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fragment length polymorphism markers (AFLP) with 
four primer combinations. There was a wide variabil-
ity among the snap bean accessions and a positive 
correlation between morpho-agronomic and molecu-
lar descriptors. The formation of two large groups 
of snap bean was observed and growth habit was 
strongly associated with gene pool, with evidence 
of high diversity among the accessions of the inde-
terminate growth habit. The descriptors that allowed 
high discrimination of the accessions were those that 
related to crop yield and cycle. The genetically diver-
gent accessions with desirable agronomic character-
istics may be used in crosses to initiate a breeding 
program.

Keywords Phaseolus vulgaris L. · Germplasm 
bank · Phenotyping · Genotyping · Vegetables

Introduction

The common bean (Phaseolus vulgaris L.) is one of 
the major legume crops cultivated worldwide with 
an estimated annual production of 41.71 million ha 
(Rawal and Navarro 2019). This species can be grown 
to meet the market demand for dried beans or pods, 
which are consumed as a vegetable (Fukuji et  al. 
2019; Myers et al. 2019). Snap beans have high nutri-
tional quality; they are an important source of fiber, 
minerals, and vitamins, in addition to being rich in 
bioactive compounds that have a positive impact on 
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the health and well-being of consumers because of 
their antioxidant, hypolipidemic, and anticarcino-
genic activities (Chaurasia 2020).

In Brazil, snap bean is grown mainly by small-
holder farmers and is considered an important source 
of income and an alternative for crop diversifica-
tion (Andrade et  al. 2016). The main cultivars used 
by farmers are of the indeterminate growth habit and 
most of the production is intended for fresh consump-
tion (Vaz et  al. 2017). However, the market for pro-
cessed pods (canned and/or frozen) has been grow-
ing in recent years and is considered promising for 
both domestic and international markets. In addition, 
the bush habit allows for mechanized harvesting. In 
the U.S., the snap bean occupied an area of approxi-
mately 80,000 hectares in the 2019 crop season, with 
a production value of $303 million, and 40% of this 
revenue was associated with the processing market 
(USDA 2020).

Bush snap bean cultivars are more suitable for the 
industry than those with the indeterminate growth 
habit, because they adapt to intensive mechanized 
cultivation, from sowing to harvesting, which reduces 
the production cost and facilitates the scheduling of 
production (Krause et al. 2009; Kleintop et al. 2016; 
Vaz et al. 2017). In this context, the development of 
more productive cultivars with favorable commercial 
pod characteristics, adequate plant size for mecha-
nization, resistance/tolerance to biotic stresses, and 
adaptation to the Brazilian soil and climate conditions 
are considered main challenges for the improvement 
of this crop.

Genetic improvement involves several steps for the 
development of new cultivars. The first step consists 
of exploring the existing variability in germplasm 
banks to understand the genetic potential of some 
accessions for future use in the breeding program 
(Delfini et al. 2021). The Paraná Rural Development 
Institute—IAPAR—EMATER (IDR—Paraná) has 
a collection of 14,234 accessions of P. vulgaris L. 
introduced by several research institutions and univer-
sities as well as breeding lines improved by the insti-
tute itself (Moda-Cirino et  al. 2012). These acces-
sions have been widely characterized and used, and 
the IDR-Paraná stands out as one of the main institu-
tions for common bean improvement, having released 
39 cultivars. However, limited research has been con-
ducted on the variability of the germplasm bank for 
the improvement of snap bean.

The characterization and evaluation of germ-
plasms are performed using a set of descriptors, 
such as phenotypic and molecular descriptors, 
which are essential for the conservation of the 
germplasm bank and its use in breeding programs 
(Arunga et  al. 2015; Moreira et  al. 2018). Pheno-
typic characterization is of great relevance because 
it allows the direct measurement of descriptors 
of agronomic interest. However, some of these 
descriptors are influenced by the environment, 
which may limit their use in the differentiation of 
the accessions (Nadeem et  al. 2020). On the other 
hand, molecular markers allow the characteriza-
tion and realization of genetic divergence studies 
with a high degree of precision because they are 
not affected by environmental factors and the data 
obtained are stable and reproducible (Adhikari et al. 
2017).

Considering the importance of characterizing 
and evaluating germplasm banks for the initiation 
of a breeding program and the nutritional and com-
mercial potential of beans for pod consumption, the 
aim of the present study was to determine the genetic 
diversity in a panel of snap bean accessions from the 
germplasm bank of IDR-Paraná using phenotypic and 
molecular descriptors.

Material and methods

Genetic material

A total of 102 snap bean accessions from the germ-
plasm bank of IDR-Paraná, of which 60 were of the 
determinate growth habit and 42 of the indeterminate 
growth habit, were characterized using morpho-agro-
nomic and molecular descriptors. These accessions 
were composed of improved strains from the Interna-
tional Center for Tropical Agriculture—CIAT (Cali, 
Colombia), cultivars and local varieties from Brazil, 
and those introduced from other countries (Table S1). 
All accessions were regenerated and multiplied in a 
protected environment at the station of the research 
headquarters of IDR-Paraná in Londrina, Paraná, 
Brazil (latitude 23° 21′ 23.81″ S, longitude 51° 9′ 
41.02″ W, and altitude 589 m). The regeneration and 
multiplication stages occurred between September 
2016 and June 2017.
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Phenotyping

Two trials were established for phenotyping: one 
for the accessions of the determinate growth habit 
and another for the accessions of the indeterminate 
growth habit. The trials were conducted side by side 
and sowing was performed on the same date at the 
research station of the research headquarters of IDR-
Paraná in the 2017 and 2018 wet season harvests 
(Figure S1). The two crops were grown in the same 
experimental area at an altitude of 585 m, latitude of 
23° 21′ 43.13″ S, and longitude of 51° 9′ 52.63″ W.

The experimental design was a randomized block 
design with three repetitions; in the assay with the 
accessions of the determinate growth habit, each plot 
was composed of three 1-m rows with 0.5 m spaces 
between lines and 10 plants per linear meter. In the 
assay with the accessions of the indeterminate growth 
habit, each plot was composed of one 1.5-m row with 
1.2 m spaces between lines and seven plants per lin-
ear meter.

The accessions were phenotyped using 60 mor-
pho-agronomic descriptors (Table S2). Most of these 
descriptors were proposed by the International Union 
for the Protection of New Varieties of Plants (UPOV), 
the National Service for the Protection of Cultivars-
SNPC/MAPA (BRAZIL 2015) for the protection of 
bean cultivars, and Bioversity International (IPGRI 
2001) for genetic diversity studies in beans.

Sowing was performed using 350  kg   ha−1 of fer-
tilizer (formulation: 4–30–10 (N–P2O5–K2O)). Top-
dressing fertilization was performed at the V4 devel-
opmental stage (fully developed third trifoliate leaf) 
using 40 kg  ha−1 of nitrogen (source: ammonium sul-
fate). Disease, pest, and weed control was performed 
according to the technical recommendations for the 
crop.

Genotyping

Genomic DNA was extracted from pools of 12 
plants of each access according to the protocol of 
Ferreira and Grattapaglia (1998) (modified) using 
CTAB buffer followed by isopropanol precipitation. 
All samples were treated with RNAse (110 ng/mL). 
DNA integrity was confirmed by 1% agarose gel 
electrophoresis.

The amplified fragment length polymorphism 
(AFLP) protocol was adapted from Vos et al. (1995), 

and DNA restriction and adapter ligation were per-
formed simultaneously. Approximately 700  ng of 
DNA were digested with 5 U of EcoRI enzyme and 
1 U of MseI enzyme at 37  °C for 4  h, followed by 
adapter ligation using 2 U of T4 DNA ligase at 22 °C 
for 1  h. Then, incubation was performed at 70  °C 
for 10  min for heat inactivation of the restriction 
enzymes. The preselected amplification reaction was 
performed using the primers EcoRI + A and MseI + C 
in a volume of 10 μL containing 3 μL of 1 × diluted 
template. The polymerase chain reaction (PCR) con-
ditions were as follows: 72 °C for 2 min followed by 
20 cycles at 94 °C for 1 s, 56 °C for 30 s, and 72 °C 
for 2 min, with a final extension of 30 min at 60 °C.

The selective reaction was performed using 
the primer pairs FAN-Eco + AAG/Mse + CTC; 
VIC-Eco + ACT/Mse + CTT; NED-
Eco + ACA/Mse + CAC; and PET-
Eco + AGC/Mse + CTGA with 2.5 μL of 6 × diluted 
template in a final volume of 10 μL. The amplifica-
tion conditions were as follows: an initial cycle at 
94 °C for 2 min followed by 65 °C for 30 s and 72 °C 
for 2 min; 8 cycles at 94  °C for 1  s, 64  °C for 30  s 
(with a decrease of 1  °C per cycle), and 72  °C for 
2 min; and 23 cycles at 94 °C for 1 s, 56 °C for 30 s, 
and 72 °C for 2 min, with a final extension of 30 min 
at 60 °C. The PCR products were separated by capil-
lary electrophoresis using an ABI 3500 XL sequencer 
(Applied Biosystems) with GS-600 LIZ (Applied 
Biosystems) as a molecular weight marker. The 
detection of electropherogram peaks generated by 
the AFLP technique and fragment analysis was per-
formed using GeneMaPPer® v.4.1 software (Applied 
Biosystems). The fragments of 75 to 500 base pairs, 
from the four primer combinations, were combined 
in a single binary matrix of presence (1) and absence 
(0).

Data analysis

The quantitative phenotypic data were subjected to 
the mixed-model analysis of variance. The statistical 
model used was y = Xr + Zg +Wi + e, where y is the 
vector of observations, r is the vector of the repetition 
effect (considered as fixed) added to the general mean, 
g is the vector of the genotype effects (considered as 
variable), i the vector of the interaction between the 
genotype and environment effects (random), and 
e is the vector of the error (random). X , Z, and W 
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represent the incidence matrices for the abovemen-
tioned effects. Based on the analysis of the models, 
the genetic parameters were estimated by restricted 
maximum likelihood (REML) and the genetic values 
were predicted by the best linear unbiased prediction 
(BLUP). All analyses were performed using software 
Selegen REML/BLUP (Resende 2016). The BLUP 
values were used for correlation and box plot analy-
sis, and the accessions were grouped according to 
their origin (cultivar, breeding line and landrace) for 
analysis. To analyze the morpho-agronomic genetic 
divergence among the accessions, the qualitative and 
quantitative descriptors (BLUPs) were used. The 
Ward-MLM method was used, with the ideal number 
of groups determined by likelihood analysis. These 
analyses were performed using SAS (SAS 2000) and 
R (R CORE TEAM 2020) software with corrplot 
(Wei and Simko 2017) and cluster (Mächler et  al. 
2019) packages.

For the molecular analysis, the data were trans-
formed into a binary matrix of presence (1) and 
absence (0) and subsequently into a Jaccard dis-
similarity matrix and principal component analysis 
(PCA). Binary matrix and AFLPsurv 1.0 software 
were used to calculate the genetic diversity index 
(Fst). The dendrogram was obtained using the neigh-
bor-joining method with the cluster package (Machler 
et  al. 2019), and PCA analysis was conducted using 
Tidyverse (Wickham et  al. 2019) and Ggrepel 
(Slowikowski 2020) packages. These analyses were 
performed using R software (R CORE TEAM 2020).

The genetic structure of the accessions was cal-
culated using molecular data and a clustering algo-
rithm, namely, sparse non-negative matrix factoriza-
tion algorithm, implemented with the LEA package 
(Frichot and François 2015). The number of clusters 
(K) was determined using the cross-entropy crite-
rion (CEC), in which the lowest value indicates the 
most likely number of clusters (Frichot et  al. 2014). 
K was estimated to range from 1 to 10 clusters with 
100 runs per K. Finally, the best run of the 100 repeti-
tions (lowest CEC) corresponding to the selected K 
was used for the graphical representation of the popu-
lation structure.

Correlation analysis between the matrices was 
performed based on the dissimilarity matrices of 
the morpho-agronomic data (Gower’s matrix) and 
molecular data (Jaccard’s matrix). The significance of 
the correlation was assessed using the t-test and the 

Mantel test based on 10,000 simulations. The analysis 
was performed using Genes software (Cruz 2013).

Results

Phenotyping

Most of the qualitative descriptors showed variations 
among the snap bean accessions from the germplasm 
bank of IDR-Paraná, except for the descriptor pod 
surface texture, and all accessions were classified as 
smooth pods. Three descriptors showed variations in 
only three accessions, namely, the presence of sec-
ondary color in the pod, the secondary color of the 
pod, and the density of spots on the secondary color 
of the pod, and it was demonstrated that most acces-
sions had pods with only one color.

Considering the predominance of multicategory 
descriptors, the accessions from the snap bean germ-
plasm bank of IDR-Paraná can be described as hav-
ing the following characteristics: absence of rough 
leaf (80.4% of the accessions), circular to quadran-
gular terminal shape of the central leaflet (80.4%), 
medium bracts (44.1%), white wing color (63.7%), 
elliptical cross section of the pod (36.3%), pod with 
median green color (48%), slightly curved pod pro-
file (92.2%), presence of string at the ventral suture of 
the pod (63.7%), pod with a low degree of curvature 
(61.8%), apical tooth of pod with a small curvature 
(55.9%), moderate constriction in dry pod (54.9%), 
reniform longitudinal section of seed (65.7%), seed 
with only one color (84.3%), white colored seed 
(49%), seed venation absent or very weak (43.1%), 
opaque seed (49%), and absence of halo in seed 
(87.3%).

The analysis of the quantitative morpho-agro-
nomic descriptors showed that all traits had a signifi-
cant effect on the analysis of variance for the source 
of genotypic variation, which indicates a wide vari-
ability among the accessions. The values of heritabil-
ity  (h2

g) ranged from 0.03 to 0.94, and most values 
were > 0.60 (Table  1). The traits beak length (ALP) 
and seed length had low  h2

g (0.03 and 0.07, respec-
tively) and accuracy (Ac) (0.27 and 0.42, respec-
tively) values, which indicates a strong environmental 
influence on these descriptors. Most of the other traits 
had accuracy values > 90%.
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Considering the 102 accessions from the germ-
plasm bank of IDR-Paraná, the following results 
were obtained: a mean mass of 250.6  g for 1000 
seeds, a cycle of 39.7  days until the beginning of 
flowering and 58  days until the beginning of har-
vest, a mean of 5.3 seeds per pod, commercial 
pod mass (COM) of 274  g per plant, 55 commer-
cial pods per plant, and mean pod mass of 5.43 g. 
The accessions of the determinate growth habit 
had higher values of trifoliate leaf length (LL), leaf 
width (LW), pod thickness (PT), and seed thickness 
(ST). The accessions of the indeterminate growth 
habit had higher values of cycle until the beginning 

of flowering (FC), cycle until the beginning of har-
vest (HAC), COM, and commercial pod number 
(MPN) (Fig. 1).

The accessions of the determinate growth habit 
were divided into three groups (breeding line, culti-
var and landrace). Breeding lines showed the high-
est values for LL, LW, and pod length (PL) amongst 
all the groups (Figure S3). Cultivars showed 
higher HAC and MPN, whereas landraces varieties 
showed higher thousand seed mass (W1000) and ST 
(Fig. 1). The accessions of the indeterminate growth 
habit were divided into two groups (cultivars and 
landraces). Cultivars showed higher values of PL, 

Table 1  Estimation of variance components and prediction 
of genetic values and parameters by the restricted maximum 
likelihood (REML) method and best linear unbiased predic-

tion (BLUP) of 22 morpho-agronomic descriptors used in the 
characterization of 102 accessions of the snap bean germplasm 
bank of IDR-Paraná

a LL central leaflet length (cm), LW central leaflet width (cm), PL pod length (cm), PW pod width (mm), PT pod thickness (mm), 
PT/PW pod thickness to pod width ratio, ALP apical tooth length (cm), W1000 thousand seed mass (g), ST seed thickness (mm), 
SW seed width (cm), SL seed length (cm), SL/SW seed length to width ratio, ST/SW seed thickness to width ratio, FC cycle until the 
beginning of flowering (days), HAC cycle until the beginning of harvest (days), LNP number of loci per pod, SNP number of seeds 
per pod, TPM total pod mass (g), TPN total number of pods, MPM Marketable pod mass (g), MPN Marketable pod number, PMA 
mass per pod unit
b Vg: genotypic variance;  Ve: environmental variance;  Vf: individual phenotypic variance;  h2

g: heritability of genotype mean; Ac: 
accuracy of genotype selection;  CVg%: coefficient of genotypic variation;  CVe%: coefficient of residual variation; Mean: General 
mean of genotypes

Descriptorsa Vg
b Ve Vf h2

g Ac CVe% Mean

LL 1.69 0.47 2.16 0.78 0.96 6.21 12.10
LW 0.99 0.73 1.72 0.58 0.90 10.37 9.02
PL 4.78 0.49 5.27 0.91 0.98 6.21 13.21
PW 2.57 0.53 3.10 0.83 0.97 7.37 11.30
PT 1.19 0.53 1.71 0.69 0.93 9.45 8.50
PT/PW 0.03 0.01 0.04 0.78 0.96 11.79 0.95
ALP 2.19 81.39 83.58 0.03 0.27 585.91 1.72
W1000 4.802.1 570.59 5.372.7 0.89 0.98 9.53 313.53
ST 0.27 0.09 0.36 0.75 0.95 5.95 5.49
SW 0.62 0.14 0.76 0.81 0.96 6.04 6.94
SL 9.16 128.78 137.94 0.07 0.42 88.61 13.53
SL/SW 0.09 0.01 0.10 0.91 0.98 4.90 2.22
ST/SW 0.01 0.00 0.01 0.82 0.97 5.38 0.90
FC 26.63 4.81 31.43 0.85 0.97 5.52 44.36
HAC 25.58 7.28 32.86 0.78 0.96 4.65 62.63
LNP 0.61 0.30 0.91 0.67 0.93 9.61 6.34
SNP 0.53 0.40 0.93 0.57 0.89 11.83 5.88
TPM 124,759.8 7,313.92 132,073.7 0.94 0.99 26.97 645.95
TPN 4,801.61 362.12 5,163.72 0.93 0.99 29.77 127.86
MPM 89,828.9 6,752.41 96,581.31 0.93 0.99 29.94 551.66
MPN 3,682.79 353.90 4,036.69 0.91 0.98 34.06 111.40
PMA 2.33 1.08 3.40 0.68 0.93 19.08 6.72
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Fig. 1  Boxplots for the characterization of the snap bean 
germplasm bank of IDR-Paraná considering the main quanti-
tative morpho-agronomic descriptors. LL central leaflet length 
(cm), LW central leaflet width (cm), PL pod length (cm), PT 

pod thickness (mm), W1000 thousand seed mass (g), ST seed 
thickness (mm), FC cycle until the beginning of flowering 
(days), HAC cycle until the beginning of harvest (days), CPM 
commercial pod mass (g), CPN commercial pod number
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PT, FC, HAC, and COM, whereas landraces had 
higher values of W1000 and ST.

Pearson’s correlation analysis showed that LL 
and LW were highly correlated with each other 
and negatively correlated with total and commer-
cial number of pods (TPN and MPN, respectively) 
and with total and commercial pod mass (TPM and 
COM, respectively) (Fig. 2). Cycle length (FC and 
HAC) and descriptors related to production compo-
nents (TPM, TPN, MPM, and MPN) were positively 
correlated. A negative correlation was observed 
between PT and FC, HAC, TPM, TPN, COM, and 
MPN.

Multivariate Ward-MLM analysis showed that 
the ideal number of groups was two, according to 
the log-likelihood function (Table  S3). Considering 
the first canonical variable, the quantitative descrip-
tors that most contributed to the discrimination of the 
accessions were PT/PW, SL/SW, ST/SW, FC, HAC, 
TPM, TPN, MPM, and MPN (Table 2). Considering 
the second canonical variable, the descriptors that 
contributed the most were FC, HAC, and MPM. The 
quantitative descriptors that showed less ability to 

differentiate the accessions were PL, ALP, W1000, 
ST, SL, LNP, SNP, and PMA.

The graphical representation of the first two 
canonical variables for the two groups created by the 
Ward-MLM cluster analysis showed that group 1 was 
mostly formed by the accessions of the determinate 
growth habit and group 2 was mostly formed by the 
accessions of the indeterminate growth habit (Fig. 3). 
The accessions of group 1 were placed adjacent, 
whereas the accessions of group 2 were dispersed. 
Separation between cultivars, breeding lines, and lan-
draces was not observed in any group.

Genotyping

In the molecular characterization using AFLP mark-
ers, the four primer combinations produced 968 poly-
morphic loci. Of these, 130 (13.43%) were generated 
by the primer pair FAM-Eco + AAG/Mse + CTC, 
222 (22.93%) by the primer pair NED-Eco + ACA/
Mse + CAC, 424 (43.8%) by the primer pair PET-
Eco + AGC/Mse + CTGA, and 192 (19.84%) by 
the primer pair VIC-Eco + ACT/Mse + CTT. The 

Fig. 2  Pearson’s correlation (p ≤ 0.05) among the 22 quantita-
tive morpho-agronomic descriptors used in the characteriza-
tion of snap bean accessions from the germplasm bank of IDR-
Paraná. LL central leaflet length (cm), LW central leaflet width 
(cm), PL pod length (cm), PW pod width (mm), PT pod thick-
ness (mm), PT/PW pod thickness to pod width ratio, ALP api-
cal tooth length (cm), W1000 thousand seed mass (g), ST seed 

thickness (mm), SW seed width (cm), SL seed length (cm), SL/
SW seed length to width ratio, ST/SW seed thickness to width 
ratio, FC cycle until the beginning of flowering (days), HAC 
cycle until the beginning of harvest (days), LNP number of loci 
per pod, SNP number of seeds per pod, TPM total pod mass 
(g), TPN total number of pods, CPM commercial pod mass (g), 
CPN commercial number of pods, PMA mass per pod unit
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coefficient of genetic differentiation (Fst) between 
the accessions of the determinate and indeterminate 
growth habits was 0.13 (Table 3). A total of 747 pol-
ymorphic loci were generated within the accessions 
of the determinate growth habit, with an Fst of 0.084 
among the cultivar, breeding line, and landrace sub-
populations. Within the accessions of the indetermi-
nate growth habit, there were 737 polymorphic loci 
and an Fst of 0.103 existed between cultivars and 
landraces.

PCA and hierarchical clustering identified four 
groups (Fig. 4). Groups 1 and 4 were formed by the 
accessions of the determinate and indeterminate 
growth habits, respectively. Groups 2 and 3 exhibited 

a transition profile and were composed of the acces-
sions of different growth habits. Mean dissimilarity 
was 0.57, and the smallest distance (0.27) occurred 
between the accessions of the determinate growth 
habit, Macarrão Rasteiro and Zegane, whereas the 
largest distance (0.75) was observed between the 
landrace of the determinate growth habit, Montcalm 
23, and the cultivar of the indeterminate growth 
habit, Tempesta. Considering only the groups formed 
according to the growth habit, the determinate and 
indeterminate growth habit groups had a mean 
genetic distance of 0.55 and 0.60, respectively. When 
the accessions were analyzed separately according 
to cultivars, breeding line and landraces, the mean 

Table 2  Mean (± standard deviation, n = 102) of the quantitative descriptors for the two main groups formed by Ward-MLM analy-
sis and correlation with the first two canonical variables

a LL central leaflet length (cm), LW central leaflet width (cm), PL pod length (cm), PW pod width (mm), PT pod thickness (mm), 
PT/PW pod thickness to pod width ratio, ALP apical tooth length (cm), W1000 thousand seed mass (g), ST seed thickness (mm), 
SW seed width (cm), SL seed length (cm), SL/SW seed length to width ratio, ST/SW seed thickness to width ratio, FC cycle until the 
beginning of flowering (days), HAC cycle until the beginning of harvest (days), LNP number of loci per pod, SNP number of seeds 
per pod, TPM total pod mass (g), TPN total number of pods, MPM Marketable pod mass (g), MPN Marketable pod number, PMA 
mass per pod unit
b Correlation coefficient of canonical variables 1 (CAN1) and 2 (CAN2)

Descriptorsa Groups CANb

G1 G2 CAN1 CAN2

LL 11.05 ± 0.61 11.02 ± 0.52 0.62 0.00
LW 8.31 ± 0.59 8.21 ± 0.60 0.29 0.02
PL 11.78 ± 0.90 11.25 ± 2.06 0.13 − 0.03
PW 9.83 ± 0.80 9.88 ± 1.33 − 0.48 − 0.04
PT 8.01 ± 0.40 7.68 ± 0.34 0.63 − 0.02
PT/PW 0.85 ± 0.05 0.81 ± 0.06 0.74 − 0.02
ALP 1.55 ± 0.31 1.54 ± 0.63 − 0.01 0.00
W1000 253.45 ± 43.70 250.62 ± 52.11 0.04 0.01
ST 5.07 ± 0.23 5.05 ± 0.39 0.11 0.02
SW 6.22 ± 0.40 6.30 ± 0.67 − 0.55 − 0.03
SL 12.85 ± 1.14 12.81 ± 1.84 0.12 0.02
SL/SW 2.09 ± 0.12 1.98 ± 0.08 0.75 − 0.04
ST/SW 0.84 ± 0.04 0.82 ± 0.03 0.71 0.01
FC 39.73 ± 1.50 40.07 ± 2.92 − 0.82 − 0.10
HAC 58.03 ± 1.39 60.32 ± 4.84 − 0.71 − 0.11
LNP 5.85 ± 0.29 5.73 ± 0.56 − 0.03 − 0.01
SNP 5.39 ± 0.27 5.33 ± 0.48 0.04 0.00
TPM 322.69 ± 114.71 317.15 ± 299.34 − 0.74 0.04
TPN 65.02 ± 22.58 63.93 ± 49.90 − 0.79 − 0.05
MPM 279.10 ± 95.19 274.41 ± 239.34 − 0.76 0.09
MPN 55.69 ± 19.45 55.23 ± 45.49 − 0.79 0.04
PMA 5.68 ± 0.69 5.43 ± 1.70 0.05 0.00
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genetic distances in cultivars, breeding lines, and lan-
draces were 0.58, 0.55, and 0.58, respectively.

In the population structure analysis, based 
on the minimum cross-entropy value criterion, 

the optimum number of groups was five (k = 5) 
(Fig. 3C). The first group (G1) was formed by cul-
tivars and breeding lines of the determinate growth 
habit. In G2, the only accessions of the indeter-
minate growth habit was the cultivar Strada; the 
remaining accessions in the group were cultivars 
and breeding lines of the determinate growth habit. 
G3 was composed mainly of the landraces of both 
determinate and indeterminate growth habits. G4 
was formed by the landraces of the indeterminate 
growth habit, except for cultivar, Macarrão Baixo, 
which is of the determinate growth habit. G5 was 
composed of five of the seven cultivars of the inde-
terminate growth habit and one landrace. The com-
parison between hierarchical grouping and the pop-
ulation structure analysis showed 93% agreement. 
The correlation analysis between Gower’s dissimi-
larity matrices obtained through characterization 
with 60 morpho-agronomic descriptors and Jac-
card’s matrix generated with molecular characteri-
zation data using AFLP markers (968 polymorphic 
loci) showed a significant correlation of 0.43.

Fig. 3  Graphical representation of the first two canonical variables for the two groups of 102 snap bean accessions formed by the 
Ward-MLM method using 60 quantitative, binary, and multicategorical morpho-agronomic descriptors

Table 3  Number of accessions (n), number of polymorphic 
loci (NLP), and coefficient of genetic differentiation between 
populations (Fst) of 102 accessions from the snap bean germ-
plasm bank of IDR-Paraná

*Permutation test at 1% significance for genetic differentiation 
between populations (10,000 permutations)

Population n NLP Fst

Determinate 60 968 0.130*
Indeterminate 42
Determinate
 Cultivar 9 747 0.084*
 Breeding line 33
 Landrace 18

Indeterminate
 Cultivar 7 737 0.103*
 Landrace 35
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Discussion

The narrow genetic base of cultivars and the low 
utilization of genetic resources are some of the 
main factors limiting the increase in productivity 
of non-commodity legumes. The characterization 
of genetic variability in germplasm banks through 
pre-breeding enables the introgression of favorable 
genes for the development of cultivars that are more 
productive, more resistant/tolerant to biotic and 
abiotic stresses, and have better nutritional charac-
teristics (Sharma et  al. 2013). The wide variabil-
ity observed in the accessions from the snap bean 
germplasm bank of IDR-Paraná shows the potential 
of using these accessions in breeding programs for 
the development of productive cultivars with ade-
quate pod characteristics.

Because snap bean is a vegetable, the choice of 
cultivar should consider aspects beyond produc-
tivity, such as elliptical (PT/PW: approximately 1) 
and non-curved shape, longer length, reduced fiber 
content, absence of strings at the ventral suture, and 
white and cylindrical seeds (Hagerty et al. 2016). It 
was observed that the accessions of the germplasm 

bank have preferred qualitative traits that meet the 
requirements of the consumer market.

The high heritability observed for most of the 
traits indicates that they are minimally influenced by 
the environment and that selection based on the phe-
notype can result in great success in the selection of 
genotypes (Katuuramu et  al. 2020). Furthermore, 
a high accuracy was observed for most of the traits, 
which indicates a high precision in the inference of 
the genotype means. This parameter informs the cor-
rect classification of accessions for selection purposes 
and the efficacy of the conclusions regarding the 
genotypic value of the accession, which is a correla-
tion between the predicted and true genotypic values 
(Resende 2009). Moreover, a low accuracy value for 
the traits ALP and SL may hinder the selection of 
accessions because these variables are highly influ-
enced by the environment.

A descriptor’s ability to discriminate the acces-
sions should be the main factor to consider when 
defining the descriptors to be used in germplasm 
characterization (Laura et al. 2018). Broadly consid-
ering the estimates of heritability, selective accuracy, 
and contribution to accession differentiation through 
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Fig. 4  A Principal component analysis, B dendrogram formed by neighbor-joining clustering and Jaccard’s matrix, and C popula-
tion structure of 102 snap bean accessions created using AFLP molecular markers
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the canonical variables, the following quantitative 
descriptors should be prioritized for the characteri-
zation of snap bean germplasm: production compo-
nents (TPM, MPN and MPM), cycle (FC and HC), 
PT/PW, SL/SW, and ST/SW. Descriptors with low 
ability to differentiate the accessions of a germplasm 
bank should not be utilized because the use of inef-
fective descriptors increases the costs and time of the 
work (Delfini et  al. 2017). Under the conditions of 
low availability of human and financial resources, the 
descriptors ALP, LNP, SNP, and PMA should not be 
prioritized.

The 60 morpho-agronomic descriptors and the 
AFLP molecular markers provided a broad char-
acterization of the snap bean accessions from the 
germplasm bank of IDR-Paraná, with the separation 
of the accessions of the determinate and indetermi-
nate growth habits. Similarly, Andrade et  al. (2016) 
reported the separation of accessions according to the 
determinate and indeterminate growth habits using 
AFLP markers.

The group formed by the accessions of the inde-
terminate growth habit in the morpho-agronomic 
characterization exhibited higher genetic variabil-
ity than the group formed by the accessions of the 
determinate growth habit. Studies suggest that the 
snap bean accessions of the determinate growth habit 
are closer to the Andean center of origin, whereas 
the accessions of the indeterminate growth habit are 
from the Mesoamerican center of origin (Blair et al. 
2010; Andrade et al. 2016). As high genetic variabil-
ity occurs in the Mesoamerican center of origin than 
in the Andean center (Kwak and Gepts 2009; Bitoc-
chi et al. 2012), the higher genetic divergence among 
the accessions of the indeterminate growth habit may 
be associated with the center of origin and evolution-
ary characteristics. Wallace et al. (2018) reported that 
snap bean has a narrower genetic basis than common 
bean. The authors also found evidence of the possibil-
ity of unique combinations in crosses between snap 
bean and common bean. This information demon-
strates the potential of using snap bean accessions in 
bean breeding programs for dry bean consumption 
and the need for maintaining or expanding the genetic 
base in snap bean breeding programs.

In characterization studies using AFLP molecu-
lar markers, the estimated Fst indicates that most of 
the variation exists within the accession groups (both 
determinate and indeterminate) and that only 13% of 

the genetic variation occurs between these groups. 
The Fst is directly linked to the variation in allele 
frequency between populations; therefore, the higher 
the Fst, the higher the genetic differentiation between 
the analyzed populations and the lower the differen-
tiation within each population (Bashir et al. 2020). In 
addition, the separate analysis of the accessions of the 
determinate and indeterminate growth habits showed 
a lower diversity among cultivars, breeding lines and 
landraces. In populations of autogamous species, such 
as beans, the coefficient of genetic differentiation is 
usually low (≤ 0.05) or moderate (> 0.05 to ≤ 0.15), 
because there is less migration of genes and popula-
tions tend to be homozygous (Bradshaw 2016; Pipan 
and Meglič 2019; Bashir et  al. 2020; Delfini et  al. 
2021).

The correlation between morpho-agronomic 
and molecular data can be linked to the number of 
descriptors used. In the present study, 60 morpho-
agronomic descriptors were used. The results of the 
present study indicate the need to use a high number 
of morpho-agronomic descriptors with the ability to 
discriminate the accessions because germplasm char-
acterization studies that used molecular markers and 
few morpho-agronomic descriptors did not show a 
significant correlation between the phenotype and 
the genotype (Roldán-Ruiz et al. 2001; Ghalmi et al. 
2010; Arunga et  al. 2015; Baba et  al. 2016; Maras 
et al. 2016; Delfini et al. 2017).

Despite the increasing use of molecular markers to 
characterize and estimate genetic diversity in germ-
plasm bank accessions, phenotypic evaluation is still 
crucial to determine the local adaptation and agro-
nomic potential of plant genetic resources (Chávez-
servia et  al. 2016). The combination of morpho-
agronomic and molecular characterization proves to 
be the best strategy for performing complete genetic 
diversity studies in germplasm banks (Guidoti et  al. 
2018).

Conclusions

Based on the molecular and morpho-agronomic 
descriptors, a wide genetic variability was observed 
among the snap bean accessions from the germplasm 
bank of IDR-Paraná, which indicates the potential 
of these accessions for breeding programs. A higher 
variability was observed within the accessions of the 
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indeterminate growth habit than within those of the 
determinate growth habit. There was a positive cor-
relation between morpho-agronomic and molecular 
descriptors.
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