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Abstract Common bean is a vital legume in both
human nutrition and livestock feed. Key agronomic
traits, such as plant height (PH) and flowering time
(FT), significantly influence yield and physiologi-
cal adaptation. Our study aimed to investigate the
genetic architecture of these traits through a genome-
wide association study (GWAS) utilizing a mixed
linear model (MLM) in a panel of snap bush beans
predominantly of European origin. We analyzed 271
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genotypes, comprising 82 test entries of 51 mod-
ern varieties and elite lines along with 31 genebank
accessions. Phenotypic data for PH and FT were col-
lected under controlled conditions in a phytochamber.
Genotyping was performed using genotyping-by-
sequencing. Genetic diversity and population struc-
ture were assessed at both the group level (breeders’
versus genebank) and the individual genotype level
through neighbor-joining (NJ) phylogenetic analy-
sis, principal coordinate analysis (PCoA), analysis of
molecular variance (AMOVA), and STRUCTURE
software. The population structure analysis revealed
the presence of four genetic clusters. While breeder-
derived varieties and elite lines were distributed
across all clusters, a clear genetic differentiation was
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observed between breeder and genebank accessions.
GWAS identified 25 and 19 significant marker-trait
associations (MTAs) for PH and FT, respectively,
which were assigned to 12 and 8 quantitative trait loci
(QTL). Notably, nine QTL for PH located on chromo-
somes Pv05, PvI0 and Pvil, and eight QTL for FT
on chromosomes Pv04, Pv05, Pv07, Pvi0 and Pvil,
represent novel findings not previously reported. The
QTL with the largest phenotypic effect were identi-
fied on chromosomes Pv04 and Pv10, accounting for
15.9% and 5.4% of phenotypic variance for PH and
FT, respectively. In conclusion, our study uncovers
several novel loci associated with PH and FT provid-
ing targets for breeding activities, and offers insights
into the population structure differences between
breeders” and genebank bean genotypes.

Keywords Common bean - Genotyping-by-
sequencing - Flowering time - Plant height -
Phaseolus vulgaris - GWAS

Introduction

Common bean (Phaseolus vulgaris L.) is an impor-
tant legume used as source of food protein, minerals,
forage, biofuels, and contributes through nitrogen
fixation (Jensen et al. 2011; Broughton et al. 2003) to
reduce the negative impact of chemical fertilizers on
the environment (Reay et al. 2012). Global production
of dry beans (mostly Phaseolus vulgaris, but includ-
ing other Phaseolus and Vigna species) reached about
28.5 million tons in 2023 with an acreage of 37.8 mil-
lion ha (FAOSTAT 2025: https://www.fao.org/faostat/
en/). Common bean is worldwide used as dry bean,
but also the use as snap (syn. string) bean—unripe
pods being consumed as vegetable—is popular and
dominating the cultivation in Europe, with an esti-
mated cultivated area of worldwide 133,344 ha and a
harvest of 1.4 million t being reported for 2023 (FAO
2025: string bean).

Phaseolus vulgaris has been successfully domesti-
cated among the 70 wild species that belong to the
Phaseolus genus together with other four species,
namely; Phaseolus. acutifolius A. Gray, Phaseo-
lus coccineus L., Phaseolus. dumosus Macfad., and
Phaseolus lunatus L. (Rend6én-Anaya et al. 2017,
Debouck & Smartt 1995). Common bean is a dip-
loid species with its ~0.6-Gb-size genome organized
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into 11 chromosomes (Schmutz et al. 2014). Bitocchi
et al. (2012) proposed the Mesoamerican origin of
common bean, which later spread to South America
(Andean region), resulting in two gene pools of wild
cultivars and landraces. Interestingly, these domesti-
cation events occurred independently and in parallel
for both gene pools (Ariani et al. 2017; Schmutz et al.
2014), which gave rise to diverse morphological and
reproductive changes in stem stability, plant height,
flowering time, pod length and stringiness, as well as
seed size, shape, and colour (Singh et al. 1991).

In Europe, common bean was introduced in the
sixteenth century through several routes, making
Europe one of its secondary centers of domestication
and diversity (Gioia et al. 2013; Angioi et al. 2010;
Maras et al. 2015). Over the years, breeding efforts
have led to the development of commercial cultivars
adapted to temperate climates and local consum-
ers’ preferences (Asefa et al. 2019; Ugwuanyi et al.
2022). Continuous gene introgression through breed-
ing and selection programs is notwithstanding needed
to tackle current and future biotic and abiotic threats
to common bean production, and to improve its agro-
nomic competitiveness (Rubiales et al. 2021).

Characterisation of breeding material for genetic
purity, identity and structure of the breeding popu-
lation is needed before exploiting them for genomic
studies such as GWAS and genomic prediction (Wiir-
schum et al. 2013; Crossa et al. 2017).

Based on growth habit, common beans can be clas-
sified as either determinate (bush bean) or indetermi-
nate (pole or climbing bean) (Catarcione et al. 2023;
Debouck et al. 1993), although an intermediate grow-
ing type exists too, which only reaches between 1 and
1.5 m height (Singh 1981). Determinate cultivars gen-
erally flower and mature early, and the switch of the
apical shoot meristem from a vegetative to reproduc-
tive state gives rise to a terminal inflorescence in the
axil of the older leaf primordia. This trait significantly
facilitates mechanized harvest, and its selection has
been therefore favoured by breeding in an industrial-
ized agriculture. In contrast, in indeterminate cultivars
the terminal shoot meristem continuously produces
modular units—each consisting of a leaf and an inflo-
rescence—until senescence. Thus, the plant will have
a terminal shoot meristem that remains in a vegetative
state throughout the production of vegetative and repro-
ductive structures (Ojehomon and Morgan 1969; Tan-
aka and Fujita 1979). The stem termination mechanism
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had been reported to influence vegetative traits such as
plant height, flowering time, maturity period, amount
of branching, length of internodes on the main stem,
and node production, which conditions how many flow-
ers and leaves, and therefore pods and seeds are pro-
duced (Ojehomon and Morgan 1969; Tanaka and Fujita
1979). Understanding the genetics of plant architecture
and flowering properties in common bean could assist
the genetic improvement of major components of yield.

Since the availability of the first reference genome
for common bean (Schmutz et al. 2014), several GWAS
have been carried out for the traits FT (Kamfwa et al.
2015; Moghaddam et al. 2016; Nascimento et al. 2018;
Raggi et al. 2019; Oladzad et al. 2019; MacQueen et al.
2020; Keller et al. 2020; Nkhata et al. 2021; Ugwuanyi
et al. 2022; Alves et al. 2024) and PH (Moghaddam
et al. 2016; Resende et al. 2018; MacQueen et al.
2020; Delfini et al. 2021; Alves et al. 2024) by mainly
using the version 1 of the reference genome. These
GWAS were implemented using different genotyping
approaches (double digest restriction-site associated
DNA =ddRADseq, Illumina iSelect gene Chip, geno-
typing-by-sequencing =GBS, targeted GBS). The plant
panels for these studies were designed with the pre-
dominant contribution of Mesoamerican and African-
European common bean accessions.

In our study, we focused on the bush snap form of
the beans, as currently these are mostly cultivated in
large parts of Europe, i.e. Central, Western, and East-
ern Europe. The objectives of our study were to explore
the genetic diversity of the established panel with 271
plants largely comprising Central-European commer-
cial bush snap bean cultivars and landraces, and to
unravel the genetic architecture of two traits, PH and
FT through GWAS using several thousands of SNP
markers derived from GBS. The significantly associ-
ated genomic regions found in the study were discussed
in the frame of the previously described loci for these
traits, to support our findings in identifying already
known loci and introducing the new ones.

Materials and methods

Plant material, climate chamber experiments,
phenotyping, phenotype data analysis

The plant panel used in this study included 271 plants
of bush snap beans with the determinate growth form

being phenotyped and genotyped. The panel con-
sisted of two groups of test entries, namely (1) mod-
ern varieties or elite lines, and (2) genebank acces-
sions, both for the use as snap beans. (Table S1). The
varieties/elite lines were provided by van Waveren
Saaten GmbH and corresponded to inbred lines of at
least F generation or upwards. The genebank acces-
sions were selected during a preliminary field trial in
summer 2019 and trace back to 210 common bean
germplasms maintained at the German Federal Ex
Situ Genebank for Agricultural and Horticultural
Crops hosted at the Leibniz Institute of Plant Genetics
and Crop Plant Research (IPK). Between four to six
individual plants from 51 varieties / breeder’s lines
plus 31 genebank accessions were considered, sum-
ming up to 271 individual plants in total, defined in
our study as genotypes. The studied material was pre-
dominantly of European origin except for six acces-
sions from South and North America (Table S1).
The experiment was conducted in the phytocham-
ber (2.75 mx3.80 mx2.40 m height=25.08 m?)
between December 2019 and May 2020. Initially,
seeds were sown in a nursery. After 10 days single
plants were transplanted into pots of 17.4 cm height
and 14.8 cm diameter with a 3:1:1 mix of compost
soil/substrate 2 (Klasmann-Deilmann GmbH, Geeste,
Germany)/sand), and subsequently transferred to
the phytochamber under 16/8 h light/dark regime at
22°/18 °C. The individual plants were tested in an
unreplicated fashion considering a pot with a single
plant as experimental unit. At the level of varieties/
accessions, the pots with plants were placed in the
phytochamber following a completely randomized
design. FT was evaluated as days after sowing to the
beginning of flowering, i.e. the first flowers opening
at the individual plant. Accordingly, PH was scored
at the beginning of flowering. Student t-test was used
to compare the phenotypic variation of traits between
varieties and accessions as groups. The correlation
among the traits was inspected using Pearson’s cor-
relation test and visualized using corrplot R-package
v.0.92 (Wei & Simko 2021).

Genotyping and SNP-calling
Genomic DNA from leaves of young plants was
extracted with the DNeasy Plant mini kit (Qiagen,

Hilden, Germany) following the manufacturer’s pro-
tocol. The DNA (200 ng) was digested with Pstl and
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Mspl (New England Biolabs) and processed for GBS
library construction as described previously (Wendler
et al. 2014). Equimolar pools of the individually bar-
coded (unique dual indexes) samples were sequenced
(Illumina NovaSeq 6000, XP workflow, 1x107
cycles, single read, one lane) using a custom sequenc-
ing primer (Wendler et al. 2014). Demultiplexed raw
GBS data were assembled using the IPYRAD soft-
ware (Eaton and Overcast 2020), to the reference
genome (PhaVulg1.0, accessed on the 3rd May 2021:
https://ftp.ensemblgenomes.ebi.ac.uk/pub/plants/
release-60/fasta/phaseolus_vulgaris/dna/)  of  the
common bean landrace G19833 (Andean gene pool,
Schmutz et al. 2014). Raw sequence data were loaded
into the pipeline and filtered for low-quality bases and
adapters. The sequence was de-replicated afterwards
and aligned to the reference sequence using bedtools.
Sequencing errors and consensus alleles were esti-
mated from clustered reads. The maximum low-qual-
ity score of bases was set to 5 (Q>20). This allows
only reads with a maximum number of ambiguous
(N) sites to be 5. The minimum number of samples
per locus was set to 0.9 (90%). All other parameters
were kept at the default value. The physical map
information was extracted showing the SNP ID, chro-
mosome number, and the SNP physical positions in
bp (Table S2).

SNP quality control and imputation

Plant samples with more than 40% missing SNPs were
excluded. Monomorphic sites and those with more
than 20% missing markers were also removed. Fur-
ther filtering conditions include the removal of markers
with more than 1 heterozygous variant and/or above 2
homozygous alleles. Markers with a minor allele fre-
quency (MAF) of less than 0.01 were also removed.
The distribution of markers across chromosomes was
visualized using the CMplot R-package v3.7.0 (Yin
et al. 2021). Imputation of the final SNP dataset hav-
ing 271 samples and 5,084 markers, was done using
bnstruct R-package v1.0.11 (Franzin et al. 2016), and
based on the k-Nearest Neighbour (kNN) algorithm,
the missing alleles were replaced with the most fre-
quent allele at k=10. Possible biases due to imputation
were discarded by a significant Mantel’s test (Mantel
1967) conducted to compare the genotype’s distance
matrices computed from the SNP datasets before and
after imputation. The Mantel’s test was performed as
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implemented in the ecodist R-package v.2.0.7 (Goslee
and Urban 2007).

Genetic diversity and population structure

The genetic diversity was analysed at the popula-
tion level, at the group level, and at the intra-varietal/
accession level using analysis of molecular variance
(AMOVA) (Excoffier et al. 1992) as implemented in
the R-package poppr v.2.0.0 (Kamvar et al. 2014).
AMOVA implementation in poppr involves two basic
components: (1) A relationship matrix derived from the
genotype data and (2) a separate table used to partition
the data into different groups or strata. The relationship
matrix was computed for the final SNP dataset using
the Rogers distance (Rogers 1972) between the individ-
ual genotypes. The method used for AMOVA was ade4
(Bougeard and Dray 2018) of the R package poppr with
the farthest neighbour algorithm. The “randtest” func-
tion of ade4 was used to check the significance of the
variances observed with 1,000 iterations.

To characterize the genetic structure of the popula-
tion, hierarchical clustering was conducted based on
the neighbor-joining method (NJ). Principal coordi-
nate analysis (PCoA) was also applied on the genetic
distance matrix, and the first and second, the second
and third PCoA’s, respectively, were plotted against
each other to portray the population structure in our
panel. Further check of the level of admixture in
the population was performed using their pairwise
genetic distance within the population. Given the low
level of heterogeneity expected in a highly inbred
species like common bean (Grahic et al. 2013; Tucker
and Harding 1975), a genetic distance of 0.025 was
defined as maximum tolerance for non-identical indi-
viduals within one variety/line/accession. Non-identi-
cal individuals were further inspected phenotypically.
The population structure was examined using the
STRUCTURE software (Pritchard et al. 2000), fol-
lowing the pipeline as described by Otto et al. (2017),
to validate the admixtures. The optimum number of
clusters (K) was identified using structure harvester
software (Evanno et al. 2005).

Genomic heritability and genome-wide association
study

SNP-based heritability was estimated by fitting
a linear mixed model as implemented in BGLR
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R-package (Pérez & de Los Campos 2014). The
relationship matrix (G matrix) was computed using
the AGHmatrix R-package with VanRaden (2008)
as a method of choice (https://cran.r-project.org/
web/packages/ AGHmatrix/vignettes/Tutorial _
AGHmatrix.html) (Amadeu et al. 2016). The matrix
was then fitted into BGLR and the model Reproduc-
ing Kernel Hilbert Space (RKHS) was subsequently
deployed (method based on Jiang and Zeng 1995).
The BGLR model is specified using fixed and ran-
dom arguments for each trait. The computation was
done with 10,000 iterations and 1,000 burn-in itera-
tions using the semi-parametric RKHS model. The
estimated genetic (o-é) and error (aez
ponents were extracted for the additive and residual
effects to estimate the genomic heritability as:

) variance com-

Hgp =02/ (og +67). (1)

GWAS was performed for the traits PH and
FT. Roger’s distance computed from the geno-
type data was used to construct the kinship matrix
to account for the population structure (Reif et al.
2005). The Mixed Linear Model (MLM) was fitted
as implemented in ASReml v4.0 R-package (Butler
et al. 2009) considering the intercept and marker
substitution effects as fixed, and while the kinship
matrix modelled the relationship between random
genotypic backgrounds included in the MLM for
each marker scan. To correct errors due to mul-
tiple testing, the resulting p-values for each trait
were adjusted using the Benjamin Hochberg (BH)
correction method at a suggestive threshold BH-
values < 0.01. Manhattan plots and Q-Q plots were
used to visualize GWAS results with the -log;, of
the p-values, physical positions, and chromosome
numbers, using CMplots R-package (Yin et al. 2021
Effect sizes of significant SNPs on trait variation
were estimated as R? (coefficient of determination,
Wright 1921) using the regression model:

Yi=p+ X+ €, )

where Y; is the individual phenotype, X; is the geno-
type (coded as 0,1,2), f, and f; are intercept and
slope coefficient, and, €, the error term.

Candidate genes search

Search for candidate genes was carried out using the
gene annotation file (v1_0.56) provided on ensemble:

(https://ftp.ensemblgenomes.ebi.ac.uk/pub/plants/
release-56/gff3/phaseolus_vulgaris/).

To define the window size for search of the can-
didate genes, the pairwise linkage disequilibrium
(LD) for each of 11 bean chromosomes was esti-
mated using the pairwise r-squared values between
SNP markers within each chromosome, and a thresh-
old of 1*>0.2 was applied to determine the extent
of LD decay. (Fig. S1). Since LD decay varied sig-
nificantly between the chromosomes, the window
size was chosen as best fitting mean of the calculated
distance for LD decay to r>>0.2 in our plant panel,
and based on the reported LD decay for bean (120 kb)
(Wen et al. 2019). Thus, gene search was conducted
60 kb upstream and downstream of the significantly
associated SNPs. The genes were retrieved and their
biological and molecular functions were screened
using gene ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) terms as provided
in the gProfiler2 R-package (Kolberg et al. 2023). If
not stated otherwise, all computational work was per-
formed within R environment v4.1.2 (R Core Team
2021).

Results

Phenotypic variation for traits plant height (PH) and
flowering time (FT)

For the two studied groups—breeders’ varieties and
genebank accessions—substantial phenotypic diver-
sity was observed for PH and FT (Fig. 1A, B), while
the difference in means between groups was signifi-
cant only for the trait PH (t-test, p-value =4.285e-10).
PH ranged for the varieties from 19 to 65 cm, with
a mean of 32.68 cm, and for the genebank acces-
sions from 20 to 150 cm, with a mean of 54.79 cm.
The average FT for both groups was 35 DAS rang-
ing 29-41 DAS for the breeder’s varieties, and 2741
DAS for the genebank accessions. Both traits were
normally distributed. In general, for both traits, more
variation existed within accessions than in the varie-
ties (Fig. 1A, B).
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Fig. 1 Phenotypic variation of the studied material. Distribu-
tion of plant height A and flowering time B for breeders and
genebank genetic groups. Days after sowing (DAS) is the num-
ber of days between the date of sowing and the emergence of

Correlation analysis showed a weak but significant
positive correlation (R >0.24) between PH and FT for
both studied groups (Fig. 1C).

Overview of the genomic data obtained and SNP set
available for the study

In total, 90.2% of the ~553 million reads from demul-
tiplexed GBS data were aligned successfully to the
reference genome of common bean (Schmutz et al.
2014). This resulted in 31,686 retrieved SNPs after
SNP-calling and filtering. Further filtering for SNP
quality resulted in the final dataset of 5,084 polymor-
phic markers for 271 individual plants (Table S3).

Fig. 2 Genome-wide distri-
bution of single-nucleotide
polymorphisms. Number of
SNPs across chromosomes
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Groups
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el WL
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Flowering time
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the first open flower. C Correlations (R) between plant height
and flowering time for each genetic group. p is the p-value
showing the significance of traits correlation

The SNPs were distributed across all 11 chromo-
somes showing spots of high marker density predom-
inantly in the distal regions, as well as marker gaps
at the centromeric and the pericentromeric regions of
each chromosome (Fig. 2). Chromosome 2 and 4 had
the highest (710) and lowest (329) number of SNPs,
respectively, with an average of 463 SNPs per chro-
mosome (Fig. 2, Table S2).

Genetic diversity and population structure

Hierarchical analysis identified four clusters in the
studied population as shown in the circular dendro-
gram (Fig. 3A). Clusters I and III predominantly
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consist of the genebank accessions (94% in each of
the clusters), while the breeder’s varieties (in the fol-
lowing used in the context of including the breeders
lines) dominate cluster IT (97.3% of total). Cluster IV
includes 21 breeder varieties and 17 genebank acces-
sions. As also shown by a PCoA plot (Fig. 3B, C)
and by a model-based cluster analysis (Fig. S2), the
genebank accessions and the modern breeder’s vari-
eties are mostly genetically distinct. The best fitting
numbers of clusters in the plant panel were estimated
using the Evanno method from the Structure har-
vester analysis, resulting in K=4 as optimal number
of clusters (Fig. S3).

The partitioning of the genetic variance within and
between varieties/accessions as well as among indi-
vidual genotypes belonging to the same variety or
accession were analysed with AMOVA. As shown in
Fig. 3D, the majority of the genetic variance (69%)
was found among the varieties and genebank acces-
sions, reflecting the autogamous features of common
bean. The variance between the two studied groups
(breeders vs genebank) was 25%, indicating a signifi-
cant difference between the groups. The 6% variance
among genotypes within each variety or accession
indicates a certain degree of heterozygosity in these.

The check for admixture between groups and
among varieties/accessions, using the genetic pair-
wise distances, detected 14 non-identical individuals
in 11 breeders’ varieties and 12 non-identical indi-
viduals in 9 genebank accessions (Fig. 4, Table S4).
Variation due to non-identical individuals from the
same variety/accession could be also observed at the
phenotypic level. Particularly, one plant of the acces-
sion 316_403 was far higher (150 cm) compared to
other plants of the same accession (28—45 cm).

GWAS for PH

Genomic heritability for the trait PH was
Hgp=0.70. In total, 25 significant marker-trait
associations were identified for PH across five
chromosomes: Pv04, Pv05, Pv0O7, Pvi0, and Pvili
(Fig. 5A). The selected model is fitting well, and
there is a clear deviation of the observed higher
-log;, p-values from the expected ones as shown in
the Q-Q plot (Fig. 5B), indicating also that some
of the genotyped SNP loci are associated with the
trait of interest. Table 1 further shows the detailed
information for the significantly associated SNPs.

The SNPs located within a 120 kb interval were
considered to belong to the same linkage block,
based on the estimated average LD decay. Ten SNPs
identified on Pv04 can be clearly assigned to 2 link-
age blocks, considering LD decay (Table 1). Also,
a linkage block of 6 SNPs is present on the Pv05.
On each of the chromosomes Pv05, Pv07, Pvi0O
and PvlI, several single SNP significant associa-
tions with PH were detected (Table 1). Altogether,
we located three linkage blocks and 9 single SNPs
significantly associated with PH. The highest phe-
notypic variation explained by the associated SNPs,
15.9%, revealed three SNPs on the Pv04, followed
by one SNP on Pv07 (2.6%), and two SNPs on
Pvi0 (1.7%), and Pv5 (1.6%). The rest of the SNPs,
although highly significant, explained less than
1.0% of the phenotypic variation. A complete list of
associated SNPs for PH can be found in Table S5.

GWAS for FT

Genomic heritability for the trait FT was
Hgp=0.83. For FT, 19 significant MTAs were
detected across four chromosomes, namely Pv04,
Pv07, Pv10, and Pvll (Fig. 6A; Table 2). Simi-
lar as for PH, the Q-Q plot shows the clear devia-
tion of the observed p-values against the expected
ones (Fig. 6B). In total, five linkage blocks, with
SNPs located within a 120 kb interval, and three
single SNPs significantly associated with FT were
revealed. In detail, a block of two SNPs is present
on Pv04; two blocks of two and four SNPs are
detected on Pv07, and two blocks, each of four SNPs
on Pvi0. Single SNP-MTA with FT were found on
Pv07, Pvi0, and PvII (Table 2). It is worth noting,
that for the single associated SNP on PviI, many
SNPs below the chosen significance threshold but
clearly above the ground level (BH_adjusted <0.01)
were located within the same chromosome region
(Fig. 6A). The maximum explained phenotypic var-
iation was observed for eight SNPs from two link-
age blocks on PvI0, ranging from 3.8% to 5.4% for
each SNP, followed by single SNPs on Pvi0 (2.5%),
Pvil (2.5%), and Pv7 (2.3%), The rest of the highly
significant SNPs explained from 0.2% to 1.0% of
the phenotypic variation. A complete list of associ-
ated SNPs for FT can be found in Table S5.
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«Fig. 3 Genetic diversity of the studied material. A Neighbor-
Joining (NJ) phylogenetic tree of the 271 individual plants
from 82 varieties/accession constructed using 5,084 SNP loci,
demonstrating four genetic clusters (I, II, III, IV) labelled in
different colours (branches), and indicating the distribution of
the varieties (red) and genebank accessions (blue) across the
clusters (nodes). B+ C Scatter plots for the principal coordi-
nate analysis (PCoA), showing the distribution of the breeder’s
varieties (red) and genebank accessions (blue) by plotting the
first and second B and second and third C principal coordi-
nates, explaining a total variance of 34.3%. D Partitioning of
the genetic variance in the studied population. The numbers
in the pie chart are the percentages of variances explained by
each case as shown in the coloured legend

Candidate genes search

A screen for candidate genes, applying a window size
of +60 kb to the significantly associated SNP, based
on the LD decay estimation for our plant panel and
on the previously published LD decay data for bean
(see Materials and Method section), revealed 58 and
30 genes for PH and FT, respectively. Genes found
within this window were assigned to all three aspects
of the GO—Molecular Function, Biological Process
and Cellular Component, and to the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways (17
genes for PH, 13 genes for FT). A complete overview
of candidate genes identified with their associated
functions can be found in Table S6 and Fig. S4.

Discussion
Phenotypic variation within the study set

The largest differences in PH were observed between
the breeder’s lines and genebank accessions, with
the maximal values of 65 and 150 cm, respectively.
In fact, it is known that common bean landraces are
not homogenous for this trait, they are taller and have
irregular growth habit as compared to breeder’s mate-
rial (Rodino et al. 2003, Rana et al. 2015). Previous
studies have linked a dominant single locus (fin),
described as gene PvTFLIy (Repinski et al. 2012), on
chromosome 1 to indeterminate growth habit (Norton
1915; Bliss 1971; Koinange et al. 1996). The bush
bean possesses determinate growth form, a result
of frequent selection by the breeders, since it is less
laborious in cultivation and mechanical harvesting
in comparison to pole bean. However, this trait could

be easily reversed by random mutation, as it is only
determined by one gene PvTFLIy, which is domi-
nant in its indeterminate growth form. Moreover, this
could explain why some genebank accessions of bush
beans presented a small proportion of either indeter-
minate or intermediate growth.

The group means for FT were not significantly
different between the breeder’s material and the gen-
ebank accessions. Since the number of genebank
accessions tested was only slightly more than a half
of the amount of entries considered in the breeder’s
group, we cannot rule out that FT variation was lim-
ited for the former group due to random drift. Moreo-
ver, in this study FT was measured as the starting of
flowering (first flowering). FT was not determined at
the peak of flowering like in the work of Ugwuanyi
et al. (2022), as this is difficult to be determined for
most genebank accessions, mainly being older varie-
ties. These older varieties were developed with con-
tinuous flowering to provide a constant supply of
fruits over a long period. In contrast, modern varieties
are designed to provide at one point of time the maxi-
mum Yyield for one terminal mechanized harvest.

On the one hand, the limited physical space of
the phytochamber impose a compromise between
the amount of tested material and the ability to per-
form replicated assessments. On the other hand, the
homogeneous and controlled environmental condi-
tions under this setup allow a precise trait assess-
ment. In this context, we decided to maximize the
number of entries and individuals by testing plants in
an unreplicated fashion under controlled phytocham-
ber conditions. Despite the lack of replications, the
repeatable trait assessment is supported by the high
genomic-estimated heritabilities (Hgyp>0.7) in our
study. Genomic heritabilities make use of informa-
tion on relatives and provide a measure on how corre-
lated phenotypic observations of individual plants are
given a shared genetic background or filial relation-
ship (Henderson 1975; de los Campos et al. 2015).
However, we recognize that field trials will be needed
in the future to validate and leverage these findings
for breeding and agricultural applications.

In general, FT and PH are reported as important
breeder’s selection targets for crops (Gonzilez et al.
2016). In our study, both FT and PH proved to be
more variable within the genebank accessions com-
pared to the modern breeder’s material, reflecting the
selection by breeders for these traits to facilitate the
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Fig. 4 Pairwise genetic distance among individuals within a
variety (breeders) / accession (genebank). The horizontal line
at 0.025 is the threshold for flagging non-identical individuals

A. Manhattant Plot Plant Height

based on the expected maximum heterogeneity in autogamous
inbreeding crop species (Grahic et al. 2013; Tucker and Hard-
ing 1975)

B. QQ-plot Plant Height
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Fig. S Genome-wide association scan for plant height in a
population of 271 common bean plants. A Manhattan plot
showing -log,,(p-values) of marker-trait associations for SNPs
ordered by physical position (bp) and grouped by chromosome.
For each chromosome, information on SNP density within

mechanical harvesting and industrial use. This should
be considered if using accessions for breeding.

Genotyping-by-sequencing (GBS) captures
genome-wide polymorphisms in common bean

GBS has been proven to identify SNPs across the
genome and allows for robust association stud-
ies that identify QTLs in many species (Chu et al.
2020; Ugwuanyi et al. 2022; Sonah et al. 2022). In

@ Springer
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1 Mb window size is given below the plot. The red horizon-
tal broken line indicates the significance threshold according to
the corrected p-values (BH <0.01). Significant SNPs after BH
correction are highlighted in red. B Q-Q plot showing the devi-
ation of the observed -log,,(p-values) from the expected ones

this study, GBS-derived high-quality SNP data pro-
vided 5,084 markers — a quantity which is compara-
ble to those of other SNP-datasets used for diversity
studies, GWAS, and genomic prediction in common
bean (Davey et al. 2011; Campa et al. 2018; Keller
et al. 2020). The SNP markers were evenly distrib-
uted within and across chromosomes (Fig. 2) except
for the regions around the centromeres. Centromeric
and pericentromeric regions are generally known
to be less polymorphic, and this was also observed
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Table 1 Significant marker-trait associations identified for
plant height. P-value—Ilevel of significance, SNP position—the
physical position in bp, SNP_Id—SNP name, R?- phenotypic

variation explained by the SNP, BH_adjust—Benjamin Hoch-
berg adjusted p-values

Chromosome SNP_id SNP position (bp) P-value BH_adjust R?

— associated

SNP number

4-1t04-7 S8973-S9002 229,865-345,651 4.09E-09-3.88E-09 0.00796 0.001
4-8 to 4-10 S9437-S9444 2,748,944-2,906,311 4.57E-06-2.73E-06 4,65E-05-4.37E-05 0.159
5-1to 5-6 S11914-S11925 3,988,570-4,186,881 1.00E-07-1.24E-05 5.10E-05-0.005409 0.001-0.016
5-7 S$12001 5,553,450 1.00E-07 5.10E-05 0.001
5-8 S12054 7,329,226 1.24E-07 5.71E-05 0.001
5-9 S12564 19,314,192 1.00E-07 5.10E-05 0.001
5-10 S12832 27,447,468 1.00E-07 5.10E-05 0.001
7-1 S18277 44,837,154 3.98E-05 0.00796 0.026
10-1 S525630 19,240,992 3.05E-09 0.00796 0.017
10-2 $26234 32,989,319 1.00E-07 5.10E-05 0.001
10-3 $26253 33,638,268 2.79E-07 0.00012 0.001
11-1 S27830 3,093,713 4.23E-05 0.00796 0.004

A. Manhattant Plot Flowering Time
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Fig. 6 Genome-wide association scan for flowering time in
a population of 271 common bean plants. A Manhattan plot
showing -log,,(p-values) of marker-trait associations for SNPs
ordered by physical position (bp) and grouped by chromosome.
For each chromosome, information on SNP density within
1 Mb window size is given below the plot. The red horizontal

previously in common bean when other genotyping
methods were applied (Hyten et al. 2010; Cortés et al.
2011; Souza et al. 2011; Gujaria-Verma et al. 2016).
As discussed in the following paragraphs, the
commonly applied genotyping-by-sequencing
approach implemented in our study proved to be
very expedient to assess genetic diversity and con-
duct GWAS. It is relatively cheap, the pipeline for
SNP search is straightforward, and alignment to
the reference genome allows for the direct location

B. QQ-plot Flowering Time

Observed —logqg(p)

o 1. 2 3 4
Expected —logqo(p)

broken line indicates the genome-wide significance threshold
according to the corrected p-values (BH<0.01). Significant
SNPs after BH correction are highlighted in red. B Q-Q plot
showing the deviation of the observed -log,,(p-values) from
the expected ones

of the discovered associated SNPs in the genome/
chromosomes.

Genetic diversity analysis unveils the inclusion of
different genepools in modern European varieties,
and high level of heterogeneity within varieties and
accessions

Genetic diversity studies are pivotal to population
genetics analysis such as GWAS, helping in assessing

@ Springer
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Table 2 Significant marker-trait associations identified for
flowering time. P-value—level of significance, SNP position—
the physical position in bp, SNP_Id—SNP name, R>—pheno-

typic variation explained by the SNP, BH_adjust—Benjamin
Hochberg adjusted p-values

Chromosome-associ- SNP_id SNP position, bp P-value BH_adjust R?

ated SNP number

4-1t04-2 S11011-S11012  42,438,290-42,438,379  4.80E-08 0.002768 0.002

7-1 S16910 8,913,025 7.71E-06 0.003356 0.023
7-2to07-3 S17944-S17945  38,945,671-38,945,747  5.04E-06 0.002768 0.010

7-4to 7-7 S17966-S17980  39,230,094-39,306,587  4.42E-06-5.45E-06  0.002768 0.010

10-1 525198 6,622,341 9.11E-07 0.002315 0.025

10-2 to 10-5 $25202-S25213  6,986,402-7,166,732 2.84E-07-1.10E-05  0.001445-0.003356  0.038-0.049
10-6-10-9 $25216-525219  7,288,914-7,288,963 1.25E-05 0.003356 0.054

11-1 S30121 39,161,691 8.52E-06 0.003356 0.025

and characterizing the studied population to unravel
hierarchical structures, admixtures, and relationships
within and among varieties and accessions (Delfini
et al. 2021; Korte and Farlow 2013; Burghardt et al.
2017). In our plant panel, the two main groups—
breeder varieties and genebank accessions—were
organized into four clusters according to hierarchical
analysis (Fig. 3A). Clusters I and III mainly consist
of the accessions while cluster II contains mostly
varieties, and in cluster IV varieties and accessions
are intermixed, indicating overlaps of genetic com-
ponents between varieties and accessions. Overall,
although mainly consisting of the genotypes belong-
ing to the two hierarchical clusters, II and IV, the
European breeders’ varieties show a rather broad
genetic pool, distributed across the four distinct
clusters.

STRUCTURE analysis and PCoA were used to
visualize the distribution of genetic variance between
the varieties and accessions (Figs. 3B, C, Fig. S2).
Breeders’ varieties were clustered more compactly
than the genebank accessions, and these two groups
were only slightly intermixed, suggesting the acces-
sions to be valuable genetic resources for the intro-
duction of novel traits and genes into modern culti-
vars. Higher diversity in genetic resources relative to
modern/elite cultivars was observed in the Andean
beans as well (Trucchi et al. 2021).

The molecular variance among- and within-
varieties/accessions explained 69% and 6% of the
diversity, respectively (AMOVA, Fig. 3D). The 6%
variance within varieties/accessions is high consider-
ing that common bean is an autogamous inbreeding
species, but high heterozygosity (more than 7%) and
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high within individuals’ molecular variance (17.7%,
AMOVA) was recently also reported for varieties
(§aj galik et al. 2019). The outcrossing rates observed
in the field varied greatly as well, from less than 1% to
in rare cases as high as 78% (see, for example, Tucker
& Harding 1975; Ibarra-Perez et al.1997). In addi-
tion, both groups, breeder’s and genebank, comprised
plants which are genetically closer to other varieties/
accessions than to the individuals of the same variety/
accession. Further inspection using pairwise genetic
distances (Fig. 4) confirmed the occurrence of geneti-
cally non-identical individual plants. The reasons for
the higher level of the intra- variety/accession hetero-
geneity observed in our panel may be a result of out-
crossing in several accessions and breeder’s material,
influenced by the availability or effectiveness of pol-
linators. Moreover, some breeder’s lines in our panel
were included directly from the variety development
pipeline and thus did not reach the final generation of
inbreeding yet to be fully homogenous. In fact, for a
safe commercial seed production, the use of isolation
cages is recommended. Besides, heterogeneity within
varieties could be due to other factors like seed devel-
opment method, seed mixtures (e.g. occurring in lan-
draces), and phenotyping error.

To conclude, irrespective of the reasons for the
observed high heterogeneity within single varieties/
accessions of common bean, we can suggest genotyp-
ing of several individual plants per variety/accession
to achieve a reliable genetic characterisation. By iden-
tifying marker-trait associations for different agro-
nomic traits future breeding efforts in common beans
can benefit from marker assisted selection (MAS). In
the light of evermore decreasing genotyping costs and
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the possibility to start genotyping already with the
seed, this holds true not only for traits which are com-
plex to phenotype like many disease resistances, but
also for traits which are rather easily accessible like
flowering time. Whenever a MAS is already applied
within a breeding program, the extra cost of an addi-
tional marker is insignificant compared with the value
of gaining additional information.

Significant marker-trait associations for flowering
time and plant height by GWAS

Genomic heritability estimated based on 5,084 poly-
morphic SNP markers among 271 individual plants
for traits PH (Hgyp=0.70) and FT (Hgyp=0.83) were
high, suggesting a general strong association between
genomic and phenotypic variation. Multivariate QTL
mapping methods were designed to study modules
of genetically correlated, i.e. pleiotropic, traits and
are expected to be more powerful than combining
results from several univariate QTL detection scans
run in parallel (Jiang and Zeng 1995; Lebreton et al.
1998). However, the weak phenotypic correlation
between FT and PH in our study suggests that ben-
efits in detection power from shifting to a multivari-
ate approach would be rather marginal. Therefore, we
decided to conduct separate GWAS for each trait to
identify genomic regions underlying variation on PH
and FT in our study.

An overview of the genomic loci associated with
PH and FT discovered in our plant panel, presented
in comparison to previously published research, is
summarized in Table 3. Since currently there exist
several versions of the reference genome for common
bean (vl, Schmutz et al. 2014; v2.1, Phytozome),
including the recently published reference genome
for European bean accession ‘Flavert’ (Carrere et al.
2023), we included reference genome information in
the table as well. Several of the detected novel loci
caused rather high phenotypic effects, explaining up
to 15.9% and 5.4% of the phenotyping variation for
PH and FT, respectively (Table 1). Other detected
loci were also highly significant, but accounted only
for less than 1% of the phenotypic effect. However,
in other plant panels these loci might explain more of
the phenotypic variation and might be useful to con-
sider in future studies.

For the trait PH, five chromosomes, Pv04, Pv05,
Pv07, Pvi0O and Pvil, carried QTL associated with

this trait. Two QTL on the chromosome 4 were also
detected by Delfini et al. (2021), and one of them, at
2-3 Mb genomic sequence position, was reported by
Moghaddam et al. (2016) and Alves et al. (2024) as
well. Interestingly, this locus in our panel showed the
highest phenotypic effect for PH (R*=15.9%). One of
the five QTL detected on the chromosome 5 at 27 Mb
genomic sequence position is rather close to the
QTL reported by Delfini et al. (2021) (39 Mb). For
the chromosome 7, two independent studies reported
QTL for PH/canopy height previously (Delfini et al.
2021; Moghaddam et al. 2016), at two different posi-
tions. The PH QTL on chromosome 7 revealed in our
study (45 Mb) co-localized with the one observed by
Moghaddam et al. (2016) (45-48 Mb). We discovered
three QTL for PH on the chromosome 10, with two of
them (33 and 34 Mb) lying about 10 Mb away from
the QTL reported by Delfini et al. (2021) (43—44 Mb).
Similarly, one PH QTL on chromosome 11 (at 3 Mb)
in our study is located 1.5 Mb away from the genomic
position of the corresponding QTL from Delfini et al.
(2021) (1.5 Mb). To summarize, out of 12 PH QTL
detected in our plant panel, nine were novel (on the
chromosomes 5, 10, and 11), and three co-localized
with the previously described loci. Four of the novel
loci were positioned 1.5-12 Mb away from the loci
detected previously on the same chromosome.

Loci/QTL for the trait PH were previously likewise
observed on the chromosomes PvI, Pv6, Pv8 and
Pv9 (Moghaddam et al. 2016; Resende et al. 2018;
MacQueen et al. 2020; Delfini et al. 2021; Alves
et al. 2024). A dominant locus (fin) on chromosome
1, described as gene PvTFLIy (Repinski et al. 2012),
is well-known as determining the growth habit (Nor-
ton 1915; Bliss 1971; Koinange et al. 1996), although
later studies detected for PH two loci in two differ-
ent positions on chromosome 1 (Resende et al. 2018;
MacQueen et al. 2020; Alves et al. 2024). However,
the focus of our panel as consisting only of bush
beans, but also factors like population size, genetic
drift or the confounding effect and correction for
population structure might have limited our ability to
detect any peaks on these chromosomes.

Regarding QTL for the trait FT we report 8§ QTL
defined by 19 significant SNPs across four chromo-
somes—Pv04, Pv07, Pvi0, Pvil. Two very closely
positioned SNPs on the chromosome 4 (genomic
sequence position at 42 Mb) were associated with
FT in our plant panel. Recently two FT QTL were

@ Springer



160 Page 14 of 19

Euphytica (2025) 221:160

Table 3 Comparison of the detected genomic loci for plant height and flowering time with previously published research

Trait Chromosome (asso- SNP position, bp
ciated SNP number)

novel/reported QTL in the same region

Reference genome
version exploited by
the authors

PH 4 229,865-345,651 373,114 (Delfini et al. 2021) v2.] **
PH 4@3) 2,748,944-2,906,311 2,493,297 (Delfini et al. 2021); v2.1 **
3,000,000 (Moghaddam et al. 2016) v1*
1,982,297 (Alves et al. 2024) vl*

PH 5(6) 3,988,570-4,186,881 novel

PH 5(1) 5,553,450 novel

PH 5(1) 7,329,226 novel

PH 5(1) 19,314,192 novel

PH 5() 27,447,468 novel, located 12 Mb away as compared to Delfini V2.1 **
et al. (2021)

PH 7(@1) 44,837,154 45-48,000,000 (Moghaddam et al. 2016) v1*

PH 10 (1) 19,240,992 novel

PH 10 (1) 32,989,319 novel, located 10 Mb away as compared to Delfini v2.1 #*
et al. (2021)

PH 10 (1) 33,638,268 novel, located 10 Mb away as compared to Delfini v2.] **
etal. (2021)

PH 11(1) 3,093,713 novel, located 1,5 Mb away as compared to Delfini ~ v2.1 **
et al. (2021)

FT 4(2) 42,438,290-42,438,379 novel, located 6 Mb away as compared to Raggi v1*
et al. (2019), and 4 Mb away as compared to V2.1 **
Oladzad et al. (2019)

FT 7(1) 8,913,025 novel, located 5 Mb away as compared to Keller v1*, v1*
et al. (2020), and to Alves et al. 2024

FT 7Q2) 38,945,671-38,945,747 novel, located 6 MB away as compared to v1*
Moghaddam et al. (2016), and 10.5 Mb away as
compared to Keller et al. (2020)

FT 74) 39,230,094-39,306,587 novel, located 6 MB away as compared to vI*
Moghaddam et al. (2016), and 10.5 Mb away as
compared to Keller et al. (2020)

FT 10 (1) 6,622,341 novel

FT 10 (4) 6,986,402-7,166,732 novel

FT 10 (4) 7,288,914-7,288,963 7,867,881 (Alves et al. 2024) v1*

FT 11(1) 39,161,691 novel, located 8 Mb away as compared to Oladzad v2.] **
et al. (2019), and 10 Mb away—to Keller et al. vI*

(2020)

*v1,Schmutz et al. 2014

** v2,1, Phytozome https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Pvulgaris

reported on the chromosome 4, at the 37 Mb (Raggi
et al. 2019) and at the 46 Mb (Oladzad et al. 2019),
that is 5 Mb and 4 Mb away from the locus found
in our study (42 Mb), correspondingly. On chromo-
some 7, we discovered one significant SNP at 8.9 Mb
and two blocks of SNPs extended across 350 kb at
38.9-39.3 Mb genomic position. Moghaddam et al.
(2016), Keller et al. (2020) and Alves et al. (2024)
described regions associated with FT on chromosome
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7 within 5-6-Mb distance from these three QTL.
Likewise, on the chromosome 10, one SNP at
6.6 Mb and two blocks, each of 4 SNPs, extended at
6.99-7.3 Mb of the genomic sequence were detected
in this study while Alves et al. (2024) reported QTL
at~7.9 Mb. Out of two novel QTL found on chro-
mosome 10, the locus at 7.2 Mb genomic posi-
tion showed the highest phenotypic effect for FT
(R?=5.4%). Previously several FT loci were reported
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for chromosome 10, but these were located at
19-26 Mb and at 4042 Mb (Nascimento et al. 2018;
Ugwuanyi et al. 2022). Finally, for the chromosome
11 we observed one single SNP-MTA at 39.2 Mb. On
this chromosome, loci for FT were detected at 7 Mb
(Ugwuanyi et al. 2022) and 49,1 Mb (Keller et al.
2020), and Oladzad et al. (2019) reported several loci,
at 4.02-10.7 Mb, and at 45—47 Mb position, although
these loci were detected only at increased temperature
conditions. Altogether for the FT we were able to dis-
sect in our plant panel eight novel QTL, of which five
were located 4—10 Mb away from the loci detected in
previous studies.

Multiple QTL/SNP loci for FT were published on
bean chromosomes PvI-3, Pv6, and Pv8-9 (Kamfwa
et al. 2015; Moghaddam et al. 2016; Nascimento et al.
2018; Oladzad et al. 2019; Raggi et al. 2019; Almeida
et al. 2020; MacQueen et al. 2020; Keller et al. 2020;
Nikhata et al. 2021; Ugwuanyi et al. 2022; Alves
et al. 2024), but none of these were observed in our
study.

Interestingly, several loci for PH (4 QTL) and FT
(5 QTL) revealed by us, were located on the same
chromosomes but shifted in their position from 2 to
12 Mb away from the loci detected by other authors
in different plant panels. The reason for the shift is
rather not due to different reference genome versions
implemented in the studies, as several previously
detected QTL locate in the same positions despite dif-
ferent genome versions used by the authors (Table 3).
The positional shifts may be the result of the reso-
lution of the genotyping approaches applied in our
work and by other researchers (ddRADseq, Illumina
iSelect 6 k gene Chip, and targeted GBS SegSNP), or
the resolution limits of, and drift from, the common
bean reference genome sequence. Otherwise, this
might indicate small genome re-arrangements (intro-
gression/deletion/recombination) likely available in
various populations involved in the GWAS. Consid-
ering the accumulated amount of GWAS loci data
for these two important agronomic traits in common
bean, QTL meta-analysis may provide a good oppor-
tunity for future studies to dissect reliable QTL across
various genetic background (populations).

To summarize, the results of our research together
with the previously published data indicate that the
landscape of genetic factors for PH and FT is com-
plex, and both traits seem to be controlled by multiple
loci, each with moderate to small effect on phenotypic

variation. Due to clear phenotypic and genetic differ-
ences between individual plants of the same variety/
accession, we treated these plants as different geno-
types, and not as replicates of the identical genotype.
We detected new genomic regions associated with
PH and FT, as well as many genomic regions asso-
ciated with PH and FT which were described before
(although sometimes shifted to some extent in the
position on the same chromosome), confirming our
experimental approach. The environmental condi-
tions in the phytochamber were highly controlled
and homogenous, minimizing thus the environmen-
tal influence on the phenotype. Nonetheless, uncon-
trolled environmental variation could potentially
cause discrepancies between our results and field
observations, especially when interactions between
environment and genotypes are involved. Given that
bean cultivation takes mostly place under field con-
ditions—except indoor farming or vertical farming
approaches—a validation is highly recommended,
before using the described MTA for marker-assisted
breeding.

Conclusion

The plant panel designed for our study captures
extensive genetic diversity of common bean, both for
the breeder's varieties and for the genebank acces-
sions. Our analysis indicated that breeder’s varieties
possess rather diverse genetic background, distrib-
uted over all four genetic clusters identified, which
is important as a basic prerequisite for the successful
trait improvement in breeding. Within a single vari-
ety/line/accession, common bean showed a rather
high heterogeneity for an inbreeding species (6%
genetic variance), which should be considered in the
design of further studies and in the breeding practice,
e.g. by applying repeated selfing steps before the start
of the experiments.

GWAS confirm that both the PH and FT are traits
controlled by multiple genetic loci, each of moder-
ate to small effect. We were able to reproduce sev-
eral loci detected in previous studies and discovered
17 novel loci. Several of these novel loci caused
rather high phenotypic effects, explaining up to
15.9% and 5.4% of the phenotyping variation for
PH and FT, respectively. The effect of the novel loci
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should be further validated especially under field
conditions, with the final aim of developing mark-
ers for marker-assisted selection (MAS) in breed-
ing programmes, in particular in Europe. In this
context, the newest available reference genome of
European accession ‘Flavert’ (Carrere et al. 2023)
may be considered for marker development suitable
for MAS. MAS could enable the selection for these
two traits when phenotyping is not feasible, e.g. at
a very young stage like at the seeds before sowing,
or at plants growing under conditions masking the
traits like in speed breeding containers, or if MAS
is already envisioned for other traits.
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