bean cultivation occurs under high environmental variation, highlighting the marked effect of the
interaction between genotypes and environments (GxE). This effect complicates the indication and recommendation of
common bean lines. From this perspective, this study aimed to evaluate the effect of the GxE interaction and estimate the
stability and adaptability of common bean lines for grain yield and commercial quality. A total of 22 genotypes were
evaluated in 56 environments. The parameters estimated were grain yield (GY), stored grain color (SGC), sieve yield (SY),
and 100-grain mass (100M). The analysis of variance revealed a significant effect for the genotypes, environments, and the
GxE interaction. For GY, genotype IPR Campos Gerais was the most adaptable and CNFC 16564 the most stable; for SGC,
genotype CNFC 16484 showed adaptability and CNFC 16497 showed stability; for SY, genotypes ANFC 09 and CNFC 16636
were the most adapted and stable, in that order; and for 100M, genotype CNFC 16564 and the cultivar Pérola stood out.
Genotypes CNFC 16564 and CNFC 16567 were launched as cultivars, receiving the respective names of BRS FC416 and BRS
FC422.

Keywords: Phaseolus vulgaris L., Stability, Adaptability, Genotype-by-environment interaction.
Introduction

Common bean stands out among cultivated species due to its short cycle and the possibility of yielding up to three harvests
per year, allying flexibility regarding planting seasons with optimization in the use of production areas. Brazilian production
of this crop varies with the region, with the South, Southeast, and Central-West regions being responsible for two or even
three harvests every year, whereas the Northeast region only produces one. The cultivation range of common bean varies
from small production areas with little use of inputs to large, business-ran areas counting on highly technological practices
(Melo et al., 2007).

Environmental variations and genotypic variability result in an interaction between genotypes and environments (GxE
interaction), especially in the final evaluation stages of common bean lines (Melo et al., 2007; Torga et al,, 2013). Due to the
GxE interaction, the average phenotypic performance of common bean genotypes is not consistent and stable in different
environments, thus complicating selection and the recommendation of cultivars (Eberhart and Russel, 1966).

Successive increases in yield are the main objective in breeding programs. In that regard, Faria et al. (2013) achieved an
annual yield increase of 0.72% in the common bean breeding program developed at Embrapa. However, commercial grain
quality is a parameter has gained importance and is often determinant in the adoption of a cultivar. Furthermore, the
Brazilian consumer is regionally demanding with regard to grain color and quality (Pereira et al,, 2017), associating
parameters such as visual quality with cooking time in their evaluation (Pereira et al., 2021).

The effect of the GxE interaction is important for traits such as commercial grain quality (Pereira et al., 2021; Dias et al.,
2021; Carloni et al,, 2022) and grain yield (Melo et al., 2018; Mondo et al., 2019; Katuuramu et al., 2020). In this scenario,
studies on the effect of the GxE interaction and the regionalization of cultivar recommendation can assist in developing new
common bean lines.

One of the ways to evaluate the effect of the GxE interaction is to estimate stability and adaptability. The method of Nunes
etal. (2005) enables this estimation using two indices: Zi, which measures the phenotypic standard deviation, a measure of
adaptability, and the coefficient of phenotypic variation, CVZi, which estimates stability. The method proposes a graphical
analysis, facilitating the evaluation in multi-environments, which constitutes an advantage, especially given the large
number of environments in the final stages of a breeding program.

The improvement of cultivar performance in common bean production areas can be achieved through specific
recommendations by taking advantage of the phenotypic effect of the GxE interaction (Duarte and Vencovsky, 1999), or
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even using the recommendation of widely adaptable genotypes while aiming at genotype stability (Melo et al., 2007). From
this perspective, this study aimed to analyze the effect of the GxE interaction and measure adaptability and stability in
relation to the yield and grain quality in elite common bean lines. The purpose was to identify cultivars with wide or specific
adaptability to the different producing regions and planting seasons.

Results and discussion

For grain yield, 78.57% of the individual experiments showed significant differences between genotypes, with a mean yield
of 2439 kg ha'1 and a low coefficient of variation (16.03%) (Table S1). There were significant differences between genotypes
in all environments for stored grain color (Table S2) and sieve yield (Table S3), with the mean of the coefficient of variation
amounting to 15.75% and 6.92%, respectively. For the 100-grain mass (g), a significant difference between genotypes was
observed in 90% of the assays, with a mean coefficient of variation of 5.08% (Table S4).

Regarding the acceptance of a cultivar, commercial quality traits are essential for a successful market launch (Pereira et al,,
2017), showing importance for producers, industries, and the final consumer. In this scenario, consumers prefer specific
types of grains, whereas producers seek greater production values (Pereira et al., 2017). Consumer acceptance is based on
grain color, with lighter grains being associated with shorter shelf life and fast cooking (Pereira et al., 2021). However, the
market has regional demands with regard to grain color, size, and shape (Pereira et al.,, 2017). For common beans, the 100-
grain mass should be greater than 25 grams, the sieve yield above 90%, and grains should show brown stripes and a light
beige background (Pereira et al., 2017). Therefore, it is necessary to combine commercial grain quality traits in order to
launch new lines (Pereira et al,, 2021).

The main producing regions of common bean in Brazil (regions I, II, and III) (Pereira et al., 2010a) encompass 20 states and
concentrate more than 98% of the national production (Embrapa Arroz e Feijao, 2023). In that regard, the marked
environmental variation and the need for experiments conducted as a function of a representative sample of the various
regions (Melo et al.,, 2007; Pereira et al., 2010b) require the conduction of assays in a network.

The advantage of numerous assays consists of the possibility of exposing genotypes to environmental variations, thus
effectively taking into account the effects of the GxE interaction. This statement has been verified in the present study since
there was a significant GxE interaction for all traits (Table S5) in the three regions (I, II, and III) (Table S6), which indicates
a differential response of the genotypes in relation to the environments. Considering planting seasons, the GxE interaction
was significant in one season of region I and two seasons of region II (Table S7). The presence of the GxE interaction has
already been reported by some studies in states that constitute region I (Melo et al.,, 2007, Pereira et al., 2010b) and region
I1 (Pereira etal,, 2011; Torga etal., 2013; Melo etal., 2018).

Stability and adaptability

The stability and adaptability results for grain yield indicate that the cultivar IPR Campos Gerais showed the highest Zi,
followed by lines CNFC 16611, CNFC 16562, and CNFC 16564 (Table 1). For the coefficient of variation (CVZi), line CNFC
16564, with the lowest value, showed greater production stability. In the present study, in the joint consideration of the Zi
and CVZi parameters, line CNFC 16564 showed performance superiority in relation to the other genotypes, a behavior that
can also be seen graphically (Figure 1a). IPR Campos Gerais had the highest performance among the cultivars (Figure 1b).
Pereira et al. (2021) evaluated 54 genotypes by the method of Nunes et al. (2005) and concluded that cultivar BRS Estilo
was the most adaptable and stable for grain yield. Pereira et al. (2020) highlighted the adequate adaptation of the cultivar
Pérola with the same method. However, these cultivars did not show the same behavior in the present study, which could
be expected since the set of lines is different in the two studies. Furthermore, the present study indicates that the new
breeding lines developed by the breeding program exhibited superior trait-specific performance compared with standard
cultivars, especially older cultivars currently grown in Brazil.

With regard to quality, the grains were evaluated for stored grain quality (SGC) (Table 1), with lines CNFC 16484, CNFC
16496, and CNFC 16497 showing the highest adaptive value (Zi) and surpassing cultivars BRS Estilo and Pérola. For
stability, line CNFC 16484 obtained the third lowest coefficient of variation (CVZi), 6.01, with lines CNFC 16496 and CNFC
16497 showing 4.16 and 3.52. Therefore, these three genotypes have high constancy of phenotypic performance, especially
line CNFC 16484, which stood out for both indices.

Dias et al. (2021) used the method of Nunes et al. (2005) and observed results close to the present study, for both stability
and adaptability, for cultivars BRS Estilo (Zi = 3.29; CVZi = 10.4) and Pérola (Zi = 2.82; CVZi = 16.5). Pereira et al. (2021)
found slightly different values, compared to this study, for the cultivar BRS Estilo (Zi = 2.4; CVZi = 25.1). Furthermore,
Pereira et al. (2021) used the cultivar BRSMG Madrepérola as a control, whose grains show slow darkening, obtaining a
mean of 2.1. In the present study, line CNFC 16484 showed a mean of 1.11 (Table 1). Similarly, the graphical analysis for
SGC (Figure 1c) highlighted line CNFC 16484 with the highest stability. Among the cultivars ANFC09 had the best result
(Figure 1d).

Cultivars BRS Estilo and Pérola have a grain standard and sieve yield in accordance with market demands (Pereira et al,,
2017). For sieve yield (SY) (%) (Table 1), line CNFC 16636 showed the best stability (Zi) among lines and an SY mean of
89.33%), exceeding cultivars Pérola and BRS Estilo. In turn, the ANFC09 control reached the best result among all genotypes,
with a Zi and a mean of 4.46 and 89.68%, respectively. Although neither genotype reached the 90% threshold, their values
were close to the established standard. This should also be interpreted considering that sieve yield (SY) is a quantitative
trait strongly affected by environmental variation. In the stability evaluation, line CNFC 16636 obtained the best result,
with 8.74, higher than the other lines and controls. Figure 1e shows the performance of line CNFC 16636 in relation to
cultivar Pérola (Figure 1f), a control with higher performance.
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Table 1. Means of grain yield (kg ha-1) (GY), stored grain color (SGC), sieve yield (%) (SY) and 100-grain mass (g) (100M)
and estimates of adaptability (Zi) and phenotypic stability (CVZi), by the method of Nunes et al. (2005).

Genotype GY SGC SY 100M
GY* Zi CVZi  SGC* Zi CVZi  Sy* Zi CVZi  100M* Zi CVZi
IPR Campos Gerais 2685a 356 2865 3.07f 229 2473 83.21b 3.65 13.58 24.62e 2.02 38.02
CNFC 16611 2626a 348 2721 291e 249 1456 8492b 3.88 10.04 2690c 3.29 2144
CNFC 16564 2610a 3.47 2382 246¢c 3.03 1832 77.77d 3.18 23.10 28.20a 4.00 15.20
CNFC 16562 2593a 348 2588 298f 236 2747 74.06e 2.58 2069 27.28b 3.51 17.78
CNFC 16563 2551b 335 2731 244c 3.03 16.60 74.88e 2.77 19.29 27.66a 3.70 16.62
BRS FC402 2547b  3.25 3049 28le 258 1486 66.20f 1.70 56.28 23.82f 1.62 60.75
CNFC 16567 2537b  3.26 2757 2.69d 277 1392 7331e 2.60 4328 2696c 331 17.18
Pérola 2507b  3.17 2719 3.09f 219 17.50 81.02c 343 12.65 27.71a 3.79 13091
BRSMG Uai 2445 c 3.04 3322 293e 247 1952 77.61d 288 2822 2493e 2.22 2889
CNFC 16484 2444 c 3.06 3141 111a 4.66 6.01 73.71e 240 2935 24.60e 2.03 32.03
CNFC 16561 2431c 3.01 29.39 257d 287 12,67 80.22c 3.29 1764 27.86a 3.77 23.09
ANFCO09 2423 c 297 2712 143b 4.26 8.52 89.68a 4.46 11.69 26.84c 3.26 21.64
CNFC 16183 2406 c 299 3239 361g 157 2312 7415e 2.64 3434 2783a 3.87 1830
CNFC 16566 2402 c 288 2698 294e 241 1815 80.21c 3.36 1037 26.52c 3.09 1946
CNFC 16496 2397 c 293 2883 1.15a 462 416 66.50f 1.66 36.66 25.05e 227 20.87
CNFC 16636 2389 c 2.86 3221 3.04f 230 1864 89.33a 437 874 27.31b 349 20.61
BRS Estilo 2366d 284 38.09 235c 311 10.20 78.17d 299 2399 25.88d 2.74 18.32
CNFC 16558 2361d 2.78 33.67 250c 293 1153 74.20e 250 2982 26.16d 292 21.19
CNFC 16522 2331d 2.65 29.69 246¢c 3.00 1249 7339e 2.55 4142 25.65d 2.61 21.66
CNFC 16497 2326d 2.62 3042 117a 4.58 3.52 76.48d 2.79 19.67 25.86d 2.72 16.99
CNFC 16495 2247d 239 3962 150b 421 2192 75.08e 2.66 3540 2445e 196 31.26
CNFC 16548 2034 e 196 4330 3.02f 228 2529 83.09b 3.66 1249 27.72a 3.79 2793
Mean 2439 2.47 77.60 26.35
* Means followed by the same letter do not differ significantly according to the Scott-Knott test at p < 0.05.
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Figure 1. Graphical representation of the performance of cultivars (IPR Campos Gerais, ANFC09, and Pérola) and lines
(CNFC 16564, CNFC 16484, and CNFC 16636) for grain yield (GY), stored grain color (SGC), sieve yield (SY), and 100-grain
mass (100M), according to the methodology of Nunes etal. (2005). The circle represents the mean of the environment (value
of the constant associated with variable Z) and the axes represent each of the environments evaluated.
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Table 2. Grain yield means (kg ha1) of producing regions I (REG I), II (REG II), and III (REG III) and estimates of adaptability
(Zi) e and phenotypic stability (CVZi) by the method of Nunes et al. (2005).

Genotype REG I REG II REG 111
REG I* Zi CVZi REG IT* Zi CVZi REG IIT* Zi CVZi
ANFC09 2964 b 3.08 25.37 2225b 294 29.27 1341b 2.67 20.95
BRS Estilo 2968Db 296 28.94 2120c 2.69 41.77 1312 b 3.21 5243
BRS FC402 3218a 3.62 22.59 2268Db 3.03 3594 1406 a 3.06 22.20
BRSMG Uai 3002 b 3.08 3343 2268Db 3.11 32.27 1175b 2.39 37.39
IPR Campos Gerais 3298a 3.80 26.32 2465 a 3.50 28.76 1427 a 291 3597
Pérola 3074 Db 3.38 23.07 2315b 3.14 25.78 1274 Db 240 49.51
CNFC 16183 2823 c 2.71 2845 2268b 3.09 33.15 1477 a 3.52 34.09
CNFC 16484 2817c 2.65 26.67 2346 Db 3.27 30.86 1470 a 3.57 3256
CNFC 16495 2707 c 2.16 43.88 2112 ¢ 2.59 38.09 1133 b 2.19 20.03
CNFC 16496 2945Db 296 27.07 2187 c 2.86 30.58 1360 b 3.22 29.46
CNFC 16497 2844 c 2.55 36.16 2125¢ 2.65 27.27 1349Db 2.68 29.68
CNFC 16522 2990 b 295 24.07 2059 ¢ 2.54 31.27 1196 b 2.07 32.55
CNFC 16548 2531d 191 40.04 1789d 1.83 42.08 1420 a 292 3999
CNFC 16558 2869 c 2.81 3292 2149 c 2.67 3592 1498 a 3.39 2286
CNFC 16561 2857 c 2.72  35.70 2269b 3.07 24.07 1613 a 3.89 20.71
CNFC 16562 3124 a 3.61 27.73 2402 a 3.36 26.55 1507 a 3.60 10.27
CNFC 16563 2956 b 3.11 28.12 2416 a 343 2693 1658 a 3.86 23.36
CNFC 16564 3064 b 3.29 26.88 2470 a 3.59 23.25 1542 a 3.56 11.94
CNFC 16566 3055 b 3.27 2421 2134c 2.66 26.87 1268 b 257 17.64
CNFC 16567 3112a 349 29.01 2345 b 3.23 24.38 1272 b 247 25.62
CNFC 16611 3116a 3.34 29.69 2470 a 3.61 2385 1495 a 3.23  40.26
CNFC 16636 2753 ¢ 2.54 36.35 2321b 3.12 2841 1268 b 2.62 28.72
Mean 2959 2251 1385
* Means followed by the same letter do not differ significantly according to the Scott-Knott test at p < 0.05.
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Figure 2. Graphical representation of the performance of cultivars (IPR Campos Gerais and BRS FC402) and lines (CNFC
16562 and CNFC 16564) for the grain yield of common bean in regions [ (REG I), II (REG II), and III (REG III) according to
Nunes et al. (2005). The circle represents the mean of the environment (value of the constant associated with variable Z)
and the axes represent each of the environments evaluated.
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According to Table 1, considering the 100-grain mass (g), for which the commercial standard is above 25 g/100M (Dias et
al,, 2021), line CNFC 16564 stood out from the other genotypes for adaptability, with a Zi equal to 4.00 and a mean of 28.20
g, surpassing the controls Pérola and BRS Estilo, which have grains that meet market demands (Pereira et al.,, 2021). The
cultivar Pérola was the most stable, with a CVZi of 13.91, standing out from the other genotypes and reinforcing the grain
quality of this cultivar and the difficulty to surpass it. In that case, line CNFC 16564 achieved good performance, with a CVZi
of 15.20, very close to cultivar Pérola. These results show that line CNFC 16564 has high stability and adaptability,
performing better than cultivars ANFC09, BRS Estilo, BRSMG Uai, IPR Campos Gerais, and BRS FC402. Graphically, line CNFC
16564 (Figure 1g) showed greater phenotypic stability compared to the cultivar Pérola (Figure 1h) in most environments.
Common bean shows low seed use by farmers and high variability of production systems. In 2021, the rate of use of certified
seeds was 18% (Abrasem, 2024). Due to the reduced seeds commercialization, companies and industries show low interest
in commercializing a large number of cultivars. From this perspective, the strategy adopted by breeders is to recommend a
wide range of cultivars, which makes it possible to extrapolate the positioning of the same genotype to various
environments. However, although favorable, this strategy implies little utilization of the production potential, achieving
sub-optimal results (Duarte and Vencovsky, 1999). The joint indication of cultivars based on the specific adaptation to a
group of environments, e.g., locations or planting seasons, making a better use of the GxE interaction, implies a better use
of production areas and the genetic potential of genotypes.

Stratification by region

Considering the regional stratification proposed by Pereira et al. (2010a) for the yield in producing region I, cultivar IPR
Campos Gerais obtained the highest adaptability index, followed by BRS FC402 and lines CNFC 16562, CNFC 16567, and
CNFC 16611 (Table 2). For stability, cultivar BRS FC402 stood out in the best place, obtaining the lowest coefficient of
variation. Pereira et al. (2018) used the method of Nunes et al. (2005) when working with states of region I, and classified
the cultivar BRS Estilo as a genotype with good adaptability and stability. In the present study, lines CNFC 16562 and CNFC
1657 surpassed the cultivar BRS Estilo in adaptability, and genotypes BRS FC402 and CNFC 16522 were superior in stability.
In the graphs, it is seen that the cultivar CNFC 16562 (Figure 2a) and IPR Campos Gerais (Figure 2b) showed constancy of
performance.

In region I, lines CNFC 16564 and CNFC 16611 stood out with regard to adaptability, performance, and stability (Table 2).
The stability analysis highlighted that line CNFC 16564 obtained the best result. Among genotypes, CNFC 16564 (Figure 2c)
showed the most graphically constant phenotypic result, with genotype IPR Campos Gerais being the best control (Figure
2d).

For region III (Table 2), line CNFC 16561 obtained the best result for adaptability, with a Zi of 3.89, whereas CNFC 16562
was the most stable, with a CVZi of 10.27. In the graph, CNFC 16564 (Figure 2e) showed the most constant performance
compared to BRS FC402 (Figure 2f) and the other lines and cultivars.

As observed by Pereira et al. (2011), the planting season is one of the factors that influence the GxE interaction. Regions I
and II possess, in their states, two to three planting seasons per agricultural year. Torga et al. (2013) evaluated the
decomposition of the effect of the GxE interaction in locations and planting seasons and found a strong effect of the
interaction between genotypes with planting seasons. Therefore, the production stability and adaptability results of
different genotypes evaluated in various regions and planting seasons are important for selections restricted to groups of
environments.

Stratification by region and season

For region [, in the ‘Rains’ season (Table 3), CNFC 16562 stood out among lines and IPR Campos Gerais among genotypes.
With regard to stability, line CNFC 16522 had the lowest CVZi, with 20.39, followed by CNFC 16496, with a CVZi of 21.88.
The graphic representation highlighted that cultivar IPR Campos Gerais (Figure 3a) performed better than the other
genotypes, whereas among lines, CNFC 16567 showed the best performance (Figure 3b).

In region II (Table 3), in the ‘Rains’ season, genotypes CNFC 16611, CNFC 16564, CNFC 16563, and IPR Campos Gerais
obtained greater stability. Among these, line CNFC 16564 was the most stable. This behavior was confirmed in the graphical
analysis (Figure 3c) along with genotype IPR Campos Gerais (Figure 3d).

Once more the CNFC 16484 genotype stood out for yield in region II, but in the ‘Winter’ season (Table 3). The BRSMG Uai
achieved the best position among all materials for stability, whereas line CNFC 16497 stood out among cultivars, with the
lowest value compared to cultivars BRS FC402 and IPR Campos Gerais, for example. In the graphical representation, CNFC
16484 (Figure 3e) and IPR Campos Gerais (Figure 3f) obtained the best results.

The specific recommendation of genotypes for planting seasons and producing regions leads to better efficiency compared
to broad recommendations. Despite the safer indication of a broadly adaptable cultivar, taking advantage of the GxE
interaction to increase production efficiency favors the recommendation and indication of new cultivars.

Among all genotypes evaluated, line CNFC 16564 showed wide adaptability and a stable performance for the yield and 100-
grain mass, in addition to showing good performance for the other traits and adequate yields in regions [, I, and III. Due to
that, CNFC 16564 was the line chosen for launching as the new cultivar of Embrapa, registered with the National Cultivar
Registry (RNC) under the name BRS FC416 (Pereira et al, 2024). Due to the good performance for yield and specific
adaptability to region I, the highest producing region in Brazil, line CNFC 16567 was also launched as a new cultivar of
Embrapa, under the name BRS FC422 (Melo et al,, 2024).
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Table 3. Grain yield means (kg ha'1) of producing region I in the ‘Rains’ (REG I - R), and of region II in the ‘Rains’ (REG II -
R), and ‘Winter’ seasons (REG II - W) and estimates of adaptability (Zi) and phenotypic stability (CVZi), by the method of
Nunes et al. (2005).

Genotvpe REGI-R REGII-R REGII -W
typ REGI - R* Zi CVZi REGII - R* Zi CVZi REGII-W* Zi CVZi
ANFC09 3180 b 3.00 27.43 2352 a 3.34 25.85 2280 Db 2.52 25.85
BRS Estilo 3233b 3.02 30.89 2143 Db 2.93 37.66 2319b 2.59 47.32
BRS FC402 3469 a 3.55 23.87 2305a 3.15 22.01 2465 a 3.07 42.66
BRSMG Uai 3233b 3.02 37.40 2169 b 2.97 47.17 2514 a 3.14 19.76
IPR Campos Gerais 3541a 3.69 27.45 2475 a 3.53 30.40 2658 a 3.51 29.92
Pérola 3325b 3.36 23.96 2295a 3.10 29.25 2570 a 3.32 23.80
CNFC 16183 3070 c 2.71 29.29 2316a 3.32 30.04 2413 a 2.89 28.85
CNFC 16484 3049 c 2.64 2594 2215Db 2.99 3295 2687 a 3.62 25.06
CNFC 16495 2991 c 2.30 42.42 1853 ¢ 2.02 41.54 2533 a 3.11 29.79
CNFC 16496 3236Db 3.16 21.88 2111b 2.76 29.04 2462 a 3.01 34.73
CNFC 16497 3138 ¢ 2.72 32.48 1917 ¢ 2.18 30.42 2494 a 3.05 20.70
CNFC 16522 3304 b 3.11 20.39 2174 Db 2.90 26.08 2140 ¢ 2.22 36.57
CNFC 16548 2719d 1.80 43.20 1783 ¢ 1.94 51.05 1955 ¢ 1.67 35.57
CNFC 16558 3145 ¢ 290 31.93 2198 b 2.81 36.97 2307 b 2.58 38.73
CNFC 16561 3084 c 2.70 38.00 2303 a 3.26 16.95 2456 a 2.99 29.89
CNFC 16562 3366 a 3.62 30.73 2199b 2.94 19.74 2720 a 3.60 23.03
CNFC 16563 3180 b 3.10 30.54 2447 a 3.62 26.66 2601 a 3.34 30.42
CNFC 16564 3314 Db 3.33 28.71 2467 a 3.68 16.60 2604 a 3.34 27.74
CNFC 16566 3237b 3.05 23.67 2185Db 2.85 28.27 2287 b 2.54 21.98
CNFC 16567 3351a 3.43 28.82 2318 a 3.23 24.29 2566 a 3.23 27.89
CNFC 16611 3373 a 3.40 25.88 2486 a 3.78 26.92 2596 a 3.34 22.29
CNFC 16636 2957 ¢ 240 37.09 2124 b 2.71 22.24 2628 a 3.33 25.92
Mean 3204 2220 2466
* Means followed by the same letter do not differ significantly according to the Scott-Knott test at p < 0.05.
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Figure 3. Graphical representation of the performance of one cultivar (IPR Campos Gerais) and lines (CNFC 16567, CNFC
16564 and CNFC 16484) for the grain yield of common bean in region |, in the ‘Rains’ (REG I - R), and region I, in the ‘Rains’
(REG II - R) and “Winter” seasons (REG II - W), according to the methodology of Nunes et al. (2005). The circle represents
the mean of the environment (value of the constant associated with variable Z) and the axes represent each of the
environments evaluated.
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Material and methods

Experimental network, regional stratification, and trial management

The experiments were conducted in a Brazilian network for the evaluation of trials of Value for Cultivation and Use - VCU,
totaling 56 environments in the following States: Santa Catarina, Parana, Sdo Paulo, Minas Gerais, Mato Grosso, Mato Grosso
do Sul, Distrito Federal, Bahia, Sergipe, Pernambuco, and Alagoas, in 2018 and 2019, in the harvest seasons named ‘Rains,’
‘Drought,” and ‘Winter’. The composition of states in the four producing regions follows the regional characterization and
stratification proposed by Pereira et al. (2010a) (Figure 4). The greater representation of states within Regions I, I1, and III
reflects their importance in common bean production, as these states together account for more than 98% of Brazil’s total
common bean production (Embrapa Arroz e Feijao, 2023). The altitude ranged from 149 m to 1171 m, the latitude ranged
from 92 22’ 40” to 2725’ 42”, and the longitude ranged from 362 39’ 39” to 572 40’ 44”. The geographical coordinates from
all cities where the experiments were conducted are available in Table S1 to S4.

The experiments were composed of 16 elite lines (CNFC 16183, CNFC 16484, CNFC 16495, CNFC 16496, CNFC 16497, CNFC
16522, CNFC 16548, CNFC 16558, CNFC 16561, CNFC 16562, CNFC 16563, CNFC 16564, CNFC 16566, CNFC 16567, CNFC
16611 and CNFC 16636) from the common bean breeding program of the Brazilian Agricultural Research Corporation
(EMBRAPA), and six commercial cultivars (ANFC09, BRS Estilo, BRS FC402, BRSMG Uai, IPR Campos Gerais and Pérola) of
common bean widely used by farmers. The 22 genotypes were evaluated in Embrapa’s National Network of Common Bean
Final Trials for cultivar evaluation and release. The pedigree information of the genotypes is presented on Table S8. The
experimental design was in randomized blocks with three replications, with plots consisting of four lines of four meters,
and 12 seeds per linear meter spaced 0.45 to 0.50 m between rows. All agronomic practices were applied as per the
recommendations for the area.

Traits and phenotypic evaluation

The traits evaluated were the yield (GY), stored grain color (SGC), sieve yield (SY), and 100-grain mass (100M). The number
of trials in which each trait was evaluated, as well as their distribution across regions, is presented in Tables S5 and S9;
differences among traits resulted from logistical constraints within Embrapa’s multi-environment trial network. The yield
was estimated by harvesting the two central rows of each plot, whose grains were weighed and the moisture corrected to
13%.

The evaluation of stored grain color was performed using a grade scale from one to five, 90 days after sowing. The grains
were stored in a controlled environment (cold room). The evaluation method for SGC was proposed by Silva et al. (2008),
adapted by Silva et al. (2014), and used for common bean by Dias et al. (2021) and Pereira etal. (2021): grade 1 corresponds
to grains with a very light beige background and light brown streaks; grade 2 corresponds to grains with a light beige
background and light brown streaks; grade 3 corresponds to a beige grain background or with brown streaks; grade 4
corresponds to a grain background with a dark beige/grayish color or with dark brown streaks; grade 5 corresponds to a
very dark beige grain background or with very dark brown streaks, showing a non-commercial pattern.

Commercial grain quality was determined using 300 g of seeds per sample. A sieve with oblong holes (4.5-mm thick and 22-
mm long) was used, and the grains retained in the mesh were weighed. Then, the value obtained was divided by the initial
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value of the sample to obtain the sieve yield, expressed in percentage. Then, the grains used to determine the sieve yield
were used to obtain the 100-grain mass (expressed in grams) using a precision balance.

Statistical analysis

The data obtained for each trait were subjected to individual and joint analysis of variance, where the genotype effect was
considered fixed and the environment random. For the individual analysis within each environment, the following
randomized complete block design model was fitted (Eq. 1):

Yij =41 + gi+b; + e; (Eq. 1)

where y;; is the observation of the i-th genotype in the j-th block; u is the overall mean of the trial; g; is the fixed effect of
the i-th genotype (i = 1, ..., G); by, is the effect of the k-th block (k = 1, ..., B); and e;j is the random residual error. When
blocks are regarded as random, b, ~ N(0,0) and ey ~ N(0,02).

For the combined analysis across environments, the following mixed model was fitted (Eq. 2):

Yijk = U + by +9i + a4 + (ga);; + ey (Eq.2)

where y;, is the observation of the i-th genotype in the k-th block within the j-th environment; u is the overall mean; g; is
the fixed effect of the i-th genotype (i = 1, ..., G); a; is the random effect of the j-th environment (j = 1, ..., A); by(;) is the
random effect of the k-th block nested within the j-th environment (k =1, ...,B]-); (ga);j is the random genotype-by-
environment interaction effect; and e,y is the random residual error. The random effects were assumed to be independent
and normally distributed, with a; ~ N(0,02), by¢;y ~ N(0,6%4)), (9a)i; ~ N(0,02,), and e; ;5 ~ N(0,52).

Joint analysis of variance was carried out by observing the homogeneity of variances, corrected using the 7:1 ratio of the
residual mean squares, as reported by Pimentel-Gomes (2000).

Selection accuracy (AS) was determined according to Resende and Duarte (2007). For the interpretation of the values and
limits of the selection accuracy class, the following scale was used for the accuracy classes, according to Resende and Duarte
(2007):20.90, very high; <0.90 and =0.70, high; <0.70 and 20.50, moderate; and <0.50 low. The means were compared using
the Scott-Knott test, at 5% probability (Scott and knott, 1974).

Stability and adaptability were measured for the traits and the decompositions of regions and seasons that had a set of more
than five assays. The decomposition of crop seasons within regions was defined based on the importance of each growing
season for common bean production: region I, ‘rains’ season; region II, ‘rains’ and ‘winter’ seasons; and region III, a single
growing season.

The method of Nunes et al. (2005) was employed, in which the means of the genotypes in each environment are
standardized using the following expression (Eq. 3):

Zy === (Eq.3)
Where: Z;;: value of the standardized variable corresponding to genotype i in environment j; x;;: mean of genotype i in

environmentj; (i=1,2,..,n); (j=1,2,..,n); E_]-: mean of the environmentj; (j=1, 2, .., n); S phenotypic standard deviation.
The phenotypic standard deviation can be obtained by the following expression (Eq. 4):

x:i—x )2
i=1 (xut%ﬂ (Eq. 4)
The values of the standardized variable z;;were used to construct graphs for each genotype, with the dimensions of the axes
(environments) corresponding to the values of each genotype i in environment j. The visualization of the graphs was
standardized to evaluate the best line and control.
All statistical analyses were performed using the software R (R Core Team, 2024) and GENES (Cruz, 2016).

Conclusions

There was a significant GxE interaction for all traits in the three regions (I, II, and III).

Line CNFC 16567 was launched for region I and II under the name BRS FC422, due to its yield and wide adaptability.

Line CNFC 16564 was launched and recommended for all producing regions under the name BRS FC416, due to its good
performance for grain quality and yield, with stability and wide adaptability.
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