CROP BREEDING AND
APPLIED BIOTECHNOLOGY

ARTICLE e

H H 3 H H Crop Breeding and Applied Biotechnology
Genojcype_x env!rpnrr_]ent interaction in the iron 23(2): 043782321, 2023
and zinc biofortification of common bean grains Brazilian Society of Plant Breeding.

Printed in Brazil

. * http://dx.doi.org/10.1590/1984-
1
Gustavo Ligarreto 70332023v23n2a13

Abstract: Bean breeding programs have focused on the generation of early
bush cultivars with higher yields, commercial acceptance and resistance to
crop-limiting diseases. This study prioritized the nutritional quality in terms
of iron (Fe) and zinc (Zn) content in bean grains grown in three high tropical
environments. Two bush bean cultivars and five climbing bean cultivars were
evaluated. The mineral content of the grains was determined with atomic ab-
sorption spectroscopy. The results indicated that the bush genotypes Bacatd
and Bianca are biofortified with Fe and Zn and the climbing cultivar Sutagao is
biofortified with Zn. Statistical differences were found between genotypes (G),
environments (E) and GxE interactions. According to the AMMI stability value
(ASV), the cultivars Sutagao, Bianca and Iraca were stable, whereas Bacatd,
which was the one with the highest nutritional quality, was moderately stable.
The Simijaca environment showed an adequate edaphic contribution to bean
production with nutritional quality.

Keywords: Grain quality traits, multi-environment, SREG, AMMI stability val-
ue, stability index

INTRODUCTION

The global deficiency of micronutrients iron (Fe) and zinc (Zn) is a
moderate to severe public health problem since it causes anemia and
immunodeficiency disorders that limit a person’s ability to work and
affects more than two billion people worldwide, that is, about 33% of
the human population (Rehman et al. 2021). Therefore, this deficiency
is a prevalent health concern in developing countries (Blair et al. 2009,
Powers and Thavarajah 2019). The main sources of these minerals are
foods with animal origin; however, because of their high cost, low-income
populations cannot afford them, but the consumption of common beans,
which is a cheap source for preventing mineral deficiency, is an option
(Andrade et al. 2012). *Corresponding author:
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reduced work performance and productivity, which ultimately affects national economies (Astudillo and Blair 2008,
Katuuramu et al. 2021).

Common bean cultivars vary in grain mineral accumulation, with iron concentrations ranging from 30 to 120 ppm
and zinc concentrations ranging from 20 to 60 ppm (Islam et al. 2002). The range of mineral accumulation in the two
gene pools of the Andean and Mesoamerican common bean is similar, although many Andean beans or hybrids between
gene pools have a higher iron concentration than Mesoamerican beans (Islam et al. 2002).

Iron is available in abundance in almost all types of soils and can be absorbed by plants through the reduction of
Fe® to Fe?* or via chelation of iron ions; the latter strategy is also used for Zn. The concentrations of micronutrients Fe
and Zn in the grain are influenced by environmental conditions and by genotype. Therefore, extensive knowledge will
aid the development of improved cultivars that maintain higher concentrations of micronutrients in grains in adverse
environments (Waters and Sankaran 2011, Stanton et al. 2021, Portilla et al. 2022).

In previous studies for agricultural practices, Astudillo and Blair (2008) determined that the concentration of iron in
bean grains increased with applications of phosphorus, but, for zinc, there were no significant responses when compared
to the controls. In other studies, Andrade et al. (2013) reported genetic control for the concentrations of Fe and Zn
in bean grains, where expression was mainly of the variance of dominance for Fe, and the additive allelic interaction
explained the variation between genotypes for Zn. Glahn and Noh (2021), in turn, suggest that higher Fe concentration in
beans does not always equate to higher uptake, that there is a strong effect of environment and genotype-environment
interaction on Fe concentration and that there are few studies addressing composition of nutrients in soils, environmental
factors and the stability of the genotype in the environments.

The novelty of this study is given by: 1. Prioritizing climbing beans, whose cultivation, according to studies by Katungi
et al. (2018), has contributed in tropical countries to improving the well-being of poor farmer households, 2. It is one of
the few works carried out in the world on nutritional quality related to microminerals (Fe and Zn) in climbing beans and 3.
Itis one of the few investigations that address the genotype x environment interaction in the nutritional quality of beans.

MATERIAL AND METHODS

Environment assessments

This study was carried out in 2016 and 2017 in three environments in the Andean zone, in the Ubaté and Guavio
regions of the Department of Cundinamarca, Colombia. In the Ubaté region, sowing was carried out in the municipality
of Simijaca (lat 5° 30" 36.3” N, long 73° 51’ 28.0” W, alt 2,554 m asl), with 382 mm of precipitation during the 180-day
cultivation cycle, with an average temperature of 14.2 2C during the months of February and August 2016. The rainy
season begins in February, and the dry season starts in August, when farmers sow bean crops. Sowing was also done in
the Guavio region, in the municipalities of Gama (lat 4° 44’ 22.60” N, long 73° 35’ 36.19” W, alt 2,350 m asl), with 454
mm of precipitation during the crop cycle and a temperature of 18.6 2C, and Gachala (lat 4° 39’ 45.37” N, long 73° 30’
58.28” W, alt 1,800 m asl), with 781 mm of rainfall and an average temperature of 18.2 2C during the months of August
2016 to February 2017, which was the dry season.

Description of the soils

Table 1 shows the results of the soil analyses for the farms where the experimental bean plots were established. In
general, the soils had a high content of organic matter, with clayey and loamy clay textures. However, they were acidic,
with a pH lower than or equal to 5.3, creating low availability and deficiencies of elements such as P, Ca and Mg for
plants (Restrepo et al. 2017). The Simijaca soil in the Ubaté region had high levels of N, P, K, Ca, Mg, Zn, and Fe, while in
the Gama and Gachala environments, the soils had deficiencies of P, Mg, Zn, Cu, Mn, and B and high Al contents. There
was a high Ca/Mg ratio in Gachala.

Bean cultivars

Seven improved bean cultivars delivered to farmers in Colombia in 2016 were evaluated, which have been widely
accepted by producers from small cultivation areas; including two bush cultivars (habit 1), called Bacatd (Red kidney,
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Radical Cerinza type) and Bianca (white grain), and five climbing or indeterminate habit cultivars: (habit IV) Chie, Hunza,
Iraca and Sutagao, with red grains (Red round shape, Bola Rojo type), and Serrania, with pinto grains (Cargamanto Rojo
type). They are commercial-type grains for the American market, large grain with a weight of 100 grains greater than
66 g (Ligarreto-Moreno and Pimentel-Ladino 2022).

Planting systems

The seeds were sown in plots with three rows with 7 linear meters; the experimental design used was randomized
complete blocks with three replications. Densities of 62,500 plants ha* were used for cultivars with growth habit | and
densities of 30,300 plants ha* were used for cultivars with growth habit IV, according to the distances used by producers.
The harvest in Simijaca with type | beans was carried out 135 days after sowing (DAS) and from 155 to 180 DAS in types
IV. In Gama and Gachal3, it was done at 120 DAS and 155 DAS, respectively. Thirty days before sowing, a pH correction
was made to 5.3 in the Gama and Gachala environments with a dolomite lime dose of 5.7 kg plot™ (2 t ha'). At 30 days
after emergence (DAE), when weeding and hilling was carried out, the plants were fertilized with a physical mixture
of edaphic fertilizers: i) Di-ammonium phosphate (DAP) at a dose of 1.1 g plant? (70 kg ha), ii) Urea at a dose of 1.2 g
plant™ (80 kg ha) and iii) potassium chloride at a dose of 0.8 g plant? (50 kg ha?). No irrigation was used.

Grain nutritional quality analysis

When the cultivars reached maturity in each central row of the plots, the plants were harvested and shelled manually
to minimize any contamination by metals and soil; seeds were hand sorted to remove any impurities such as immature,
wrinkled, discolored, or damaged seed and stored in a humidity-controlled cold room (4 °C; 75 % relative humidity)
(Glahn et al. 2020). For each bean cultivar, Fe and Zn were quantified with a 5 g seed sample that was washed, dried in
an oven at 50 °C, and ground in a Retsch mill (Haan, Germany), modified with Teflon chambers and zirconium pellets
without the use of metal pieces to avoid contamination. The sample was then transferred to 30 mL plastic containers for
storage in a chamber at 20 °C. The concentration of the minerals was determined with atomic absorption spectroscopy
(AAS), measured in mg kg?, in a Unicam Solaar 969 (Burladingen, Germany) in the Laboratory of Analytical Services at
CIAT, Palmira. To determine the homogeneity of the samples, two subsamples of the ground powder were evaluated.
The readings were compared to standard curves prepared from iron diluted to a concentration of 100 mg L* and zinc
diluted to 50 mg L.

Statistical analysis

The Pearson degree of association (r) was estimated between the averages of the Fe and Zn contents of the bean
grains with the soil nutrients of the three environments and with the average yield. An analysis of variance by environment
and combined for environments was used to show the contribution of genotypes, localities and interaction. In the
analyses by environment, the effects of blocks and genotypes (G) were fixed effects, and, in the combined analyses, the
genotypes were fixed, and the effects of the environments (E) were random. The comparison of the means was carried
out using the Tukey test (P<0.05).

The genotype and environment interaction (GxE) and the analyses of phenotypic stability and identification of the
representative environments were carried out with the regression model of SREG environments, which, according to
Ligarreto-Moreno and Pimentel-Ladino (2022), provides greater discrimination of genotypes by environment than the
AMMI model. SREG generates a biplot that contains the effects of G plus the effects of the GxE interaction, which is
why it is called a “GGE biplot”. The AMMI stability value (ASV) was calculated, as suggested by Purchase et al. (2000),
and the stability index for Fe and Zn (MSI) was adapted from the yield stability index (YSI), as proposed by Bose et al.
(2014). Statistical software R (RStudio 2014) was used through an application developed by the International Maize and
Wheat Improvement Center (CIMMYT), called GEA-R (genotype x environment analysis with R for Windows) Version
4.1 (Pacheco et al. 2015).

RESULTS AND DISCUSSION

The degrees of association between the nutritional elements of the soil and the contents of Fe and Zn in the grains
were mostly positive, except OC, N, Al and the Ca/Mg ratio, which were negative. With grain yield, the association was
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negative with Fe and positive with Zn, while the correlation between the Fe and Zn mineral contents in the grains was
positive (Table 1).

The Fe levels in the soils of the three environments were above the optimal level of 80 ppm (Tofifio-Rivera et al. 2016).
For Zn, only Simijaca exceeded the optimal level (8 ppm). This characteristic of the local environment directly affected
the nutritional contents of these minerals in the bean grain, since the properties of the chemical composition of the soil
and the climatic patterns influence the absorption of nutrients in the plants, by affecting the solubility and availability of
nutrients in the root zone (Katuuramu et al. 2021). There was a significant association of Fe and Zn in the grain with the
Fe and Zn present in the soil, a result that coincides with what was found by Katuuramu et al. (2021) in a study of nine
farms in Uganda, of which bean seeds with high average Fe and Zn also had the highest average Fe and Zn in soil over
two field seasons. This behavior is also consistent with what was reported by Moraghan et al. (2002), who report that
the characteristics of the soil and the genotype affect the accumulation of minerals in the seed. The content of P in the
soil, which was higher in Simijaca with 45.30 ppm versus 1.63 and 17.30 ppm in the Gama and Gachala environments,
respectively, may be another factor in the increase in concentrations of Fe and Zn in the grains, which showed a positive
correlation (r), as also reported by Astudillo and Blair (2008).

The positive and significant associations (r) of several of the soil chemical parameters in this study with the nutritional
contents of Fe and Zn in the grains may indicate that the latter are markedly influenced by the conditions of the cultivation,
such as soil fertility, as reported for beans by other authors in Brazil (Silva et al. 2012, Brigide et al. 2014). Moraghan
et al. (2002) showed that the characteristics of the soil and genotype affect the accumulation of iron in grains. Thus,
beans produced in soils with pH 6.0 contain 25% more Fe in the grains than those produced in calcareous soils with pH
8.2. This result is consistent with Tofifio-Rivera et al. (2016), who indicates that the agronomic and nutritional behavior
of biofortified products is associated with the characteristics of soils with a slightly acidic pH, moderate availability of
Fe and Zn, and a medium to high content of organic matter, and with Astudillo and Blair (2008), who showed that the
availability of K influences the stimulation of root growth and the populations of microorganisms that contribute to the
mobility and capture of minerals by plants.

Table 1. Physicochemical parameters of soils from three environments in the high tropics with correlations with yield and mineral
content in bean grains

) ) Location Correlation (r)
Variable Unit — - - - - -
Simijaca Gama Gachala Fe in grain Zn in grain
Texture Clay Loam Clay loam
pH 5.30 4.50 4.70 +* +
oct % 6.37 12.10 6.75 - -
% 0.55 1.04 0.58 - -
P mg kg 45.30 1.63 17.30 + +
K meq 100 g 2.26 0.54 0.47 + K
Ca meq 100 g 8.52 3.08 7.34 + +
Mg meq 100 g 4.93 1.06 1.11 + +*
Fe mg kg* 393 191 220 +* +
Zn mg kg! 9.18 0.59 0.99 + +*
Na meq 100 g 0.54 0.10 0.07 + +*
Al meq 100 g 0.35 5.29 2.11 - -
ECEC meq 100 g 16.60 10.10 11.10 +* +
Cu mg kg! 0.92 0.16 0.75 + +
Mn mg kg* 13.80 3.67 2.42 + +*
B mg kg* 0.31 <0.12 <0.12 + +*
Ca/Mg 1.73 291 6.61 - -
Grain yield that 3.34 3.12 2.67 -0.60%* 0.21
Fe in grain mg kg! 0.41

10C = oxidizable organic carbon; N: high = > 0.50, medium = 0.25-0.50; P: high = > 40, medium = 20-40; K: high = 0.35, medium = 0.15-0.35; Ca: high => 6, medium = 3-6; M
g: = high=>2.5, medium = 1.5-2.5; Fe: high = > 20, medium = 10.1-20; Zn: high = > 3, medium = 1.6-3; Cu: high = > 3, medium = 1.1-3; Mn: high = >10, medium = 5.1-10; B:
high => 0.6, medium = 0.26-0.6; ECEC = effective cation exchange capacity; + - = positive and negative correlation; *, ** = significant at P < 0.05 and P < 0.01, respectively.
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The association between Fe and Zn in the grain that was positive with r =0.41 is similar to that reported in previous
studies (Moraghan et al. 2002, Blair et al. 2009, Katuuramu et al. 2021), which can be useful in the development of
common bean varieties that have high concentrations of Fe and Zn in the seeds. According to Katuuramu et al. (2021),
this association between Fe and Zn may be because there is a similar genetic control of transport of minerals in plants
and their final accumulation in seeds.

The negative or low correlation between the contents of Fe and Zn in the grains with yield, as well as the low association
between the contents of Fe and Zn in the grains, have also been reported by other authors, such as Phuke et al. (2017).
Good grain filling leads to high yield, likely with a diluting effect on grain Fe and Zn, causing opposite associations (Portilla
et al. 2022). However, greater knowledge is needed on factors that affect the accumulation of microminerals in grains,
and cultivars should be tested in various environments to obtain good estimators of the degrees of association and to
determine local adaptation for new biofortified varieties (Andrade et al. 2013, Portilla et al. 2022).

There were highly significant statistical differences (P<0.01) between the evaluation environments, between the
cultivars, and for the GxE interaction in the Fe and Zn contents in the grains (Table 2). The overall average of the minerals
in the grains was 61.02 ppm for Fe and 34.58 ppm for Zn.

Table 2 shows the comparison of averages, where the Simijaca environment was the most favorable for beans with a
greater amount of Fe and Zn, with averages of 66.51 and 39.29 ppm, respectively, with statistically significant differences
in the Gama and Gachala environments, which in turn did not show statistical differences.

The significant differences in Fe and Zn minerals between the grains of the genotypes indicated variability in the
bean cultivars for biofortification, as reported by Andrade et al. (2012), who found significant differences, especially
for Mn, Zn and Fe, in the bean germplasm from Brazil, attributing such differences to the effect of genotypes and
the environment. Beans with a bush habit stood out for their high contents of Fe and Zn, while those with a climbing
habit stood out for their high Zn content. The high concentrations of Fe and Zn in the grains of the Bacatd and Bianca
cultivars with an Andean origin were attributed to the fact that they have the ICA Cerinza cultivar as their common

Table 2. SREG, AMMI variance components and averages of the concentration of Fe and Zn in grains by bean cultivar and evaluated
environments

L. SREG, Mean squares AMMI, Mean squares

Sources of variation df
Fe Zn Fe Zn
Environment (E) 2 493.96%* 349.60** 493.96** 349.60**
Genotype (G) 6 758.78%* 20.09%* 758.78%* 20.09%*
GxE 12 68.92%* 10.45** 68.92** 10.45**
IPCA1 7 752.57** 22.00%* 109.24%* 13.54**
IPCA2 5 12.50 12.65%* 12.47 6.10
IPCA3 3 16.43 9.52%* 0.00 0.00
Residuals 42 7.25 3.33 7.25 3.13
Fe (mg kg™ Zn (mg kg?)

Genotype Simijaca Gama Gachala Simijaca Gama Gachala
Bacata 94.00 a* 67.63 a 71.07 a 39.90 ab 30.70 de 30.93 bed
Bianca 73.27b 63.27 b 63.57 b 40.83a 32.20 bed 30.33 cd
Chie 59.40d 53.83d 58.63 bc 36.00 b 33.80 abc 33.7 abc
Hunza 47.77 e 4743 e 48.37d 39.13 ab 28.50e 29.53d
Iraca 60.97 cd 55.80 cd 56.87 ¢ 39.97 ab 31.73 cd 33.90 ab
Serrania 64.50 cd 58.13 ¢ 55.93 ¢ 38.00 ab 34.70 ab 30.93 bed
Sutagao 65.67 ¢ 55.07 cd 60.30 bc 41.20a 35.30a 35.50a
Mean 66.51 a? 57.31b 59.25b 39.29a 32.41b 32.04b
Overall mean (mg kg?) 61.02 34.58

*, ** = significant at P < 0.05 and P < 0.01, respectively. * Means of the same column with the same letter do not show significant differences according to Tukey’s test at
P < 0.05. > Means of the same row with the same letter do not show significant differences according to Tukey’s test at P < 0.05.
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Table 3. Classification of seven bean genotypes according to the average concentration of Fe and Zn in the grains, AMMI stability
value (ASV), and mineral stability index (MSI)

Genotype Mean [\ (o IPCA1 IPCA2 ASV RASV MmSI MSI rank
Fe (mg kg*)

Bacatd 77.57 a* 1 -1.000 -0.060 12.27 7 8 4
Bianca 66.70 b 2 -0.100 0.160 1.24 3 5 2
Chie 57.29d 6 0.300 -0.300 3.69 5 11 6
Hunza 47.86¢e 7 0.500 0.060 6.13 6 13 7
Iraca 57.88 cd 5 0.220 0.080 2.70 4 9 5
Serrania 59.52 cd 4 0.060 0.400 0.84 2 6 3
Sutagao 60.34 ¢ 3 0.020 -0.340 0.42 1 4 1
Zn (mgkg™)

Bacatd 33.84 bc 6 -0.460 0.000 1.43 3 9 5
Bianca 34.45b 4 -0.460 0.560 1.53 4 8 3
Chie 34.32b 5 1.000 -0.260 3.12 7 12 6
Hunza 32.39¢ 7 -0.740 -0.140 2.30 6 13 7
Iraca 35.20b 2 -0.140 -0.620 0.76 1 3 2
Serrania 3454 b 3 0.560 0.720 1.88 5 8 4
Sutagao 37.33a 1 0.260 -0.240 0.84 2 3 1

MC = mineral classification (Fe and Zn) in all environments, IPCA1 score = interaction principal component axis one score, IPCA2 score = interaction principal component
axis two score, ASV = AMMI stability value, RASV = ranking of the ASV, and MSI = mineral stability index (Fe and Zn). ! By nutrient, means of the same column with the
same letter do not show significant differences according to Tukey’s test at P < 0.05.

parent, documented as biofortified with the two minerals (Astudillo and Blair 2008). Something additional is the color
of the seed of the Bianca cultivar since, according to Katuuramu et al. (2021), yellow and white seeds have a higher
bioavailable Fe value for human health. The lower Fe bioavailability in red common bean grains is associated with the
presence of tannins in the grain coat.

The Bacata and Bianca cultivars, with a bush growth habit, had higher Fe contents, which, in turn, differed statistically
from each other and from the other cultivars. Bacata reached an average of 77.57 ppm, which is why it is considered a
biofortified grain for Fe according to Brigide et al. (2014) (Tables 2 and 3). Meanwhile, the cultivars with climbing growth
habits showed averages between 47.86 and 60.34 ppm, with the Hunza cultivar having the lowest value, and Sutagao
having the highest value. For the Simijaca environment, the cultivars showed high Fe contents in the grains, except Hunza.

The concentration of Zn in the grains had averages that were similar among the cultivars, varying between 37.33
ppm in Sutagao and 32.39 in Hunza. The bush cultivars Bacata and Bianca had an intermediate behavior, similar to other
cultivars, with 33.84 and 34.45 ppm of Zn, respectively (Table 3). For the differential behavior of the cultivars in the three
environments, the concentration of Zn in the bean grains was higher in the Simijaca environment, as seen for Fe, with
values between 36.00 ppm in Chie and 41.20 ppm in Sutagao, as compared to Gama and Gachal3, with average values
of 32.41 and 32.04 ppm, respectively (Table 2). The average grain yields of the three environments were 1.90, 1.77
and 3.03 t ha™ for Bacatd, Bianca and Sutagao, respectively, data reported by Ligarreto-Moreno and Pimentel-Ladino
(2022), and higher yields were seen in the Simijaca environment with 3.34 t ha?, with 3.12 t ha? in Gama and 2.67 t
ha?in Gachala (Table 1).

The climbing bean cultivars Chie, Iraca, Serrania and Sutagao, which are hybrids of Bola Rojo and Cargamanto Rojo
with an Andean origin and G2333 with a Mesoamerican origin, showed better contents of Fe and Zn than the Andean
cultivar Hunza, without a response to the accumulation of Fe in the grains. This is an important result for producers and
consumers because, in the group of Andean x Mesoamerican hybrid gene pool cultivars, the characteristics of resistance
to anthracnose and high yield provided by the Mesoamerican parent G2333 are combined with the good amount of Fe
and Zn and the commercial quality of large grains from the parents Bola Rojo and Cargamanto Rojo from the northern
Andean gene pool, as reported by Islam et al. (2002) for iron concentration and resistance to anthracnose in beans, and
by Tamayo-Vélez et al. (2020) for biofortified NUA, CAL, MAC and AFR genotypes developed by CIAT. Islam et al. (2002)
mention that the red or red speckled bean genotypes, especially from the Andean gene pool, have been previously
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reported to accumulate more Fe in the seeds than other
types of beans in the markets, with the disadvantage of
having less bioavailability of Fe, but it can deliver more
absorbable Fe if served with certain foods in the diet,
since Fe release and absorption is often a function of other
nutrients present in the food matrix (Glahn et al. 2020).

In the GGE biplot of Figure 1A, the vertex genotypes of
the polygon are: 1-Bacata, 7-Sutagao, 3-Chie, 4-Hunza and
6-Serrania, and the dotted and perpendicular lines on each
side of the polygon make up the sectors for each genotype
vertex. The three Simijaca, Gama and Gachald environments
are found in a single sector with vertex 1 genotype (Bacata).
Therefore, the Bacatd genotype was the best for Fe content
in the three environments, showing the highest absolute
value in the PC1 coordinate. In contrast, the Hunza genotype
of the opposite vertex had the lowest concentration of Fe,
followed by the Chie and Iraca genotypes. The Bacata and
Iraca genotypes were stable in all environments because
they had a small absolute value in the PC2 coordinate, and
the Bianca, Sutagao and Serrania genotypes formed a second
group with less stability, but with a good concentration of
Fe in the grains. For environments, Simijaca was the most
discriminating because of its higher absolute value of PC1
and lower contribution in PC2.

Figure 1B shows that the vertex genotypes of the polygon
are: 4-Hunza, 3-Chie, 7-Sutagao and 2-Bianca, and there
is a sector with the Sutagao vertex genotype for the three
environments. The contrasting genotypes for Zn were
the extremes, with Sutagao with a higher concentration,
which was unstable in the environments, and Hunza with
the lowest Zn in the grains, which was not adapted to the
environments. The Bacata, Bianca and Iraca cultivars were
more stable in all environments, of which Iraca had a high
average Zn concentration (37.33). The Chie and Serrania
genotypes showed a high Zn average, but were unstable
because of their higher absolute value in the PC2 coordinate.
The Gama and Simijaca environments showed a higher
absolute value in PC1, but differed from each other, where
Simijaca had a greater contribution to the PC2 coordinate.
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Figure 1. GGE Biplot for biofortified grains from bean cultivars
in different environments, A. Fe concentration (mg kg-1), B. Zn
concentration (mg kg-1).

The AMMI biplot for Fe content (Figure 2A), unlike the GGE biplot (Figure 1A), shows that the three environments
Simijaca, Gama and Gachala are found in different sectors, where the Bacata genotype has a high correlation with the
Simijaca environment and Chie has a good correlation with the Gachala environment. The Bacata genotype was the best
in Fe content in the three environments, showing the highest absolute value in the PC1 coordinate, and together with the
Iraca cultivar, they were the most stable in all environments, showing the lowest absolute value in the PC2 coordinate.

In the AMMI case, for the Zn content, it can be seen in Figure 2B that the three environments appear in different
sectors with the Hunza genotype as the vertex of the polygon in the Simijaca environment, the Serrania cultivar as the
vertex in the Gama environment, and Chie in Gachala. A contrast was found with the GGE Biplot (Figure 1B) in that
the cultivar Sutagao in AMMI was stable in the three environments and Hunza with low Zn in the grain was stable in
the Simijaca environment. There was a coincidence with the GGE biplot in that Simijaca was the most discriminating
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environment due to its longer vector in PC1 and lesser
contribution in PC2.

According to the stability value of the additive main effect
and the AMMI multiplicative interaction (ASV), the lowest
Fe value in the grains was that of Sutagao, indicating that it
was the most stable for Fe but was the second most stable
in the three environments for Zn. Chie and Hunza were
more unstable (Table 3). The sum of the classifications of
the mineral content (MC) and the stability of AMMI (RASV)
classified Sutagao, Bianca and Iraca as stable genotypes,
and Bacatd, which had the highest nutritional quality, -
as moderately stable (Table 3). This finding contributes S
to the permanent understanding of the interaction
between genotypes and the environment for more reliable
recommendations for producers (Balestre et al. 2009, Bose ;
et al. 2014, Ligarreto-Moreno and Pimentel-Ladino 2022). T T T T
However, as suggested by Glahn et al. (2020) in the case -1.0 -05 0.0 05 10
of bean biofortification with high Fe content, the release PC1 (92.46%)
of cultivars with high Fe content is not enough; it is also
necessary to quantify bioavailability to ensure additional
dietary Fe in consumption.
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Genetic biofortification for iron and zinc contents is a
complex trait that can be offered in new improved bean
cultivars since it is dependent on genetic and environmental
factors and the GxE interaction. Among the seven evaluated
genotypes, the bush cultivars Bacata and Bianca were
biofortified with Fe and Zn, and the climbing cultivar
Sutagao was biofortified with Zn. These cultivars should ; L
be promoted in markets since they enrich the basic diet ki il
of people and, because of their genetic potential for high ", Gachals
yields and resistance to anthracnose, are an option for use d k
by producers with limited land. The Simijaca environment
was favorable, with an edaphic supply for the production of -10 -05 00 05
beans with good nutritional quality. The Gama and Gachala PC1 (75.65%)
environments need fertilization with micronutrients and
major elements that increase biofortification levels.

PC2 (24.35%)
0.0

-05

|
£
&

FERE

NV B W N
£

Nk

0

Figure 2. AMMI Biplot for biofortified grains from bean culti-
vars in different environments, A. Fe concentration (mg kg-1),
B. Zn concentration (mg kg-1).
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