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Abstract — The objective of this work was to evaluate the main differences in the genetic control of the
iron concentration in Mesoamerican and Andean common bean seeds, in early generations, and to select
recombinants with a high iron concentration in the seeds. F,, F; reciprocal, F,, F, reciprocal, and backcross
(BCy; and BC),) generations were produced by crosses between Mesoamerican (CNFP 10104 x CHC 01-175)
and Andean (Cal 96 x Hooter) inbred lines. The expression of significant maternal effect was observed for the
Mesoamerican gene pool. Iron concentration was higher in the seed coat of Mesoamerican common bean seeds
(54.61 to 67.92%) and in the embryo of Andean common bean seeds (69.40 to 73.44%). High broad-sense
heritability was obtained for iron concentration in Mesoamerican and Andean common bean seeds. Gains
with the selection of higher magnitude, from 20.39 to 24.58%, are expected in Mesoamerican common bean
seeds. Iron concentration in common bean seeds showed a continuous distribution in F,, which is characteristic
of quantitative inheritance in Mesoamerican and Andean common bean seeds. Recombinants with high iron
concentration in seeds can be selected in both Mesoamerican and Andean common bean hybrids.

Index terms: Phaseolus vulgaris, biofortification, gain with selection, inheritance pattern, iron accumulation,
maternal effect.

Controle genético da concentragao de ferro em sementes
de feijao comum mesoamericano e andino

Resumo — O objetivo deste trabalho foi avaliar as principais diferengas no controle genético da concentragdo de
ferro em sementes de feijao comum mesoamericano e andino, em geragdes precoces, € selecionar recombinantes
com alta concentrag¢do de ferro nas sementes. Foram obtidas as geragoes F;, F, reciproco, F,, F, reciproco e
de retrocruzamentos (RC,; e RC),), a partir de cruzamentos entre linhagens mesoamericanas (CNFP 10104
x CHC 01-175) e andinas (Cal 96 x Hooter). A expressdo de efeito materno significativo foi observada no
grupo génico mesoamericano. A concentragdo de ferro foi maior no tegumento das sementes de feijao comum
mesoamericano (54,61 a 67,92%) e no embrido das sementes de feijado comum andino (69,40 a 73,44%).
Alta estimativa de herdabilidade no sentido amplo foi obtida para a concentragdo de ferro em sementes de
feijdo comum mesoamericano e andino. Ganhos com a selegdo de maior magnitude, de 20,39 a 24,58%, séo
esperados nas sementes de feijdo comum mesoamericano. A concentragdo de ferro nas sementes de feijao
comum apresentou distribui¢do continua em F», o que € caracteristico de heranga quantitativa em feijdo comum
mesoamericano ¢ andino. Recombinantes com alta concentragio de ferro nas sementes podem ser selecionados
nos hibridos de feijao comum mesoamericano e andino.

Termos para indexagao: Phaseolus vulgaris, biofortificagdo, ganho com a selegdo, padrdo de heranga, acimulo
de ferro, efeito materno.

Introduction and Andean common bean seeds have a large genetic

variability for iron, and values from 29 to 159 mg kg’

The development of common bean cultivars  dry matter (DM) have been reported (Blair et al., 2009;

biofortified for iron meets the global demand for food that ~ Blair et al., 2010a, 2010b; Jost et al., 2013; Ribeiro et al.,

can be used to combat anemia, which affects 1.62 billion =~ 2014a, 2014b), which allows for the selection and use
people worldwide (Benoist et al., 2008). Mesoamerican  of iron-rich cultivars for human consumption.
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However, the distribution of iron in the embryo
and seed coat fractions of common bean seeds varies
among gene pools and between lines of the same
gene pool (Moraghan et al., 2002; Ariza-Nieto et al.,
2007; Cvitanich et al., 2010; Ribeiro et al., 2012;
Blair et al., 2013). This has direct consequences
on iron bioavailability for the human organism
(Lombardi-Boccia et al., 1995), in deciding when to
start the process of selection of superior lines (Jost et al.,
2009) and to determine the initial vigor of common
bean seeds (Moraghan et al., 2002). Therefore, it is
important to know the location of iron in the embryo
and seed coat fractions, and to investigate if there is
an expression of maternal effect for iron concentration,
as already noted for Mesoamerican common bean
seeds (Jost et al., 2009; Silva et al., 2013). For Andean
common bean, research on the significant maternal
effect for iron concentration in seeds was not found in
the literature.

The inheritance pattern of the iron concentration
in Mesoamerican and Andean common bean seeds
is quantitative, since continuous distribution was
observed among lines in the F; (Ribeiro et al., 2014a),
F7.1; (Blair et al., 2009), and F;, (Blair et al., 2010b)
generations. However, in early generations, no data on
the type of frequency distribution for iron concentration
was found for common bean seeds. In Mesoamerican
common bean seeds, narrow-sense heritability for
iron concentration was of an intermediate to a high
magnitude in the F, generation (Jost et al., 2009).
Therefore, the additive gene effect is predominant
(Jost et al., 2009) and there are prospects of fixing
the high iron concentration in common bean seeds
in advanced generations. However, the study of iron
concentration inheritance in Andean common bean
seeds is unprecedented in the literature.

The objective of this work was to evaluate the
main differences in the genetic control of the iron
concentration in Mesoamerican and Andean common
bean seeds in early generations, and to select
recombinants with a high iron concentration in the
seeds.

Materials and Methods

The genetic material consisted of hybrids obtained
from the crosses between the CNFP 10104 x CHC
01-175 Mesoamerican inbred lines and the Cal 96 x
Hooter Andean inbred lines. The seeds of CNFP 10104
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have a black seed coat and a low iron concentration
of 71.7 mg kg' DM, and those from CHC 01-175,
which is of the Carioca type, have a beige seed coat
with brown streaks, besides a high iron concentration
of 105.80 mg kg' DM (Ribeiro et al., 2013b). Cal 96
seeds have a dark-red seed coat with cream-colored
stripes and a low iron concentration of 83.30 mg kg
DM, whereas those from Hooter have a cream-colored
seed coat with medium red stripes and a high iron
concentration of 159 mgkg' DM (Ribeiro etal.,2014b).
These inbred lines represent the most consumed types
of common bean in Brazil, i.e., Carioca and black, and
the ones with best prospects for exportation: cranberry,
with a cream- and red-colored background.

The crossing blocks were installed in a greenhouse
at the Department of Plant Sciences of Universidade
Federal de Santa Maria (UFSM), located in the
municipality of Santa Maria, in the state of Rio Grande
do Sul, Brazil (29°42'S, 53°4'W, at 95 m of altitude).
Plants were grown in 8-L plastic pots filled with a
mixture of soil from the experimental area — Argissolo
Bruno-Acinzentado  alitico  umbrico  (Argisol,
Hapludalf) —, Macplant commercial substrate, and
carbonized rice husk, in a volumetric proportion of
3:2:1. Controlled crosses were made by the interlacing
method with emasculation of the flower bud. During
the summer/fall of 2012, the F, (? P, x & P,) and F,
reciprocal (@ P, x & P)) seeds were produced for each
hybrid combination. Remnant seeds of the F; hybrids
and the parents were sown, and, in the winter/spring
of 2012, the seeds of F, (natural self-fertilization of F,
plants), F, reciprocal (natural self-fertilization of F,
reciprocal plants), backcross 1 (BC,;: @ F, x &' P)), and
backcross 2 (BC»: @ F; x & P,) were produced. The
obtained pods were individually harvested at maturity
and threshed manually, and the seeds were oven-dried
at 65-70°C until they reached an average moisture
content of 13%.

The field experiments were carried out in the
experimental area of the common bean breeding
program of UFSM, in two growing seasons: normal
rainy season, with sowing on November 9%, 2012,
when temperatures ranged from 17.5 to 31.1°C and
monthly rainfall from 72.8 to 293 mm; and dry season,
with sowing on March 3%, 2013, when temperatures
ranged from 9.5 to 26.6°C and monthly rainfall from
71.6 to 188.6 mm. Both experiments were performed
in a homogeneous soil area as to the soil physical
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and chemical properties. The soil was a Argissolo
Bruno-Acinzentado alitico umbrico, with the following
chemical composition at the time of installation of the
experiments: pH 6.1 (H,0); 50 g kg! organic matter;
13.5 mg dm P; 60 mg dm™ K; 6.0 cmol. dm Ca; and
2.9 cmol, dm= Mg. Soil was prepared in a conventional
manner, and fertilization was performed in two times
based on soil chemical analysis. The fertilizer used in
both experiments at furrow sowing was 250 kg ha’
of the formula N-P,0s-K,O 5-30-20 (urea: 45% N;
superphosphate: 18% P,Os; and potassium chloride:
60% K,0). In addition, nitrogen fertilization was split
at 20 kg ha! urea (45% N) in the growth stage of the
first trifoliate leaf (V3). Micronutrients were not added
to the fertilizer.

The obtained generations (F;, F; reciprocal; F,, F,
reciprocal; BC;; and BC,,) for each hybrid combination
and the parents (CNFP 10104, CHC 01-175, Cal 96,
and Hooter) differed in seed genetic variability and
availability. Therefore, the number of rows and the
sowing density were variable. For the parents and the
F,, F, reciprocal, BC;;, and BC,, generations, sowing
was performed in a 1-m row, using 15 seeds per meter
for the parents and 10 seeds per meter for the others
generations. The F, and F, reciprocal generations were
constituted by 15 rows of 1 m and density of eight
seeds per meter.

Management practices were similar and uniform
in the two growing seasons. Irrigation was performed
before the discovery of water deficit, as recommended
by the Comissdo Técnica Sul-Brasileira de Feijao
(Informagdes. .., 2010). Weed control was done by hand
weeding, and insects were eliminated with use of the
Engeo Pleno (Syngenta Brasil, Sdo Paulo, SP, Brazil)
insecticide (thiamethoxam + lambda-cyhalothrin),
at the dose of 125 mL ha'. Disease control was
not performed. At plant maturity, pod harvesting
and threshing were performed manually to avoid
contamination of the seeds by heavy metals. After the
removal of impurities and broken seeds, the obtained
seeds were oven-dried at 65 to 70°C, until reaching an
average moisture content of 13%.

For the Mesoamerican parents and generations,
random samples of six seeds per plant were ground in
an analytical micro-mill to produce particles smaller
than 1 mm. For the Andean parents and generations,
three seeds per plant were needed to obtain the same
amount of flour. Furthermore, a random sample of

0.5 g raw bean flour was used for the determination
of iron concentration. The process was conducted
by nitric-perchloric digestion (HNO; + HCIO,), in
the volumetric proportion of 3:1, according to the
methodology described by Miyazawa et al. (1999).
The reading of the iron concentration was done in
an atomic absorption spectrophotometer set to the
wavelength of 248.3 nm.

The maternal effect hypothesis was tested by
comparing the means of the evaluated populations
through the bilateral t test, at 5% probability, for
the contrasts P, x P,, P, x F;, P, x F, reciprocal,
F, x F, reciprocal, and F, x F, reciprocal, for each
hybrid combination and in each growing season.
The distribution of iron in the seeds, in the embryo,
and in the seed coat fractions was determined in the
parents to confirm the maternal effect hypothesis. For
this, 25 seeds of the CNFP 10104 and CHC 01-175
Mesoamerican inbred lines and 15 seeds of the Cal
96 and Hooter Andean inbred lines were randomly
collected in three sub-samples of seeds. The removal
of the seed coat of the seeds was performed according
to Ribeiro et al. (2012).

The embryo and seed coat fractions were separately
oven-dried at 65 to 70°C, until reaching an average
moisture of 13%. Then, the samples were ground
and weighed to obtain the total DM of each fraction
of seeds. The determination of the iron concentration
present in the embryo and in the seed coats was
performed in a random sample of 0.5 g raw bean flour,
which was digested in a nitric and perchloric acid
solution (Miyazawa et al., 1999), and was quantified
by an atomic absorption spectrophotometer. The t test,
at 5% probability, was applied to contrast embryo
x seed coat in each growing season. The values of
iron concentration in the embryo and seed coat were
transformed to mg% because these seed fractions
represent different percentages of the total DM of the
seed.

Genetic parameter estimates were obtained with the
variances of the parents (P, and P,) and the F,, F,, BC,,,
and BC,, generations. The broad-sense heritability
was estimated by the expression h; = o, / o;, whereas
the narrow-sense heritability was obtained by
h! =c7 /o;, using the backcross method, in which:
025 = 20%; - (6%sc11 t+ 0%scr2) Is the additive variance,
0%p = 0%, 18 the phenotypic variance, and 6% = 1/3(6%;,
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+ 0% *+ 0%,) is the environmental variance in F,
(Warner, 1952).

The gain expected with the selection of 10%
of the F, plants with higher iron concentration in
the seeds was estimated using the expressions:
AG =DSxh?, considering narrow-sense heritability;
AG =DSxh;, considering broad-sense heritability; and
AG (%) = (AGx100) / F,. In this case, DS is the selection
differential expressed by X, —X,, in which X is the
average of selected F, plants, and X, is the average of
F, plants (Falconer, 1987).

The data obtained for the F, plants were subjected
to the Lilliefors test to check the type of distribution
(continuous or discontinuous) observed for the iron
concentration in common bean seeds. Analyses were
performed with the aid of the Microsoft Office Excel
spreadsheet and the Genes software (Cruz, 2006).

Results and Discussion

The parents of the Mesoamerican inbred lines,
CNFP 10104 and CHC 01-175, contrasted for iron
concentration in seeds only in the normal rainy
season (Table 1). In the dry season, the parents of
the Mesoamerican lines did not differ as to iron
concentration, and the obtained values were lower
than those observed in the normal rainy season and
different from those previously described by Ribeiro

M.T.D.F. Possobom et al.

et al. (2013b). This can be attributed to the lower
average minimum and maximum temperatures and the
lower amount of precipitation during the pod-filling to
maturity stages of the plants in the dry season, resulting
in a lower accumulation of iron in the seeds. Lower
translocation of iron to common bean seeds was also
reported by Silva et al. (2012) in bean lines grown in
the dry season, with sowing in February, in the state
of Minas Gerais, Brazil, when rainfall rates were low.
However, in the Cal 96 x Hooter hybrids of the Andean
inbred lines, the contrast P, x P, was significant in the
dry season; therefore, plants with genetic variability
for iron concentration in bean seeds were obtained.
In the normal rainy season, the Andean parents and
the produced generations were very sensitive to the
maximum temperatures recorded, resulting in a large
abortion of flowers and pods. Therefore, the plants of
the parents and of the F,, F,, and backcross generations
did not produce enough seeds for the analysis of iron
concentration. Moreover, in the Andean gene pool,
many plants of the obtained generations showed
characteristics typical of genetic incompatibility, such
as weak vegetative growth, reduced root growth,
dwarfism, plant sterility, and absence of roots or
formation of adventitious roots in the hypocotyl region.
These problems of genetic incompatibility in crosses
have been reported between gene pools in common bean
(Vieira et al., 2005; Bomblies & Weigel, 2007). The

Table 1. Number of plants (NP), mean iron concentration, and respective standard deviations obtained in the parents (P, and
P,) and in the F,, F, reciprocal, F,, and F, reciprocal generations of the CNFP 10104 (P,) x CHC 01-175 (P,) (normal rainy
and dry seasons) and the Cal 96 (P,) x Hooter (P,) (dry season) hybrids, as well as probability by the t test for the contrasts
P, x P,, P, x Fy, P, x F, reciprocal, F, x F, reciprocal, and F, x F, reciprocal.

Parents and generations

Iron concentration (mg kg dry matter)

NP CNFP 10104 x CHC 01-175 NP CNFP 10104 x CHC 01-175 NP Cal 96 x Hooter

Normal rainy season Dry season Dry season
P, 10 95.23+£3.92 10 70.24+2.94 10 73.15+£2.46
P, 10 85.07£3.70 10 69.82+0.79 10 80.14+4.17
F, 6 100.46+4.74 6 53.87+£2.40 5 63.01£5.44
F, reciprocal 6 81.14+2.20 6 64.90+9.56 5 79.09+53.28
F, 63 81.85+1.76 63 59.20+0.92 50 76.10+1.65
F, reciprocal 63 78.65+2.51 63 56.51£1.73 50 77.46+1.39

Probability (%)

P, xP, 0.18%* 82.29m 1.37*
P, xF, 10.77 0.00%* 0.28%*
P, x F, reciprocal 17.32m 7.81m 85.34m
F, x F, reciprocal 0.00* 0.95* 6.71™
F, x F, reciprocal 12.00™ 9.61m 55.96™

*Significant by the t test, at 5% probability. “Nonsignificant.
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diversity of common bean races can naturally generate
the incorporation of genes (gene flow) between different
gene pools (Blair et al., 2010a), suggesting that genes
of the Mesoamerican gene pool can be present in the
Andean gene pool; however, this is a hypothesis that
still needs confirmation.

The contrast F, x F, reciprocal was significant in the
CNFP 10104 x CHC 01-175 hybrids in the two growing
seasons, characterizing an expression of maternal effect
for iron concentration (Table 1). In the present study,
the generation of the seed coat was considered in order
to characterize the evaluated generation. Seeds with F,
seed coat refer to seeds in the F, generation, and seeds
with F, seed coat refer to seeds in the F, generation.
Therefore, the iron concentration in Mesoamerican
common bean seeds is dependent on the seed coat,
which is a maternal tissue, confirming previous results
obtained by Jost et al. (2009) and Silva et al. (2013). In
this case, the expression of cross will be observed only
in the F, generation seeds. Therefore, the selection for
increased iron concentration in Mesoamerican common
bean seeds should be done on the F; generation seeds,
when it will be possible to identify recombinants with
genetic variability for iron.

The seed coat of Mesoamerican common bean
seeds represented 8.74-10.91% of the total DM of
seeds; in addition, 54.61 to 67.92% of total iron
was located in the seed coat of CHC 01-175, in the
normal rainy season, and of CNFP 10104, in the dry
season, respectively (Table 2). Therefore, the highest
accumulation of iron was found in the seed coats of
Mesoamerican common bean seeds, which agrees with
the results of Ariza-Nieto et al. (2007), Cvitanich et al.
(2010), and Ribeiro et al. (2012). The iron present in
the seed coat of the common bean seeds was more
bioavailable to the human body (Lombardi-Boccia
et al., 1995). However, the black and red common bean
seeds showed high tannin and polyphenol contents in
the seed coat, which are potential inhibitors of iron
absorption (Lombardi-Boccia et al., 1995; Ariza-Nieto
et al., 2007). Therefore, in the development process of
common bean cultivars of Mesoamerican origin and
biofortified for iron, the identification of lines with
high iron concentration in seeds is as important as the
selection of lines that accumulate more iron in the seed
coat of the clearest seeds, because these present the
highest iron bioavailability.

In the Cal 96 x Hooter hybrids, the contrast F, x F,
reciprocal was not significant, indicating that there was
no expression of maternal effect for iron concentration
in the Andean common bean seeds (Table 1), which
is unprecedented for this gene pool. Therefore, in
the Andean gene pool, the seeds of the F, generation
represented the product of the fertilization between the
parents, because most of the iron (69.40 to 73.44%)
was concentrated in the embryo of the seeds (Table 2).
Ariza-Nieto et al. (2007) and Cvitanich et al. (2010)
also described Cal 96 as a major iron accumulator
line in the seed embryo. In this case, the selection for
increased iron concentration in the Andean common
bean should be done on the F, generation seeds, when
maximum genetic variability can be accessed.

The distribution of iron between the embryo and the
seed coat fractions of common bean seeds can vary
among gene pools, as observed in the present study and
by Ariza-Nieto et al. (2007), Cvitanich et al. (2010),
Ribeiro et al. (2012), and Blair et al. (2013). Since
iron is accumulated more in the embryo of the Andean

Table 2. Percentage of dry matter, iron concentration,
percentage of iron in the embryo and in the common bean
seed coat of the CNFP 10104 and CHC 01-175 (normal
rainy and dry seasons) Mesoamerican inbred lines, and of
the Cal 96 and Hooter (dry season) Andean inbred lines.

Fraction Inbred lines ~ Dry matter (%) Tron (%)

Mesoamerican inbred lines, normal rainy season

Iron (mg kg™)

CNFP 10104 (a) 89.15 62.96 33.81
Embryo
CHC 01-175 (b) 91.26 69.41 45.38
a-b -2.11% -6.45% -11.57*
Seed coat CNFP 10104 (a) 10.85 123.12 66.19
eed coal
CHC 01-175 (b) 8.74 83.40 54.61
a-b 2.11%* 39.72% 11.58%*
Mesoamerican inbred lines, dry season
CNFP 10104 (a) 89.09 58.76 32.07
Embryo
CHC 01-175 (b) 91.09 64.22 42.90
a-b -2.00% -5.46" -10.83*
Seed coat CNFP 10104 (a) 10.91 123.75 67.92
eed coal
CHC 01-175 (b) 8.91 85.41 57.10
a-b 2.00* 38.34%* 10.82%*
Andean inbred lines, dry season
Cal 96 (c) 92.24 68.90 69.40
Embryo
Hooter (d) 92.85 83.30 73.44
c-d -0.61™ -14.40m -4.04
Seed coat Cal 96 (c) 7.75 30.34 30.60
Hooter (d) 7.14 30.47 26.56
c-d 0.61™ -0.13 4.04r

*Significant by the t test, at 5% probability. “Nonsignificant.
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common bean seeds (Table 2), the selection of superior
lines in breeding programs for biofortification of iron
should start in seeds of the F, generation for this gene
pool. However, in the embryo of Andean common bean
seeds, large quantities of phytate were found, which
have an inhibitory action on iron absorption by the
human body (Lombardi-Boccia et al., 1995; Ariza-Nieto
et al., 2007). Phytates, compared to polyphenols, were
weak inhibitors of iron absorption in common bean
(Ariza-Nieto et al., 2007); therefore, a drastic reduction
in the bioavailability of the iron present in the embryo is
not expected. Moreover, the iron present in the embryo
of the common bean seed was directly available for plant
growth, resulting in an increased initial seedling vigor
(Moraghan et al., 2002). Increased iron availability in
the embryo of the common bean seed probably occurred
due to the presence of ferritin, an iron-storage protein
contained in the amyloplast of the seed embryo, acting
as a regulator of iron availability to the needs of the
seedling (Cvitanich et al., 2010).

Genetic variance was higher than environmental
variance in the CNFP 10104 x CHC 01-175 hybrids,
in the two growing seasons (Table 3). Therefore,
high broad-sense heritability estimates were obtained
for iron concentration in Mesoamerican bean seeds,

with values of 68.54 and 70.20% in the normal rainy
season and in the dry season, respectively. A similar
value of broad-sense heritability was obtained by
Jost et al. (2009) for iron concentration in the seeds
of the Minuano x Diamante Negro common bean
hybrids, also of Mesoamerican origin. In the Cal 96 x
Hooter hybrids, high broad-sense heritability estimates
were also observed (h*b = 62.27%), indicating that
the inheritance pattern of the iron concentration is
similar in the Mesoamerican and Andean common
bean. This is the first report of heritability estimates
for iron concentration in Andean common bean.
Therefore, considering the magnitude of the broad-
sense heritability estimates obtained in the present
study and by Jost et al. (2009), it is possible to infer
that the selection to increase iron concentration in
Mesoamerican and Andean common bean seeds will
be facilitated because the greatest proportion of the
variation observed will be caused by genetic factors.
Narrow-sense heritability was determined only in
the CNFP 10104 x CHC 01-175 hybrids in the normal
rainy season and showed an intermediate magnitude
(h>n = 54.69%), similar to the estimates found by
Jost et al. (2009) in Mesoamerican common bean.
Narrow-sense heritability is important in autogamous

Table 3. Estimates of means, genetic parameters, and expected gains with the selection for iron concentration in the common
bean seeds of the CNFP 10104 x CHC 01-175 (normal rainy and dry seasons) and the Cal 96 x Hooter (dry season) hybrids.

Parents and generations

Iron concentration (mg kg dry matter)

CNFP 10104 x CHC 01-175

CNFP 10104 x CHC 01-175 Cal 96 x Hooter

— normal rainy season — dry season — dry season
Mean 87.07 62.42 74.83
Phenotypic variance (c%) 110.84 57.84 82.57
Environmental variance (6%) 34.87 17.24 31.15
Genetic variance (6°G) 75.97 40.61 51.41
Additive variance (6?A) 60.62 - -
Broad-sense heritability (h?b) 68.54 70.20 62.27
Narrow-sense heritability (h’n) 54.69 - -
Minimum value in parents 73.35 64.64 67.27
Maximum value in parents 99.83 79.06 89.89
Minimum value in F, 61.32 32.66 62.72
Maximum value in F, 132.99 87.94 96.63
Selected plant in F, 72,12, 4,46,21,77, 68,85, 96, 120, 87, 15, 86, 27, 84, 13, 21, 39,97,98,91, 27,95, 43,
98, 25, and 23 28, 88, 23, and 51 99, 89, and 21

Original mean in F, 80.25 57.85 76.78
Mean of selected plants 102.27 75.71 93.45
Selection differential (SD) 22.01 17.86 16.67
Selection gain (AG) 16.36 14.22 9.80
Selection gain (AG%) 20.39 24.58 12.77
Predicted mean after the first selection cycle 96.62 72.07 86.59
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plant breeding, because it considers additive variance.
Since there is higher influence of the additive genetic
effect for iron concentration in common bean grains
(Jost et al., 2009), the fixation of favorable alleles will
be verified in the generation with a higher level of
endogamy. In the dry season, narrow-sense heritability
estimates were not observed for the evaluated hybrid
combinations, because few plants of the BC,; and
BC,, generations were obtained. These plants produced
few seeds for the analysis of iron concentration.

The iron concentration in the seeds ranged from
61.32 to 132.99 mg kg' DM in the normal rainy
season and from 32.66 to 87.94 mg kg'! DM in the
dry season, in F, plants of the CNFP 10104 x CHC
01-175 hybrids, with continuous distribution near
normal, characterizing quantitative inheritance
(Table 3, Figures 1 A and 1 B). Continuous distribution
for the iron concentration in Mesoamerican common
bean seeds was also previously described among lines
in the F; (Ribeiro et al., 2014a) and F,, (Blair et al.,
2010b) generations. These results may indicate that
the inheritance of iron concentration in Mesoamerican
common bean seeds is quantitative.

For recombinants obtained from the Mesoamerican
gene pool, transgressive segregation was observed for
the iron concentration in the seeds (Figures 1 Aand 1 B).
Therefore, the selection of individual plants with high
iron concentration is possible at an early generation.
In the present study, a F, plant with iron concentration
equal to 132.99 mg kg'! DM was obtained in the normal
rainy season, which represented an increase of 33.21%
in the concentration of this mineral in comparison to
CNFP 10104 with 99.83 mg kg' DM (Table 3). This
percentage was lower than the 94% increase in iron
concentration in the Mesoamerican common bean
seeds obtained in early generations by Jost et al. (2009).

In the CNFP 10104 x CHC 01-175 hybrids, nine
F, plants with iron concentration in the seeds above
95 mg kg' DM were obtained in the normal rainy
season (Figure 1 A), and this value is considered
high for common bean lines (Ribeiro et al., 2013a).
However, gains with the selection of higher magnitude,
from 20.39 to 24.58%, were obtained in Mesoamerican
common bean (Table 3). These estimates are more
accurate because they were obtained in two growing
seasons, and higher increases in the iron concentration
in the seeds of this gene pool are expected. However,
dominance effects need to be considered because these
gains were based on broad-sense heritability estimates.
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Figure 1. Frequency distribution for iron concentration in F,
plants of the cross between CNFP 10104 x CHC 01-175 in
the normal (A) and dry seasons (B), and of the cross between
Cal 96 x Hooter in the dry season (C). The arrows refer to
the parents: P;, CNFP 10104; P,, CHC 01-175; P, Cal 96;
and P,, Hooter.

Pesq. agropec. bras., Brasilia, v.50, n.5, p.383-391, maio 2015
DOI: 10.1590/S0100-204X2015000500005


http://dx.doi.org/10.1590/S0100-204X2015000500005

390 M.T.D.F. Possobom et al.

In the Andean gene pool, the amplitude of the iron
concentration in the seeds of F, plants ranged from 62.72
t0 96.63 mg kg'! DM, and a continuous distribution was
observed (Table 3 and Figure 1 C). These values were
higher than those reported in 67 Fs; lines of Andean
common bean seeds, which also showed a quantitative
inheritance pattern for the iron concentration in common
bean seeds (Cichy et al., 2009). In the present study,
four recombinants were obtained in F, with high iron
concentration in the seeds (Figure 1 C), considering
the criterion proposed by Ribeiro et al. (2013a) and the
gains with the selection of lower magnitude (12.77%).
However, this estimate is less accurate because it was
obtained in one growing season.

From the tested crosses, it was possible to identify
recombinants with a high iron concentration in the
seeds, in early generations, in the two gene pools
evaluated. The selection of individual F, plants and
the advances of these generations are promising
for iron biofortification programs and may result in
new common bean cultivars of the best-accepted
commercial groups for consumption in Brazil (Carioca
and black) and of great export demand.

Conclusions

1. Iron concentration presents a maternal effect in
Mesoamerican common bean seeds, and its heritability
in early generations is of a high magnitude in both
Mesoamerican and Andean common bean.

2. The percentage of iron is higher in the seed coat
of Mesoamerican common bean seeds.

3. Gains with the selection of high magnitude, from
20.39 to 24.58%, for iron concentration are expected in
Mesoamerican common bean.

4. Iron concentration is characteristic of quantitative
inheritance in both Mesoamerican and Andean
common bean.

5. Recombinants with high iron concentration
in common bean seeds can be selected in both
Mesoamerican and Andean gene pools.
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