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Abstract The common bean (Phaseolus vulgaris
L., Fabaceae) is the most important legume of the
genus Phaseolus, and the most cultivated in family
farming. This study aimed to characterize landrace
beans by SSR markers and morphoagronomic vari-
ables, comparing them to commercial cultivars. A
total of 185 accessions (158 landrace and 27 commer-
cial) were evaluated using SSR, and later 50 acces-
sions (37 landrace and 13 commercial cultivars) were
evaluated by 12 morphoagronomic variables. The
estimators of genetic diversity, expected heterozygo-
sity, allelic number, private, and rare alleles showed
greater magnitude in landrace accessions, indicat-
ing the potential of these accessions as a reservoir
of rare and private alleles compared to commercial
stocks. Ten groups were observed in the cluster analy-
sis, of which one group had 89% of accessions (138
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landrace and all commercial ones). For morphoa-
gronomic characterization, three field experiments
were carried out in randomized blocks with three
replications, one in Alegre, ES and two in Mimoso
do Sul, ES. The accessions Verde-111, Branco-110,
Pérola-102, Preto-13-69, Feijio Rainha-18, and
Branco-05 showed high productivity levels (above
3000 kg ha™!) and six groups were formed. Most lan-
drace accessions and commercial cultivars were allo-
cated into the same group, suggesting that landrace
beans have characteristics of interest compared to the
commercial ones. The variability detected in landrace
beans is of strategic importance, given the selection
carried out by farmers for materials adapted to their
local conditions. Thus, the development of policies to
support the conservation of bean trees on rural prop-
erties is indicated as a measure to preserve diversity.

Keywords Genetic improvement - Phaseolus
vulgaris L - Simple sequence repeat - Genetic
resources - Variability - Multivariate analysis

Introduction

The common bean (Phaseolus vulgaris: Fabaceae)
is a legume of great socio-economic importance in
several countries in Latin America, Africa, and Asia,
where it is consumed as a staple food by a large part
of the population (Akibode and Maredia 2011; Beebe
2012). Brazil stands out as the third-largest producer,
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with~2.9 million tons (FAO 2019). The common
bean is cultivated in most Brazilian states, under the
most varied edaphoclimatic conditions and in differ-
ent times and cultivation systems. It constitutes an
essential source of protein, dietary fiber, and com-
plex carbohydrates, especially for low-income groups
(Castro-Rosas et al., 2016; Santiago-Ramos et al.
2018).

The species is predominantly autogamous, with
cross-fertilization rates lower than 5% (Graham and
Ranalli 1997). It has a diploid genome with 11 chro-
mosomes (2n=2x=22) and estimated size of ~587
Mbp (Schmutz et al. 2014). It originated in Mesoa-
merica (Bitocchi et al. 2012) and then went through
two independent domestication events giving rise to
the main gene pools of the species, the Mesoameri-
can and Andean gene pool (Gepts et al. 1986; Bitoc-
chi et al. 2013). Varieties are well defined within
each gene pool due to a divergence estimated to
occur~ 165,000 years ago (Schmutz et al. 2014).
Genotypes from the Andean gene pool generally have
large grains, while the Mesoamerican ones have small
or medium-sized grains (Evans 1980).

For millennia, the improvement of plants was
carried out empirically by farmers, which led to the
formation of local seed stocks, i.e., landrace beans.
Brazilian landrace beans present high diversity due to
different environments, multiple production systems,
and farmer preferences (Bertoldo et al. 2014). Brazil
is considered a secondary center of diversification
due to the success of bean cultivation in the country
(Burle et al. 2010). In the national scenario, beans are
characterized by family farming and are considered
a commercial alternative with potential for expan-
sion. Approximately 99.08% of farms present beans
planted in 50 hectares, 0.77% planted between 50 and
200 hectares, and 0.15% planted in more than 200
hectares (Silva and Wander 2013).

Landrace beans can show tolerance to biotic and
abiotic stresses and carry genes related to several
quality attributes. These features represent a precious
genetic value to maintain food safety and biodiver-
sity, and their preservation and evaluation are essen-
tial in programs of crop genetic improvement (Sifres
et al. 2010; Savic et al. 2021). Also, some accessions
have specific attributes (size, color, and grain shape)
desired by consumers who sometimes pay more for
these products (Negri and Tosti 2002; Murekezi et al.
2017; Choudhary, et al. 2022).
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Studies have identified greater diversity within
the landrace accessions group than commercial cul-
tivars, emphasizing the importance of such varieties
as sources of genetic variation for the crop (Maciel
et al. 2003; Perseguini et al. 2016; Carias et al. 2018;
Jannat et al. 2022). The genetic diversity of landrace
beans makes them a valuable resource, as they are
potential parents in cross-breedings aimed at develop-
ing new cultivars. Several characteristics can be used
to identify and estimate genetic diversity, including
molecular markers and morphoagronomic variables.
The combination of molecular and morphological
data can be more objective and accurate to assess
genetic variation and reported in different studies
(Delfino et al. 2017).

DNA-based molecular markers provide a reason-
able estimate of genetic diversity as they are almost
unlimited in number and are not influenced by the
environment (Naghavi et al. 2009; Ambadeet al.
2015). The discovery and use of molecular markers
offer an excellent opportunity to understand and iden-
tify diverse genetic material in agricultural species
(Kapoor and Choudhary 2017). Among the molecu-
lar markers, microsatellites have a high degree of
polymorphism, stability, ease of handling, speed, and
reproducibility (Ellegren 2004; Kumar et al. 2009;
Vieira 2016). They are also successfully used in
beans to determine genetic diversity and population
structure, revealing wide variability and confirmed
varieties within each gene pool (Blair et al. 2009;
Kwak et al. 2009; Gioia et al. 2019).

Morphoagronomic markers are crucial during
pre- and post-improvement studies of genetic varia-
tion in common beans (Cabral et al. 2011; OKkii et al.
2017; Carias et al. 2018; Sinkovii et al. 2019). They
are used in the indirect analysis of genetic diversity,
reflecting the real productive potential of the plant
and enabling its direct use in improvement.

In this perspective, the objective of this work was
to characterize a work collection using microsatellite
and morphoagronomic molecular markers of com-
mon bean landrace accessions cultivated in Espirito
Santo and compare them to commercial genotypes
from different improvement programs.
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Material and methods
Plant material

One hundred and eighty-five accessions were evalu-
ated in this work, of which: 27 commercial cul-
tivars that included 23 cultivars from Embrapa
Rice and Beans (Empresa Brasileira de Pesquisa
Agropecudria—Arroz e Feijdo); one from IAPAR
(Instituto Agrondmico do Parand); and three from
Incaper. The remaining 158 accessions were lan-
drace, with 91 of them having information on the
place of cultivation. The others were from previ-
ous collections in the state of Espirito Santo with
no identification of the municipality of origin
(Table S1, Fig. 1).

The genetic diversity of the 185 accessions was
initially analyzed using microsatellite markers.
Afterward, 50 accessions were selected for mor-
phoagronomic characterization, according to (1)
representativeness of a subset of highly variable
common beans according to the genetic dissimilar-
ity obtained by the analysis of microsatellite mark-
ers; (2) organoleptic qualities in the regional mar-
ket; (3) be widely cultivated by farmers in the main

Fig. 1 Municipalities in South America
the state of Espirito Santo

where 91 accessions of lan-
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cultivation areas, and (4) quantity of seeds sufficient
to be submitted to a field experiment (Table S2).

Genetic diversity by microsatellites

Seeds of each genotype were germinated in the sand
to obtain leaf tissue for genomic DNA extraction.
Extraction was performed from individual plant tis-
sue of each accession by the CTAB (cetyl-trimethyl
ammonium bromide) method (Doyle and Doyle
1990). DNA concentrations and integrity were esti-
mated using a Nanodrop™ 2000 (Thermo Scientific)
spectrophotometer. A set of 39 microsatellite loci was
selected due to high polymorphism information con-
tent (PIC) and genome distribution (Benchimol et al.
2007; Gaitan-Solis et al. 2002; Hanai et al. 2007;
Garcia et al. 2011), and tested in 10 bean accessions.
Thirteen out of the 39 loci were selected for genotyp-
ing of the other accessions due to the consistency of
amplification and polymorphism (Gaitan-Solis et al.
2002; Benchimol et al. 2007). Seven of these loci
were derived from expressed regions of EST (Hanai
et al. 2007; Garcia et al. 2011) (Table S3).

PCR reactions were done with a final volume of
15 uL containing 50 ng of genomic DNA, 1X buffer

drace beans were harvested.
Alegre (42 accessions);
Cachoeiro de Itapemirim
(1), Domingos Martins (7),
Guagui (16), Ibitirama (2),
Irupi (5), Muniz Freire (4),
Santa Angélica (3), Santa
Tereza (4), Venda Nova (2),
Vila Velha (2), Vitoria (3)

Collection municipalities

I Alegre
B Cochoeiro de Itapemirim
Il Domingo Martins
- Guacui
B bitirama
5 | Irupi
8 - Muniz Freire
Il santa Teresa
Venda Nova do Imigrante
M Vvia Velha
B vitoria

000'8L

000'LZ
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(I0 Phoneutria®—500 mM KCI1, 100 mM Tris-HC1
pH 8.4, 1% Triton X-100), 0.15 uM Primer (Invit-
rogem®), 1.5 mM MgCl, (Phoneutria®), 0.15 U
Taq DNA polymerase (Phoneutria®), and 0.25 mM
DNTP (Invitrogem®). Amplifications occurred in
a Veriti™ 96-Well Thermal Cycler (Thermo Sci-
entific®) under the following conditions: 94 °C for
4 min; 30 cycles of 94 °C for 0, 45 min, annealing
temperature (Table S3) for 1 min, 72 °C for 1 min,
and 72 °C for 8 min. The amplification products were
separated by electrophoresis on 10% polyacryla-
mide gels. As standard, the 100 bp molecular weight
marker (Kasvi, K9-100 L) was used. After electro-
phoresis, the gels were stained with GelRed® Nucleic
Acid Gel Stain—Biotium (1.33X) and visualized by a
photo documentation system (Bio-Rad Gel Doc™ EZ
Imager). The images were processed, and the bands
were analyzed with ImageLab 6.0 software (Bio-Rad
Laboratories Inc.) to estimate the size of the frag-
ments of the PCR products.

Morphoagronomic characterization

An experiment was carried out in the Area Experi-
mental do Centro de Ciéncias Agrarias e Engenharias
of the Universidade Federal do Espirito Santo in the
municipality of Alegre, ES (latitude 20°45'S, lon-
gitude 41°31'W, and 138 m of altitude) (sowing in
March of 2017 and harvest in June 2017). Another
two were performed in a private area in the munici-
pality of Mimoso do Sul, ES (latitude 21°01'S, lon-
gitude 41°17'W, and 250 m of altitude) (sowing in
April and September 2017, and harvest in July 2017
and January 2018, respectively). The months of work
duration were characterized by a season with rainfall
below the expected normal and poor spatial distribu-
tion. The spatiotemporal distribution of rainfall was
irregular, resulting in a low-quality rainfall regime
(INCAPER 2017a, 2017b, 2018).

The design used was a randomized block one with
three replications and plots composed of four rows of
1.2 m in length, 0.5 m between them, and ten seeds
per linear meter, with a useful area of 2.4 m?. The first
and last lines and the first and last plants of each cen-
tral line per plot were considered borders. The use-
ful plot consisted of 10 random plants. The cultural
practices were carried out per the recommendations
for the crop (Carneiro et al. 2015).
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The accessions were evaluated with 12 post-har-
vest morphoagronomic descriptors, selected accord-
ing to the list of minimum descriptors for the bean
crop in the Registration in the national registry of
cultivars (RNC) recommended in Decree No. 2366
of November 5, 1997 (BRASIL 1997), also based
on the literature (Collicchio et al. 1997). The focus
is on technological quality, management and pro-
duction, and information obtained through question-
naires answered by producers at the collection of
accessions. The characteristics evaluated were: stem
diameter (DIAM) in mm from an evaluation carried
out at 2 cm above the ground with a digital caliper;
plant height (ALT), determined in cm by the distance
between the collar and the last fully expanded leaf,
number of nodes at harvest (NN); number of racemes
(NR), and number of productive racemes (NRP),
evaluated by the average of 10 plants from the base to
the first inflorescence; first pod height (APV), meas-
ured in cm based on the distance between the collar
and the insertion of the first pod; number of pods per
plant (NVP), number of locules per plant (NLP) and
number of seeds per plant (NSP), average measured
in each of the 10 plants at crop density; grain mass
per plant (MG), in g plant™! determined by the mean
seed weight of 10 plants using a precision scale;
weight in grams of 100 grains (P100), evaluated in g
of 100 seeds to the second decimal place at 12-14%
moisture; grain yield (RG) estimated in kg ha™' using
the total seed weight of 10 plantsx 10 (number of
plants evaluated)/useful area, transforming to kg ha™!.

Analysis of molecular data

The parameters to measure the genetic diversity were
the mean number of alleles per loci (A/loci), expected
heterozygosity (H,), observed heterozygosity (H,),
private alleles (AP), rare alleles (AR), mean inbreed-
ing coefficient (F), and polymorphism information
content (PIC) using the GENES software (Cruz et al.
2013).

The simple correspondence dissimilarity index
estimated the Dissimilarity matrix with 1,000 boot-
strap interactions, implemented in the DARwin 5.0
program (Perrier and Jacquemoud-Collet 2006).
The accessions were then grouped hierarchically
using the Unweighted Pair-Group Method with
Arithmetic Means (UPGMA). Also, a principal
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coordinate analysis (PCoA) was performed using
GenAIlEx 6.5 software (Peakall and Smouse 2006).

A Bayesian cluster analysis was performed using
STRUCTURE 2.3.4. software (PRITCHARD et al.
2000), with no a priori information on groups. The
set of the number of runs was analyzed with a burn-
in of 500,000 iterations, followed by 1,000,000
MCMC (Monte Carlo Markov Chain) iterations,
with ten independent simulations. The tested K
values ranged from 1 to 10. The AK method by
Evanno et al. (2005) was used to find the best K,
implemented in STRUCTURE HARVESTER (Earl
and Vonholdt 2012).

Analysis of morphoagronomic data

The data obtained were subjected to analysis of
variance (ANOVA). Subsequently, the Pearson lin-
ear correlation (r) coefficient matrix between the
analyzed characteristics was estimated, and Stu-
dent’s t-test verified the significance at a 5% prob-
ability level. A multicollinearity analysis was also
performed, and the relative importance of quantita-
tive variables (S.j) was analyzed by Singh’s method
(1981). These analyses were performed using the
GENES software (Cruz et al. 2013).

The morphoagronomic data were submitted
to multivariate analyses, considering the aver-
age of the cultivars in the three environments.
The Mahalanobis generalized distance (D?) was
obtained from the residual variance and covari-
ance matrices. Then, a UPGMA hierarchical clus-
ter analysis was performed, and the groups were
defined by the non-hierarchical k-means method
(Macqueen 1967). These analyses were performed
using the R software (R Core Team 2020).

A principal component analysis (PCA) was per-
formed to verify the relationship between variables
and samples and group them. The main compo-
nents whose sum of their variances represented at
least 80% of the accumulated variance were con-
sidered. More attention was paid to the component
with the most significant influence of the sensory
note. A biplot graph was constructed from the two
main components to observe the grouping of sam-
ples and variables and their performance concern-
ing each other, mainly to the sensory note.

Results
Genetic diversity by microsatellite markers

The markers used were informative in the studied
samples. The mean number of alleles per genomic
SSR locus was 4.5, ranging from 3 to 6 alleles, and
for EST-SSRs, it was 5.71 ranging from 5 to 8 alleles.
The highest number of alleles per loci (8) and PIC
(0.77) were observed in the loci PvM30. The lowest
in the genomic SSR-IAC54 (A/loci=3 and PIC 0,11).
Mean H, was higher for SSR-EST (0.54), compared
to genomic SSR (0.46); however, not for H, (EST-
SSR=0.01; SSR genomic=0.03). The low value of
H, indicates an excess of homozygotes, which is con-
firmed by f, positive and greater than 0.8 (Table 1).

According to the diversity indices evaluated, H,
and H, in commercial cultivars were 0.42 and 0.02
and in landrace accessions 0.50 and 0.02. Two private
alleles were found in commercial beans and 29 in lan-
drace. Concerning rare alleles, i.e., with a frequency
below 0.05%, eight were found in commercial beans
and 30 in landrace (Table 2).

The clustering revealed the formation of 24
groups. Groups Gl1, G12, G13, Gl4, Gl15, GI8,
G23, G24 were formed with landrace and commercial
accessions (Fig. 2A). The value of the cophenetic cor-
relation coefficient was 0.86. The SSRs used did not
detect dissimilarity between BRS Campeiro-28 and
BRS Esplendor-30 accessions, black beans. Genetic
distances ranged in magnitude from O to 1, suggesting
extensive genetic variability within the set of acces-
sions studied.

According to STRUCTURE, the adequate number
of groups (K) identified was equal to two. The sec-
ond-highest peak was equal to three, thus dividing the
accessions into groups G, G2, and G3 (Figure S1).
G1 comprised 56 accessions, all landrace, of which
37 are large seeds, and the remaining 16 are small
and medium-sized seeds. G2 comprised 61 landrace
accessions and 13 commercial cultivars. G3 com-
prised 40 landrace and 15 commercial ones (Fig. 2B).

The graphical representation by PCoA allowed
splitting the diversity between landrace and com-
mercial accessions, with the first two components
accounting for 20.34% of the accumulated variation
(Fig. 2C). Landrace accessions showed more signifi-
cant variability, consistent with the greater number of
alleles found in this group (Table 2).
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Table 1 Comparison of

. Loci Alloci H, H, F PIC
genomic-SSR and EST-SSR

of 13 chr(és?telﬂége loci Genomic-sSR SSR-IACO4 5 0.53 0.04 0.92 0.43
investigated in common

bean ascessions SSR-IAC10 6 0.66 0.11 0.83 0.61

SSR-IAC22 3 0.53 0.00 1.00 0.45

SSR-IACS54 3 0.12 0.00 1.00 0.11

BM212 4 0.49 0.00 1.00 0.44

BM213 6 0.45 0.00 1.00 0.40

Média 4.5 0.46 0.03 0.96 0.41

EST-SSR PYMO02 5 0.53 0.04 0.93 0.49

PVMO3 7 0.41 0.00 1.00 0.39

PYM30 8 0.80 0.00 1.00 0.77

PVEST 008 5 0.70 0.00 1.00 0.65

A/loci mean number of PVEST 017 5 0.44 0.01 0.99 0.38

alleles per loci; He expected PVEST 030 5 0.68 0.01 0.99 0.61

heterozygosity; Ho : : : :

observed heterozygosity; PVEST 098 5 0.25 0.01 0.98 0.24

ffixation index, PIC Mean 5.71 0.54 0.01 0.98 0.50

polymorphism information Grand mean 515 0.51 0.02 0.97 0.46

content

Table 2 Descriptive analysis of 13 microsatellite loci evaluated in

185 common bean accessions from commercial and landrace

groups

Group N Alloci He Ho F PIC AP AR
Commercial 27 2.92 0.42 0.02 0.95 0.37 2 8
Landrace 158 5 0.50 0.02 0.97 0.45 29 30
Mean - 3.96 0.46 0.02 0.96 0.41 - -

N sample size, A/loci mean number of alleles per loci, H, expected heterozygosity, H,: observed heterozygosity, F fixation index,
PIC polymorphism information content, AP private alleles, AR rare alleles

AMOVA split the variation in 9.88% between
landrace accessions and commercial cultivars and
90.11% within populations. Although the most
significant genetic variation is found in the intrap-
opulation component, this was not significant, and
the differentiation between populations was sig-
nificant (p <0.01) (Table 3). F¢; value according to
Wright’s method was 0.074, which shows a mod-
erate genetic variability between commercial culti-
vars and landrace accessions and high differentia-
tion within groups according to the F; of 0,967.

The genetic diversity observed in Figs. 2A, B,
and C was evaluated in 185 accessions, and 50 of
them were selected for morphoagronomic charac-
terization (Table S1, S2).
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Morphoagronomic characterization

ANOVA revealed significant differences among
accessions for almost all variables (Table S4), show-
ing variability between accessions. A perfect cor-
relation (1.0) was observed between yield and grain
mass, which was expected since the yield is calcu-
lated using the grain mass. Thus, the grain mass was
excluded from further analyses due to the high cor-
relation and a lower agronomic value than the grain
yield. The correlation analysis showed that yield is
positively and significantly correlated with number of
nodes (p <0.05), number of pods (p <0.001), number
of locules per plant (p <0.001), diameter (p <0.01),
and weight of 100 grains (p<0.01) (Fig. 3B). The
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G17 m G21
G18 m G22
G19 m G23
G20 w G24

-G GS G G13
G2 m G6 G10 G14
G3 G7 mG11 mG15

WG4 5 G8 wmG12 G16

— Commercial

— Landrace

PC2 (7.54%)

Fig. 2 Evaluation of genetic diversity among 185 bean acces-
sions using 13 microsatellite markers. A UPGMA dendrogram
constructed from measurements of the simple coincidence
distance of 185 bean accessions. Names in black are landrace
accessions, and in red are commercial cultivars. B Cluster
analysis based on 13 microsatellite /oci evaluated in 185 com-
mon, landrace, and commercial bean accessions. Individual

Table 3 Two-level hierarchical analysis of molecular variance
(AMOVA) obtained from 13 microsatellite loci evaluated in
185 common bean accessions from commercial and landrace
groups

Source of variation =~ GL SQ QM Percentage
between groups 1 6.754  6.754 9.887*
within groups 183 209.375 1.144 90.113
Total 184  216.129 1.175  100.000

GL Degree of freedom, SQ Sum of squares, QM mean square
*p<0.01

number of seeds per plant showed multicollinearity
of 439.82, considered moderate to strong, negatively
influencing the multivariate analysis. Its removal
reduced the value to 63.22, considered low using the

@Selected landraces

PC1 (12.80%)
eSelected commercial
eLandraces

e Commercial

assignment to each group for K=2 and K=3. A line represents
each individual, and the proportion of each color indicates
each group’s ancestry. C Analysis of principal coordinates
obtained through 13 microsatellite loci evaluated in 185 com-
mon bean accessions, representing the 27 commercial beans
(red), the 158 landrace accessions (green), and of these, the 50
selected for field evaluation (black border)

Classification of Montgomery and Peck (1981) crite-
ria, thus remaining 10 of the 12 variables.

The variables with the most significant relative
contributions were height (29.20%), followed by the
number of nodes (15.0%), number of locules per plant
(10.7%), number of racemes (10.1%), number of pods
per plant (8.5%), grain yield (8.1%), and weight of
100 seeds (7.8%). Conversely, the variables with less
significant contributions in the separation of geno-
types were the number of productive racemes (0.3%),
stem diameter (4.6%), and first pod height (5.5%)
(Table 4).

The mean value of the plant height ranged from
30.89 (Vermelho-132) to 102.29 cm (BRS Pérola-22).
The height of the first pod ranged from 8.37 (Ver-
melho-19) to 22.98 cm (Vagem riscada-10). The

@ Springer
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«Fig. 3 Evaluation of genetic diversity among 50 bean acces-
sions using ten morphoagronomic variables (ALT: plant
height, APV: first pod height, DIAM: stem diameter, NN:
number of nodes at harvest, NR: number of racemes, NRP:
number of productive racemes, NV: number of pods per plant,
NLV: number of locules per pod, P100: weight of 100 grains;
RG: grain yield). A Dendrogram with Mahalanobis distance
and UPGMA clustering method. The arrows indicate acces-
sions with the weight of 100 seeds above 30 g. The vector
loads of the first four main components are also presented. The
vector loads are the weights given to each variable for each
component through which they allow the interpretation of the
components. B Pearson’s correlation matrix, the asterisks indi-
cate the confidence levels of p<0.1, p<0.01, p<0.001 for *,
**and ***, respectively. C Biplot of the first two axes of prin-
cipal component analysis (PC1 and PC2)

diameter ranged from 4.15 (Carioca vermelho-168) to
15.87 (Bege-135). The largest number of nodes was
detected in accession No. 10 Quadrado-156 (13.12),
the number of racemes in Branco-5 (6.16), and the
number of productive racemes in Branco-5 (5.09).
The highest number of pods, number of locules, and
seeds per plant were respectively 15.00, 80.99, and
87.18, all detected in Preto 13-69 accession. The
highest weight of 100 grains and yield was recorded
for Branco-5 accession (18.03 g and 4062.30 kg ha™!,
respectively) (Table S5).

UPGMA enabled the distribution of the 50 acces-
sions into six groups defined by the non-hierarchical
k-means method (Macqueen 1967) (Fig. 3A). The
smallest dissimilarity was between Verde Cristo
rei-81 and Feijdo verde-26 accessions (0,266), and
the largest was between Branco-5 and No. 10 Quad-
rado-156 (30.274) (Fig. 3A).

Groups G1 (Branco-5) and G2 (No. 10 Quad-
rado-156) were formed by a landrace accession. G3
was formed by 16 landrace beans (Verde cristo rei
01-81, Feijao verde-26, Amarelo-133, Preto-104,
Palhacinho-1, Amendoim-14, Verde-114, Verde
02-68, Verde-111, Verde-109, Vermelho-132, Beje-
135, Manteiga beje claro-3, Vermelho-9, No. 10
Quadrado-156, Branco-5) and two commercial cul-
tivars (CNFC 15,625-20, IPR Colibri-25). G4 was
formed by two landraces (Carioca-105 and Amen-
doim-42). G5 was formed by two accessions, one
landrace (Feijio rainha-18) and one commercial
(BRS Pérola-22). G6 comprised 19 landrace (Vagem
riscada-172, Preto-4, Bico de ouro-128, Enxofre-13,
Vagem riscada-11, Feijao 04-149, Preto-13-69, Preto-
118, Vermelho-174, Carioca vermelho-168, Bico

de ouro-120, Vagem riscada-10, Vagem riscada-8§,
Vagem riscada-92, Ouro vermelho-117, Marrom-112,
Vermelho-19, Bico de ouro-12, Branco-110) and
nine commercial cultivars (CNFC 15,462-21, BRS
Supreme-181, CNFP 15,304-32, BRS Notavel-23,
BRS Esplendor-30, IPR Uirapuru-89, Emcapa 404,
Serrano-180, BRS Estilo-24, BRS Notavel-150)
(Fig. 3A).

In the biplot (Fig. 3C), variables are represented
by vectors and samples by numbers. The larger the
vector, the greater the variable’s influence on the
grouping; the smaller the angle between vectors, the
more significant the correlation between variables.
The first three components of the PCA accounted
for about 81.49% of the variation: first—46.57%,
second—22.23%, and third—12.69%. The first two
components accounted for 68.8% of the variation.
Even with the low variance values, the analysis iden-
tified six groups according to quality by the biplot
of the two components (Fig. 3C), with an agreement
between the groups formed by the UPGMA clustering
(Fig. 3A).

Ten principal components were obtained, of which
three were selected because they accumulated 81.49%
of the total variance (Table 5). The first principal
component (PC1) showed the most significant influ-
ence of the variable number of pods per plant, fol-
lowed by the number of productive racemes and num-
ber of nodes.

Discussion

This study demonstrates common bean accessions’
genetic diversity and structure in a representative
work collection from the state of Espirito Santo
using microsatellite markers and morphoagronomic
variables. Bean production in the state is carried out
through subsistence agriculture with commercializa-
tion in local markets and fairs, which favors the devel-
opment of landrace accessions with vernacular names
attributed by the producers themselves. They collect
a bulk of seeds from several plants with no guarantee
of homogeneity and plant them in the next harvest,
repeating the procedure generation after generation.
The present study analyzed 185 common
bean accessions cultivated in the state of Espirito
Santo using 13 microsatellite loci. Of these, 50
accessions were selected for evaluation with 12
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Table 4 Relative contribution of characters to diversity by the
Singh method (1981) through the generalized Mahalanobis dis-
tance

Variables S Value %
Plant height-ALT 2521.6 29.2
Number of nodes at harvest-NN 1298.6 15
Number of locules per pod-NLP 926.2 10.7
Number of racemes-NR 873 10.1
Number of pods per plant-NVP 735.1 8.5
Grain yield-RG 701.7 8.1
Weight of 100 grains-P100 675.2 7.8
First pod height-APV 474.2 5.5
Stem diameter-DIAM 394.8 4.6
Number of productive racemes-NRP 29.7 0.3

Table 5 Coefficients of 10 variables analyzed in 50 common
bean accessions for the first three principal components

Variables PC1  PC2 PC3
Plant height-ALT 0253 -0.372 -0.217
First pod height-APV 0.1839 0.111 —0.729
Stem diameter-DIAM 0.349 —0.002 —0.211
Number of nodes at harvest-NN 0.373 —-0.311 —0.059
Number of racemes-NR 0.345 0401 —0.108
Number of productive racemes- 0.384 0307 -—0.030
NRP
Number of pods per plant-NVP 0.409 —0.105 0.222
Number of locules per pod-NLP 0.315 —0.375 0.288
Weight of 100 grains-P100 0.068  0.560 0.148
Grain yield-RG 0.318 0.179 0.455
Proportion of variance 0.4657 0.2223 0.1269
Cumulative proportion of variance 0.4657 0.688 0.8149

Bold indicates the three traits of major variation in the PC

morphoagronomic variables. Of the 50 accessions, 41
were collected in 12 municipalities, and three regions
of the state expanded the scope of studies on beans in
the state compared to previous studies. Cabral et al.
(2010, 2011) evaluated 57 accessions of landrace
beans and commercial cultivars in the municipality
of Muqui-ES, in which wide genetic diversity was
detected using SSR and morphoagronomic variables.
Studies with the characterization of landrace acces-
sions compared to commercial ones using molecular
markers and morphoagronomic variables are reli-
able for the evaluation of genetic diversity, aiming
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to discriminate promising accessions for bean crop
improvement programs and genetic resource con-
servation (Sharma et al. 2013; Scaranoa et al. 2014;
Rana et al. 2015).

The collections of landrace beans carried out in the
state of Espirito Santo allowed to discriminate com-
mercial types. The predominant seeds were of small
and medium-size (characteristics of the Mesoameri-
can gene pool), mainly of the red (16 accessions),
black (15), and carioca (10). While in the national
scene, black beans are the most traditional and widely
cultivated type in Brazil, carioca beans character-
ized by beans with black stripes on a light cream
background became the distinct commercial type
with 70% of the consumer market (Peloso and Melo,
2005). Beans with large grains were also found (char-
acteristic of the Andean gene pool), among them Jalo
(5 accessions), striped (3), white (5), large red (5), in
addition to beans designated by the producers with
the vernacular name of “Palhacinho” (4 accessions).
These types are not very representative in the national
market, but their organoleptic attributes are desired
by consumers who sometimes pay more for these
products (Negri and Tosti 2002; Galvan et al. 2006;
Murekezi et al. 2017). Furthermore, they are alterna-
tives to serve the export market (Pereira et al. 2010).

Genetic diversity by microsatellite markers

The study of the genetic diversity of 185 accessions
(158 landrace and 27 commercial) using microsatel-
lites revealed H, and mean inbreeding coefficient
with values equal to or close to one, showing gen-
erally homozygous loci. This is expected for bean
plants, as the species is preferentially autogamous,
showing self-fertilization equal to or greater than 95%
(Graham and Ranalli 1997).

According to the classification presented by Bot-
stein et al. (1980), PIC values below 0.25 are not very
informative, from 0.25 to 0.5 moderately informa-
tive and above 0.5 very informative. In this study,
PIC ranged from little (0.11-SSR-IAC54) to very
informative (0.77-PvM30), with an overall mean of
0.46, indicating that the markers together presented
medium quality. However, these values were higher
than those detected by Cabral et al. (2011), who used
16 SSR in 57 bean accessions and found PIC rang-
ing from 0.11 to 0.51. The values are similar to those
obtained by Perseguini et al. (2015), who studied 58
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SSR in 500 bean accessions and detected PIC rang-
ing from 0.17 to 0.86. Therefore, the SRRs used in
this work were efficient, indicating their potential to
access genetic diversity in common beans.

Landrace accessions had a more significant num-
ber of AP and AR (29 and 30, respectively) than com-
mercial accessions (2 and 8, respectively) (Table 2).
Private alleles result from mutation, migration, adap-
tation, and selection to specific environmental con-
ditions. An allele may appear occasionally and may
have increased its frequency in the population through
hybridization or genetic bottleneck, giving rise to
a private allele. In beans, due to the predominance
of autogamy, this event is not commonly expected.
However, for the studied landrace accessions, they
were found on a large scale. This fact is interesting, as
the presence of private alleles in landrace accessions
may be related to the adaptation to the different envi-
ronments in which beans are cultivated in the state
of Espirito Santo. Delfini et al. (2017) identified 24
private alleles in 16 of the loci analyzed in the cari-
oca group and 22 in the black group. Cardoso et al.
(2014) analyzed 114 bean genotypes, including 50
commercial cultivars from public institutions in Bra-
zil and other countries, and 64 lines used in improve-
ment programs. They found 35 private alleles at 15
analyzed microsatellite loci and observed that newer
cultivars have more private alleles.

Molecular cluster analysis with 13 SSR markers
was efficient to assess genetic diversity among com-
mon bean accessions. The commercial cultivars were
distributed among the landrace beans, which allows
us to conclude that the landrace beans cultivated in
the state of Espirito Santo retain both diversity and
similarity with commercial beans. It is an essential
aspect from the point of view of improvement since
landrace beans may already have characteristics of
interest. The SSRs used did not detect dissimilarity
between BRS Campeiro-28 e o BRS Esplendor-30
accessions, both black grains and developed by the
same improvement program.

Morphoagronomic characterization

Multivariate analysis methods are considered ideal
to describe genetic diversity. They treat variables
together and unify multiple information on a set of
characters of interest in genetic improvement (Cruz

and Regazzi 2001) to detect a possible group struc-
ture by cluster analysis.

The MANOVA of quantitative data showed signifi-
cance for the analyzed variables, indicating genetic
variability among accessions. Positive and signifi-
cant correlations between grain yield and number of
nodes, number of pods, and number of locules per
pod corroborate similar results found by Singh et al.
(1995), Assady et al. (2005), and Salehi et al. (2008)
in common bean. Such results show that these vari-
ables are helpful to select high yield in common bean
improvement programs.

The knowledge of the correlation informs the
improver associations that occur in a given trait due
to selection in another correlated trait (Ramalho et al.
1993). Thus, a balance is sought between the vari-
ables so that the plant has an ideotype that maximizes
the grain yield, considering the other variables, for
example, a significant increase in the number of pods
may not be supported by a plant that does not present
an increase in the stem diameter. Positive and signifi-
cant correlations were observed for grain yield with
the weight of 100 grains, number of racemes, and
number of productive racemes, which indicates that
selecting one feature would increase another one’s
expression.

Among the morphoagronomic variables, plant
height showed a greater discriminatory power by the
Singh test (1981). The higher the value of this vari-
able, the lower the losses in cultural practices and
mechanized harvest. Avoiding the direct contact of
the legume with the ground provides a better phy-
tosanitary state for the seed. In the present study,
plant height ranged from 30.89 (Vermelho-132)
to 102.29 cm (BRS Pérola-22). The range of varia-
tion for this variable was larger, compared to that
observed by Salgado et al. (2011), who observed
values of 67 to 108 cm, demonstrating the diversity
of the studied collection, which serves as a basis for
future improvement works that seek different plant
heights. According to Simone et al. (1992), ideal
plants for mechanized harvest present height above
50 cm. In the present study, 68% of the total acces-
sions fit this pattern. However, it is noteworthy that
plants with very high heights, especially compared to
smaller ones, provide a greater occurrence of lodg-
ing and falling caused by the action of wind, making
mechanized harvest impossible and increasing grain
losses. On the other hand, the short stature presented
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by 32% of the remaining accessions is not a limitation
for bean cultivation, as these accessions can be used
by small farmers who use family labor.

The stem diameter and first pod height had low dis-
criminatory importance (4.6 and 5.5%, respectively)
by the Singh test (1981). However, these variables
are included in common bean improvement programs
to represent advantages for common bean producers.
The stem diameter is critical because it promotes bet-
ter plant support and avoids lodging, aiming to reduce
losses and favor mechanized harvest, particularly
Preto 13-69 accession, with 6.6 cm (Table S5). Most
of the existing cultivars in Brazil have the height of
insertion of the first pod between 5 and 10 cm (Silva
and Fonseca 1996; Salgado et al. 2011). According
to Silva et al. (2009), plants with insertion of the first
pod greater than 9.3 cm favor the direct harvest of
beans with a combine harvester. In the present study,
one of the accessions had a first pod height smaller
than 9.3 cm (Vermelho-19, with 8,37 cm), and the
others had a height ranging from 9.91 (Verde-109)
to 22.98 (Vagem riscada-10). Thus, it is possible to
obtain a plant pattern that allows mechanized har-
vest among the studied accessions (Table S5). Afférri
et al. (2008) evaluated 17 lineages and 12 varieties,
including BRS Pérola, finding values between 10 and
27 cm. Plants whose first pod does not directly con-
tact the soil do not suffer from decay due to excess
moisture and fungal attack, thus promoting a better
phytosanitary state for the seeds (Salgado et al. 2012).

Production components such as grain yield, num-
ber of pods per plant, number of seeds per pod, and
grain mass per plant are related to the productivity
of the bean crop (Zilio et al. 2011). The mean pro-
ductivity found in landrace accessions of the Andean
gene pool, Mesoamerican, and commercial culti-
vars was 1868.65 kg ha™!, 1.639,73 kg ha~!, and
2.017,83 kg ha™!, respectively. The highest value
was observed for the landrace Branco-5 accession
(4.062,30 kg ha™"), with this superiority probably due
to the greater grain mass (20.31), the greater number
of seeds (40.43), and pods per plant (13.34) in the
landrace accession (Table S5).

Thus, even with unfavorable climatic conditions
in the experimental environments due to irregu-
lar rainfall causing low-quality rainfall regime
(INCAPER 2017a, 2017b, 2018), the productivity
had a high magnitude compared to the 1st Brazilian
crop of 2017/2018, which averaged 1728.00 kg ha™!

@ Springer

(Companhia Nacional de Abastecimento 2018). The
present study results support those of Ramos Jun-
ior et al. (2005), Afférri et al. (2008), who obtained
yields ranging from 316 to 3587 kg ha™".

Regarding the mass of 100 grains, superiority is
observed in the CNFC 10,470 lineage with 39.13 ¢
and the cultivars Pérola and BRSMG Majestoso with
38.77 g and 37.36 g, respectively (Table S5). These
results agree with those obtained by Ramos Junior
et al. (2005) and Hoffmann Junior et al. (2007), who
obtained values ranging from 16.8 to 37.9 g. The dis-
criminated accessions provided indications of geno-
types from different centers of origin. According to
Coelho et al. (2007), genotypes with 100 seeds weigh-
ing less than 25 g belong to the Mesoamerican center
and, when greater than 33 g, to the Andean center.
The mass of 100 grains verified for landrace varie-
ties was generally similar to the results obtained by
other authors (Coelho et al. 2010; Lima et al. 2012).
According to Singh et al. (1989), the size of cultivated
bean seeds can vary from less than 15 to 90 g per 100
seeds and are grouped into small ones. The identity of
the common bean gene pool is substantiated by seed
characteristics, with size as an essential identifica-
tion criterion. In this study, groups G1, G4, G5, and
G6 presented the grains with a weight of 100 seeds
ranging from 20.85 to 58.28 g, showing the possible
presence of representatives of the Andean gene pool
(Table S5). The accession that presented the largest
grain weight was Branco-5, with 58.28 g, the only
accession in group 1 (Table S5). Ramos Junior et al.
(2005) and Hoffmann Junior et al. (2007) obtained
values ranging from 16.8 to 37.9 g. In groups G2
and G3, the weight of 100 seeds ranged from 16.37
(Vagem riscada-8) to 29.49 g (Feijao Rainha-18),
suggesting there are representatives of the Mesoa-
merican gene pool (Table S5). Based on this classifi-
cation, 38% of accessions belong to the Andean gene
pool, including beans with beige, brown, red, yel-
low, green, white, and mixed colors seeds. A total of
62% are part of the Mesoamerican gene pool, mainly
black, red, and carioca beans. Thus, while the Mes-
oamerican gene pools have more representatives, the
Andean one has a greater diversity in seed morphol-
ogy. This result was similar to those found by Blair
et al. (2013) and Cardoso et al. (2014) analyzing col-
lections of Brazilian beans.

According to Falconer (1987), variability is criti-
cal for forming populations with selection potential.
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The distribution of accessions on the dendrogram
shows the formation of six groups. The combina-
tion with greater dissimilarity occurred between
accessions Branco-5 (from the Andean group) and
No. 10 Quadrado-156 (from the Mesoamerican
gene group), with a distance of 30.274, revealing
a tremendous genetic variability existing between
these accessions. The most appropriate would be
to recommend cross-breeding divergent parents
that present superior performance for the desirable
or potential variables, such as grain yield, making
it possible to obtain superior accessions in segre-
gating generations. The combination with the low-
est magnitude of dissimilarity (distance=0.266)
was between the accessions Verde Cristo rei-81
and Feijdo verde-26 (both from the Andean gene
group), indicating proximity between these acces-
sions. Despite the extensive genetic variability in
Brazil, low variability was observed among cur-
rent cultivars, mainly due to market pressure for
specific types of grain and the expressive plant-
ing of improved cultivars. Such variability makes
them more vulnerable to pests, diseases, and abiotic
stresses, such as drought, resulting in lower grain
yields (Abdurakhmonov and Abdukarimov 2008).

By grouping, G1 to G4 were found to differ from
the others, formed only with landrace accessions. The
other two groups (G5 and G6) comprised landrace
and commercial together, demonstrating their similar-
ity considering the variables under study. Landrace
accessions can possess many valuable genes, essen-
tial resources for improving biotic and abiotic stress
resistance/tolerance (Hanson et al. 2007; Sifres et al.
2010).

The principal component analysis showed that the
ten morphoagronomic variables participated in the
common bean grouping, with the number of pods per
plant and weight of 100 seeds having the largest par-
ticipation. These variables could be explored as use-
ful morphoagronomic markers to discriminate bean
genotypes (Gana et al. 2013).

Landrace genotypes Verde-111, Branco-110,
Preto13-69, Feijao Rainha-18, Branco-05, and the
commercial cultivar Pérola-102 showed high lev-
els of productivity (above 3000 kg ha™!) and can be
incorporated into crop improvement programs or sug-
gested for farmers. Of these, the weight of 100 seeds
of accessions Preto 13-69 and Pérola-102 are smaller

than 30 g. Therefore, they are considered of Mesoa-
merican origin.

The most divergent accessions by morphoagro-
nomic variables were Branco-5 and No. 10 Quad-
rado-156 (distance=30.27). The variables with the
most significant discriminatory power were plant
height, number of nodes, and number of locules per
plant. These variables contributed to the separation
of accessions and can be used in genetic divergence
studies to identify duplicates in work collections.
Both SSR and morphoagronomic variables allowed
a detailed description of the diversity present in the
collection. Landrace and commercial accessions were
allocated in the same group, evidencing that landrace
accessions have characteristics of interest since the
commercial ones have already been submitted to
some process of genetic improvement.

The studied landrace beans are a promising genetic
resource due to their performance equal to or supe-
rior to the yield components of the commercial cul-
tivars analyzed. They also showed greater diversity
at the molecular and morphoagronomic level, requir-
ing the planning of conservation strategies and use in
improvement programs.
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