
Rev. Ceres, Viçosa, v. 71, e71054, 2024

This is an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY), which 
permits unrestricted use, distribution, and reproduction in any medium, as long as the original work is properly cited.

https://doi.org/10.1590/0034-737X2024710054
ISSN: 2177-3491

1 This work was supported by Conselho Nacional de 
Desenvolvimento Científico e Tecnológico (CNPq), 
Coordenação de Aperfeiçoamento de Pessoal de 
Nível Superior (CAPES) and Fundação de Apoio à 
Pesquisa Científica e Tecnológica do Estado de San-
ta Catarina (FAPESC).

2 Universidade Federal de Santa Catarina (UFSC), 
Departamento de Ciências Naturais e Sociais 
(CNS), Curitibanos, Santa Catarina, Brazil. rita.
melo@ufsc.br

3 Universidade do Estado de Santa Catarina 
(UDESC), Departamento de Agronomia, Instituto de 
Melhoramento e Genética Molecular (IMEGEM), 
Lages, Santa Catarina, Brazil. sibilagrigolo@gmail.
com; paulohcerutti@gmail.com; altamirguidolin@
gmail.com; coimbrajefferson@gmail.com

4 Universidade Tecnológica Federal do Paraná (UT-
FPR), Francisco Beltrão, Paraná, Brazil. ana.lara@
ufsc.br

*Corresponding author: rita_carol_mel@hotmail.com

1

ABSTRACT

The knowledge about the genetic behavior of roots can 
be the solution to the main climatic problems and the key 
for increased production of agricultural crops. In inheri-
tance studies, breeders usually conduct crosses between 
contrasting individuals to obtain a significant fraction of 
the genetic variance. To determine genetic parameters in 
beans from crosses within and between Middle American 
and Andean gene groups, 64 populations (breeders, F1 and 
F2) were evaluated under field conditions for the trait root 
distribution. Crosses between Middle American and Ande-
an gene groups revealed significant estimates for genetic 
parameters (genetic variance, heritability, and average 
degree of dominance) compared to intra-pool crosses. 
However, only 4% of all hybrid combinations evaluated 
(F1 and F2) showed significant effects when compared to 
fixed populations (parents). Coupled with the insignifi-
cant number of progenies different from the parents, the 
differences detected revealed inferior performance, com-
pared to the parents. The joining of alleles with identical 
provenance may be the main cause of the observed effects. 
The breeding strategy for root distribution should consider 
more divergent parents.

Keywords: Middle American and Andean; stress en-
vironments; heterosis; heritability; average degree of 
dominance; genetic models.
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INTRODUCTION
The breeding of agricultural crops has always focused 

on the generation of superior genetic constitutions, consid-
ering traits of the aerial parts.(1) However, by examining 
current climate predictions and the limited water and 
nutritional resources, the development of genotypes taking 
into account the root system can be a promising strategy to 
ensure grain yield in favorable and stress environments.(2-4) 
However, the genetic study on this trait is still a challenge 
because of the “hidden” characteristic and complexity of 
this trait.(5,6)

Studies related to root distribution in beans (Phaseolus 
vulgaris L.) are scarce, especially under field conditions 
and involving segregating populations.(7,8) There are im-
portant tools to quantify the variability and extent to which 
the traits are inherited, which can help in the conductance 
of studies on breeding programs. Therefore, it is possible 
to use the estimation of genetic parameters that generate 
valuable knowledge for research works. These parameters 
are studied from heterozygous populations, derived from 
directed hybridization. They provide knowledge about the 
inheritance mechanisms and help establishing the conduc-
tance and selection of plants.(9,10)

In many cultures, it was established that cross-breeding 
between genotypes from distinct gene pools increases 
the estimates of genetic parameters (genetic variance, 
heritability and average degree of dominance) compared 
to crosses conducted within each pool.(11) Beans origi-
nated from the Americas and were domesticated, which 
resulted in two major gene pools: the Andean and Middle 
American. Geographic isolation, combined with different 
biotic and abiotic stresses associated with different climatic 
conditions and human intervention, led these groups to de-
velop genetic differences in many traits. Thus, it is believed 
that the cross between these groups can provide greater 
genetic variability and favor the development of promising 
cultivars within breeding programs(12), including for root 
distribution.

Based on the generation of segregating populations 
together with the parents (fixed populations), it is possible 
to estimate several genetic parameters of interest, which 
provide information on the genetic behavior of the first 
generations(13). The estimation of genetic parameters plays 
an important predictive role for the goals of breeding 
programs as to the selection of the most promising gen-
otypes(14). The present study aimed to determine genetic 

parameters for root distribution in hybrid and segregant 
bean populations within and between the gene groups.

MATERIAL AND METHODS

Genetic constitutions

A complete diallel with reciprocals was carried out, 
involving six genotypes of common bean. The parents 
used included three genotypes of the Middle American 
gene group and three genotypes of the Andean gene group. 
These genotypes are described in Table 1. Hybridizations 
between the parents were carried out in June 2016 in a 
greenhouse with controlled temperature and humidity, to 
obtain the F1 hybrids. The cycle differences between the 
genotypes demanded stepped sowing, which provided 
flowering on different days. Hybridization was performed 
with floral button emasculation.(15)

During hybridization, one progeny produced less seeds 
than the amount required for the composition of the exper-
iment, which resulted in 29 hybrid populations. In general, 
the combinations with CBS14 mother parent it was the 
major problem to obtain seeds. In the 2016/17 crop year, 
F1 hybrid seeds were sown in the field to obtain F2 seeds. 
After 29 hybrid populations (F1 seeds) and 29 segregant 
populations (F2 seeds) were obtained, the experiment was 
implanted under field conditions, in October 2017/18.

Location and experimental design

The 64 populations (29 F1 hybrids, 29 F2 populations and 
six parents) were evaluated in an experiment conducted in 
Lages, Santa Catarina, Brazil (27º48’S and 50º19’W). The 
experimental area was located at 950 m of altitude, with a 
characteristic cfb (C = Warm temperate, f = Fully humid, 
b = Warm summer), humid mesothermic climate and mild 
summer, according to Köppen classification system. The 
soil is classified as Inceptisol Udepts Humudepts, with a 
moderate A horizon, clayey texture and undulating relief.

The experimental design was a 8x8 simple partially bal-
anced lattice, with two replicates. This design was chosen 
due to the extensive number of populations evaluated and 
the refining of the experimental technique that it promotes. 
The plots were composed of three 2m rows with spacing of 
0.50m. The plots were separated by a space of 1.00m so as 
to allow the execution of the root distribution assessment. 
The rows of each experimental unit were sown with a 
spacing of 0.50m between the seeds, totaling five seeds per 
row. This sowing density was used to allow the evaluation 
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of the root system of a single plant.
During the characterization of the genotypes for choos-

ing the parents, among all the evaluated characteristics 
related to the root (dry matter, total length, number of 
intersections, root distribution), the root distribution trait 
was considered the most discriminating through statistical 
analyses performed in previous studies. In addition, this 
caracter is related to all other root measurements. Root dis-
tribution involves understanding how much the genotype 
can take advantage of the resources in the soil (water and 
nutrients). The more distributed the root in the evaluated 
plane (horizontal and depth), the greater the capacity of the 
plants to acquire the resources present in the soil.

For root distribution, the plants were evaluated in full 
bloom according to stage R6 of the CIAT scale. A sample 
of two plants was randomly chosen for root distribution 
assessment. Root distribution involves the understanding 
how much the genotype can use soil resources (water and 
nutrients). The more distributed the root in the evaluated 
plane (horizontal and depth), the greater capacity the plants 
will have to capitalize resources. A profile perpendicular to 
the sowing row on the outer side was opened in each plant, 
0.05m apart, and the roots were exposed with sharp tool, in 
compliance with the Bohm method(16), which is suitable for 
the evaluation of adult plants and segregant populations. 
In addition to the profile opening, some adaptations were 
performed in the method for the quantitative evaluation of 
the root system, including the placement of a 0.50m wide 
x 0.30m high rectangular wooden frame, subdivided into 
0.05m squares (totaling 60 squares). After the placement 
of the rectangular wooden frame, a profile photo was taken 
for further evaluation. The root distribution in the binary 
system, called presence (1) and absence (0) of roots in each 
grid was determined by digital photography. The entire grid 

frame was photographed and each of the 60 squares was 
evaluated for presence or absence of roots (1 or 0, respec-
tively), indicating the percentage of total roots per plant in 
the template space: (∑1/60 )*100).

Statistical Analysis

The assumptions of normality of errors and homogene-
ity of variances were satisfied after the transformation of the 
data into square root.(17) The data were analyzed according 
to the following model: yijk = overall mean + populationi + 
replicatej + replicate(block)ij + errorijk. So that: i = 1, 2, ..., 
62; j = 1, 2; k = 1, 2, ..., 8. Following the general variation 
analysis, estimates of the genetic parameters of phenotypic 
variance ( ), genetic variance ( ), environmental vari-
ance ( ), broad sense heritability ( ) and average degree 
of dominance (GMD) were obtained:

Where:  - phenotypic variance of the F2 generation, 
 - genetic variance,  - environmental variance,  

- maternal parent variance (P1),  - paternal parent vari-
ance (P2),  - hybrid variance (F1) and  - broad sense 
heritability. The genetic parameters were determined only 
for three populations, so as to represent the crosses within 
and between the gene groups: i) BAF53 x CBS14 (Andean 
versus Andean), ii) BAF07 x IPR Uirapuru (Middle Amer-
ican versus Middle American) and iii) BAF07 x BAF53 
(Middle American versus Andean). The estimates of the 
genetic parameters were obtained using the Genes software 
system (GENES, version 2009.7.0).

Table 1: Traits of the Middle American (BAF07, BAF35, IPR Uirapuru) and Andean (BAF53, CBS14 and BRS Embaixador) parents 
selected to compose the complete diallel with reciprocals

Genotype Gene Group Group Type a Origin

BAF07 Middle American Black III Genotype CAV/UDESC

BAF35 Middle American Carioca III Genotype CAV/UDESC

IPR Uirapuru Middle American Black II Cultivar

BAF53 Andean Color (beige) I Genotype CAV/UDESC

CBS14 Andean Color (white) I Genotype Curitibanos/UFSC

BRS Embaixador Andean Color (red) I Cultivar
a I: Determinate growth, erect plant habit; II: Undetermined with short guides, erect plant habit; III: Indeterminate with long guides, semi-erect to 
prostrate plant habit.
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In addition to these parameters, heterosis estimates 
were obtained from comparisons by contrast of means; 
the means of progeny F1 is compared to the means of the 
parents. We also compared the mean of F2 progenies with 
the mean of the parents. Genetic models based on the 
least squares method were suggested for the behavior of 
some populations studied. For such, the following model 
parameters were used: mean (m), homozygous deviation 
in relation to the mean (d) and heterozygous deviation in 
relation to the mean (h).

RESULTS

Genetic parameters: genetic variance, heritability 
and average degree of dominance

The analysis of variance for the trait root distribution 
showed significant effects for all controlled sources of 
variation (Table 2). The use of lattice design improved local 
control. In general, it can be verified by the significance 
of the effects of replicate and replicate(blocks), which 
evidences the quality of the experimental performance. In 
addition, this design allowed for the improved control of the 
causes of variation, as demonstrated by the low coefficient 
of variation and the high coefficient of determination.

The population effect was significant and indicated a 
different behavior of root distribution for the genetic con-
stitutions evaluated (Table 2). The evaluated populations 
can be used for the selection of superior genotypes for root 
distribution. When genetic differences occur, the study on 
genetic parameters can be effective to assist in the use of the 
most suitable methods for the selection and conduction of 
segregant populations.(10)

For purposes of comparison, estimates of genetic param-
eters were obtained for the following crosses: i) BAF53 x 
CBS14, ii) BAF07 x IPR Uirapuru and iii) BAF07 x BAF53 
(Table 3). In the selection of these three progenies, priority 
was given to the hybridization obtained from crosses within 

each gene pool and between gene pools. The phenotypic 
component ( ) ranged up to 260% between the progenies 
studied. This variation can be attributed to both genetic and 
environmental causes. The progeny BAF53 x CBS14 (An-
dean versus Andean) showed only 17% of the phenotypic 
component, compared to the progeny BAF07 x BAF53 
(Middle American versus Andean), which obtained 39%.

Regarding the genetic component, the directed hybrid-
ization between the BAF53 and CBS14 parents revealed the 
lowest value (  =0.0035) among the hybrid combinations. 
This result suggests that the parents involved in the cross pre-
sented high genetic similarity for the trait root distribution. 
In this case, both parents belong to the Andean gene pool. 
The percentage variation between the progenies BAF07 x 
Uirapuru and BAF53 x CBS14 was 69% but did not exceed 
the value obtained between the progenies BAF07 x BAF53 
and BAF53 x CBS14, which was 72%. This indicates 
that the contribution of the genotypes from different gene 
pools should be explored, as observed in progeny BAF07 
x BAF53 (  = 0.0126). The values of the environmental 
component were similar between the progenies, which was 
already expected, considering that the genetic constitutions 
were conducted in the same culture environment.

Consequently, the broad heritability coefficient 
expression was higher when genotypes from different 
gene pools were involved (Middle American x Andean)  
(  = 74.10%). The results obtained for the heritability co-
efficients followed proportionally the values of genetic and 
environmental variance. It is also understood that crosses 
between gene pools may help in the selection of improved 
progenies for root distribution.

Finally, the estimation of the average degree of domi-
nance allows us to infer which crosses are more likely to 
present heterosis. The average degree of dominance mea-
sures the relative position of the heterozygote in relation 
to to the mean of the homozygotes. This parameter was 
higher in progenies from crosses between gene groups, 

Table 2: Analysis of variance and their respective degrees of freedom corresponding to the root distribution, considering six parents, 
29 F1 hybrid populations and 29 F2 segregating common bean populations from crosses between genotypes from different gene groups

Sources of variation a Degrees of Freedom Mean square Pr > F

Replicates 1 0.0449 0.0002

Populations 63 0.0056 0.0022

Replicates (blocks) 14 0.0057 0.0362

Residue 47 0.0025  

Total 125
a General mean on a scale of 0 to 1 = 0.63; Coefficient of variation = 6.62%; R² = 0.79
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such as BAF07 x BAF53 (GMD = 20.51). Oppositely, 
crosses between progenies of the same gene group, such as  
BAF07 x Uirapuru, showed lower average degree of 
dominance – the lowest of all (GMD = -0.34). It is worth 
mentioning that the average degree of dominance exposed 
in this study was obtained based on the means of the parents 
and F1, which explains the variation observed in the values of 
this parameter among these progenies. In general, however, 
the high GMD value is related to the genetic divergence of 
the parents involved in the cross. When the loci are similar 
- distance between loci in small homozygosis - high GMD 
values are unlikely to occur. Regarding the progeny BAF53 
x CBS14, no significant GMD (0.82) was detected either, 
which reveals similarity between the parents.

Thus, it is assumed that divergence between the parents 
is observed in the progenies with high GMD values. In 
these cases, non-additive interactions prevail. Our study 
detected GMD close to zero, which correspond to additive 
interactions. In addition, they indicate that the parents 
involved in the cross are probably very similar as for root 
distribution, or even that non-allelic additive interactions 
may be involved in the manifestation of this trait.

Presence or absence of heterosis?

Although the estimation of the average degree of dom-
inance indicates the hybrids that lead to greater heterosis, 
a comparison of the means between the offspring and the 
parents can provide stronger evidence. Thus, in order to 
corroborate the genetic parameters, the means were con-
trasted and the comparison was conducted between F1 hy-
brids and the mean of the parents to identify the magnitude 
of the heterosis effect (Table 4). The comparisons allow 
us to identify whether the heterosis expression is actually 
more likely when parents from different gene groups are 
hybridized, besides its direction.

Only 7% of the 29 F1 hybrid populations obtained 

presented significant effects when compared to the per-
formance of the parents. The combinations of the hybrids 
BAF07 x BAF53 and BAF07 x CBS14 showed heterosis 
effects. These progenies, however, showed inferior perfor-
mance (less percentage of root distribution), compared to 
the parents, which resulted in negative heterosis values. The 
hybrid BAF07 x BAF53 (0.5033), for example, presented 
on average 32% less root-filled squares, compared to the 
parents. On the other hand, as for the progeny BAF07 x 
CBS14 (0.2050), the hybrid resulted in 15% less root-filled 
squares, compared to the mean of their parents. It is possi-
ble to observe that the root distribution of the offspring was 
not better than that of their parents (Table 4).

Similar results are reported (Table 5) for the segregating 
F2 progenies in relation to the mean of the parents. Only two 
progenies showed significant differences in relation to their 
parents (Uirapuru x BAF53 and BAF07 x BAF53). In the 
case of the Uirapuru x BAF53 progeny, lower performance 
is observed for the offspring, compared to the parents, and 
less than 17% of the squares were filled. On the other hand, 
the progeny BAF07 x BAF53 showed positive behavior in 
relation to the parents and a 17% increase in filled squares. 
Progenies and parents showed similar behavior for root dis-
tribution. However, there is evidence of heterosis and use 
of the genetic variation available for the hybrids between 
the Andean and Middle American gene groups.

Genetic Models

Particularly, a genetic model based on parameters 
related to the populations under study can be developed 
by using the least squares method. Thus, hypotheses 
about genotypes related to the mean of the parents can be 
formulated [m], which depends on the general conditions 
of the observations, the additive component [d] and the 
dominance component [h]. The expected relationships can 
be used to test the suitability of the model.

Table 3: Estimates of genetic parameters for root distribution, considering genetic combinations from crosses within and between 
Andean and Middle American gene groups

Parameters a BAF53 x CBS14 BAF07 x IPR Uirapuru BAF07 x BAF53

0.0073 0.0190 0.0171

0.0035 0.0113 0.0126

0.0038 0.0077 0.0044

 (%) 47.50 59.60 74.10

GMD 0.82 -0.34 20.51

a  : phenotypic variance; : genetic variance; : environmental variance; : broad sense heritability; GMD: average degree of dominance (based 
on means).
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For BAF07 x BAF53, for example, a heterosis model 
was proposed (Table 6). The model y = 0.6142 + 0.0150d 
+ 0.2937h revealed significance for the parameters tested  
(p = 0.0001). In addition, the deviation showed no signifi-
cance (p = 0.4551), which is favorable for the adequacy of 
the proposed model.

The tested model demonstrates that the phenomenon of 
heterosis is explained by a deviation of the heterozygous 
loci equal to 0.2937. Meanwhile, the homozygous loci 
deviation was only 0.0150. This may explain the low 
occurrence of heterosis in the populations tested, since 
the greater the deviations of the loci in homozygosis, the 
greater the effects of heterosis, which has not been overly 

demonstrated. Although the deviation of the heterozygotes 
(0.2937) is higher than that of the homozygotes (0.0150), 
the excess of [h] over [d] may be merely due to the fact 
that more d’s of the various genes are canceled, compared 
to their h’s.

However, if the heterosis genetic model does not (ful-
ly) explain the behavior of the root distribution between 
Andean and Middle American populations, in contrast, 
inbreeding may be the most adequate response. For such, 
a model of inbreeding was proposed, based on the BAF07 
x IPR Uirapuru population (combination within the Middle 
American gene group) (Table 7). The inbreeding model 
y = 0.6573 + 0.0192d + 0.0135h makes it clear that the 

Table 5: Effect of heterosis of direct (above diagonal) and reciprocal (below diagonal) progenies in relation to the mean of the parents. 
Estimates obtained for 28 F2 populations from crosses between and within Middle American (1-BAF07, 2-BAF35 and 3-IPR Uirapuru) 
and Andean (4-BAF53, 5-CBS14 and 6-BRS Embaixador) groups. Positive values indicate superiority of the progenies in relation to 
the parents

♀ ♂ 1 2 3 4 5 6

1 - - 0.0440 -0.2062* -0.2521 -0.1757

2 - - -0.1108 0.0120 -0.1060 0.0735

3 0.1030 0.0217 - 0.2106* 0.1654 0.1128

4 -0.0846 -0.1508 0.0885 - 0.0380 -0.0527

5 -0.0113 -0.0952 0.0660 0.1343 - 0.0688

6 0.0346 -0.0993 -0.0174 -0.0154 -0.0113 -

*Significant at 5% error probability by the t test. H0: μ1 - μ2 = 0. HA: μ1 - μ2 ≠ 0.

Table 6: Test of the heterosis model y = 0.6142 + 0.0150d + 0.2937h for the populations P1, P2, F1 and F2 of the BAF07 x BAF53 
crossing, considering the parameters m-mean, d- deviation of homozigotes and h- deviation of heterozygotes

Sources of variation DF SS MS F P > F

Model 1 0.1028 0.1028 41.15 0.0001

Desviation 2 0.0040 0.0020 0.80 0.4551

Experimental residue 47 0.1175 0.0025

Table 4: Effect of heterosis for root distribution of direct (above diagonal) and reciprocal (below diagonal) progenies in relation to the 
mean of the parents. Estimates obtained for 28 F1 populations from crosses between and within Middle American (1-BAF07, 2-BAF35 
and 3-IPR Uirapuru) and Andean (4-BAF53, 5-CBS14 and 6-BRS Embaixador) groups. Positive values indicate superiority of the 
progenies in relation to the parents.

♀ ♂ 1 2 3 4 5 6

1 - - -0.0206 0.5033* 0.2050* 0.0387

2 - - -0.0494 0.0672 -0.1824 0.1580

3 -0.1266 0.0477 - -0.1374 0.0459 0.1172

4 -0.0402 0.0460 0.1736 - 0.1080 0.0094

5 0.0293 -0.0269 -0.1630 0.1080 - 0.1868

6 0.1572 0.0172 0.1732 0.1928 0.0756 -

*Significant at 5% error probability by the t test. H0: μ1 - μ2 = 0. HA: μ1 - μ2 ≠ 0
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contribution of the loci in homozygosis is similar to the 
contribution of the loci in heterozygosis. Therefore, their 
effects are nullified. Then, no contrasting effects between 
progenies and parents are observed. The effects of inbreed-
ing can be expected, given the common ancestry of the 
parents, especially when within the same gene group.

DISCUSSION
The analysis of genetic parameters of a quantitative trait 

is strong when many genotypes are considered. In addition, 
the experimental precision with incomplete block designs 
and the comparison between the treatments performed in 
this study can explain numerous hypotheses involving 
genetic parameters.

Genetic variation is fundamental for the selection of 
superior individuals.(1,18) In the case of root distribution, 
possible variants were found among the 64 evaluated 
populations (Table 2). In terms of breeding, other studies 
have also found significant differences in root distribution 
between bean accessions, cultivars and mutant popula-
tions(19); differences between bean strains with different 
growth habits were also detected(20). In the presence of 
genetic differences, the study on genetic parameters can be 
effective, since they help in the choice of the appropriate 
selection method(9).

Five genetic parameters were estimated for the trait 
under study (phenotypic variance, genetic variance, envi-
ronmental variance, broad sense heritability and average 
degree of dominance). All the parameters presented high 
values when the progeny BAF07 x BAF53 was involved 
(Table 3), compared to the others, mainly for the param-
eters of genetic variance (0.0126), heritability (74.10) 
and average degree of dominance (20.51). Heritability is 
an important tool in breeding programs because it allows 
estimating how much the phenotypic variation of the trait 
resulted from genetic effects, as well as the expected genet-
ic gains and the genetic values of individuals from a certain 
population(10). In other words, additivity is the predominant 
inheritance of the trait root distribution(8).

Regarding the average degree of dominance, the results 
indicated that the progeny BAF07 x BAF53 presents 
non-additive allelic interactions. The average degree of 
dominance can be defined as the relative position of the 
heterozygote in relation to the mean of the homozygotes, 
about the type of interaction between the alleles (absence 
of dominance)(9). Together, these results indicate that the 
hybridization between genotypes from different gene pools 
may increase the use of available genetic variability, which 
has already been observed in other species, including 
maize(11).

In contrast, estimates of the progenies of the same 
gene group showed high genetic similarity (Table 3). The 
likely common ancestry for the two gene groups is reported 
worldwide, and the Andean group originated from few 
individuals belonging to the Middle American group(21,22). 
In Brazil, the lack of studies on the origin of the genotypes 
and information about commercial cultivars makes it dif-
ficult to determine which types of beans were introduced, 
besides when, where and which human groups brought the 
cultivation of the species(23). Therefore, it is difficult to af-
firm or disprove that common genotypes were used during 
the development of commercial genotypes.

Inbreeding, or the likelihood of two randomly taken 
alleles, in a single locus, to be identical by descent, limits 
the possibility of new gene combinations in their offspring. 
The narrow genetic base and self-fertilization processes 
produce gene blocks that reduce the potential for recom-
bination in offspring(24). Studies estimating recombination 
rates in Arabidopsis reported that the absence of differences 
between homologous chromosomes reduced the recombi-
nation rate potential(25). Likewise, the scant evidence about 
the difference between parents and progenies suggests 
the occurrence of additive gene activity for the trait root 
distribution.

Evidence of heterosis expression was only detected in 
progenies resulting from parents between gene pools (Ta-
ble 4). In the selection of the parents for the composition of 
the crossing blocks, those presenting different agronomic 

Table 7: Test of the inbreeding model y = 0.6573 + 0.0192d + 0.0135h for the populations P1, P2, F1 and F2 of the BAF07 x IPR 
Uirapuru crossing, considering the parameters m-mean, d- deviation of homozygotes and h- deviation of heterozygotes

Sources of variation DF SS MS F P > F

Model 1 0.0082 0.0082 3.2855 0.0763

Desviation 2 0.0002 0.0001 0.0522 0.9491

Experimental residue 47 0.1175 0.0025
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traits were chosen from the two existing bean gene groups, 
Middle American and Andean cultures. As stated by Shull 
in 1908, heterosis is regarded as the superiority of F1 hybrid 
progenies over the mean of their parents. This phenome-
non is proportional to the genetic dissimilarity among the 
parents used in the directed hybridization. This fact was 
actually verified in only 7% of the comparisons between 
offspring and parents (between gene pools). The suggested 
heterosis model explains the variation observed only for 
the BAF07 x BAF53 population. As exemplified by the 
BAF07 x Uirapuru progeny, an inbreeding model seems to 
clarify the root distribution behavior (Table 7).

The traits of agronomic interest since the beginning 
of the domestication process have undergone intense 
selection in constant search for individuals that provide 
superior products. The introduction of breeding programs 
intensified the targeted selection processes by promoting 
changes that impacted the crops, especially for grain yield 
and its primary components(26). In addition, the devel-
opment of cultivars generally occurred in environments 
favorable for the development of plants (high amount of 
nutrients and water ad libitum). These conditions do not 
favor root growth, since these nutrients are available in 
the most superficial layer of the soil. In other words, there 
is a negative correlation between shoot growth and root 
growth. Thus, the selection pressure exerted on the aerial 
part of the bean may have reduced the genetic variability 
of the root. Besides, the two centers of domestication rep-
resent incipient species, and as such, each has evolved with 
their own coadapted complex of genes. When one crosses 
between centers, these coadapted complexes are broken up 
and the result is usually inferior progeny.

Insufficient evidence of significant differences between 
parents and offspring actually resulted in negative heterosis 
(Tables 4, 5), and only one case of superior performance for 
the parent was detected (Table 5). Gene interactions may be 
the genetic explanation for this phenomenon. Gene expres-
sion is given by the production of a certain protein, which 
results in the expression of the phenotype. When a change 
in the genetic constitution is detected, the protein produced 
and its function may change or not. In the heterozygous 
condition, the genes in activity in the root distribution 
expression can be masked by other genes, which hinders 
root growth - also known as epistasis(27), which has already 
been observed in Arabidopsis thaliana(28,29). Evidence 
of epistatic interactions was found for grain yield and its 
primary components in beans(27,30,31). In these studies, prog-

enies from bean crosses between gene pools were inferior 
to their parents.

Considering the common ancestry, the narrow genotype 
base used in breeding programs and the selection pressure 
exerted on shoot traits, the formation of gene blocks is 
one of the hypotheses for the absence of heterosis. One of 
the solutions to increase the genetic base for the trait root 
distribution is the adoption of cycles of recurrent crosses, 
besides the breaking of gene blocks to obtain a more com-
prehensive gene recombination. Recurrent selection cycles, 
together with the selection of the parents, seek to increase 
the frequencies of desirable alleles for quantitative traits, 
which results in phenotypic classes with superior perfor-
mance for the specific trait. Genetic gains have already 
been obtained for bean culture through recurrent selection 
for agronomic traits and resistance to diseases(32,33).

The results obtained in this study for the first segregant 
population (F2) are in agreement with the findings for other 
progenies studied in complete diallel, also involving the 
parents BAF07 and IPR Uirapuru(7). These authors verified 
the presence of heterosis for most F2 progenies, but the 
most common occurrences involved highly contrasting 
genotypes. Further studies have revealed the superiority of 
F2 and F3 progenies, but it was observed in the occurrence 
of increased contribution of additive genes throughout 
the segregating generations(8). Thus, to obtain satisfactory 
gains in root breeding and displace the mean of this trait, it 
will be necessary to promote hybridization between more 
contrasting parents.

CONCLUSIONS
Crosses between Middle American and Andean gene 

groups revealed significant estimates for genetic parame-
ters (genetic variance, heritability, and average degree of 
dominance) compared to intra-pool crosses. The joining of 
alleles with identical provenance may be the main cause of 
the observed effects. The breeding strategy for root distri-
bution should consider more divergent parents.
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