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Common bean (Phaseolus vulgaris L.) is an essential source of food proteins
and an important component of sustainable agriculture systems around the world.
Thus, conserving and exploiting the genetic materials of this crop species play an
important role in achieving global food safety and security through the preservation of
functional and serependic opportunities afforded by plant species diversity. Our research
aimed to collect and perform agronomic, morpho-phenological, molecular-genetic, and
nutraceutical characterizations of common bean accessions, including lowland and
mountain Venetian niche landraces (ancient farmer populations) and Italian elite lineages
(old breeder selections). Molecular characterization with SSR and SNP markers grouped
these accessions into two well-separated clusters that were linked to the original Andean
and Mesoamerican gene pools, which was consistent with the outputs of ancestral
analysis. Genetic diversity in the two main clusters was not distributed equally the
Andean gene pool was found to be much more uniform than the Mesoamerican pool.
Additional subdivision resulted in subclusters, supporting the existence of six varietal
groups. Accessions were selected according to preliminary investigations and historical
records and cultivated in two contrasting Venetian environments: sea-level and mountain
territories. We found that the environment significantly affected some nutraceutical
properties of the seeds, mainly protein and starch contents. The antioxidant capacity
was found significantly greater at sea level for climbing accessions and in the mountains
for dwarf accessions. The seed yield at sea level was halved than mountain due to a
seeds reduction in weight, volume, size and density. At sea level, bean landraces tended
to have extended flowering periods and shorter fresh pod periods. The seed yield was
positively correlated with the length of the period during which plants had fresh pods
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and negatively correlated with the length of the flowering period. Thus, the agronomic
performance of these genetic resources showed their strong connection and adaptation
to mountainous environments. On the whole, the genetic-molecular information put
together for these univocal bean entries was combined with overall results from plant
and seed analyses to select and transform the best accessions into commercial varieties
(i.e., pure lines) suitable for wider cultivation.

Keywords: Phaseolus vulgaris L., local varieties, genetic diversity, yield, seed quality traits

INTRODUCTION

Legumes play an important role in addressing issues related
to the environment, health, and food security and are also
important due to their health benefits, such as preventing and
helping manage hypercholesterolemia, hypertension (Arnoldi
et al., 2015), obesity, diabetes, and coronary conditions (Calles,
2016). They are also a critical and affordable source of plant-
based proteins, vitamins, and essential minerals such as calcium,
magnesium, and zinc, contributing to the food security and
nutrition of people around the world, especially subsistence
smallholder farmers in developing countries (Calles, 2016).
In developed countries, vegetarians, vegans, and individuals
following flexitarian diets tend to increase, and legumes
are recommended as the main plant-based protein source
(Nelson et al., 2016).

The common bean (Phaseolus vulgaris L.) is a diploid
(2n = 2x = 22) annual species belonging to the Fabaceae
family grown worldwide for its edible green pods and dry
seeds. Given the relative simplicity and the small dimension
(650 Mb) of its genome, P. vulgaris provides a useful model
for studying closely related species of agronomic interest. It is a
predominantly self-pollinating plant, with occasional occurrence
of insect-mediated cross-pollination (Rendón-Anaya et al., 2017).
Breeding strategies for the common bean rely on the selection of
homozygous individuals for the development of pure lines of high
agronomic value.

The domestication process of the common bean was a
unique process that occurred in two geographically distinct
regions simultaneously and in two partially isolated gene
pools: Mesoamerican and Andean. Genetic evidence suggests
that Mesoamerica is the center of origin of the common
bean, whereas the Andean population was derived as a
consequence of a strong predomestication bottleneck. Despite
having undergone independent domestication processes, both
gene pools are partially sexually compatible and morphologically
similar. Differences between the two gene pools have been
revealed using different molecular markers, such as random
amplified polymorphic DNA (RAPD) (Johns et al., 1997; Beebe
et al., 2000), amplified fragment length polymorphisms (AFLP)
(Tohme et al., 1996; Beebe et al., 2001; Pallottini et al., 2004), and
microsatellites or simple sequence repeat (SSR) markers (Díaz
and Blair, 2006). More recently, single-nucleotide polymorphism
(SNP) markers have been used to characterize genotype and
haplotype diversity in common bean accessions, assaying both
nuclear (Ariani et al., 2016, 2018; Rendón-Anaya et al., 2017;

Kuzay et al., 2020) and plastidial genomic regions (Nicolè et al.,
2011).

Varieties of P. vulgaris are distributed worldwide and are
cultivated in the tropics, subtropics, and temperate zones
(Hidalgo, 1988), showing great variability in terms of agronomic
performance, seed size, shape and color, the relative duration
of the reproductive cycle, and many other qualitative and
quantitative traits (Rodiño et al., 2003). This diversity enabled
its cultivation in a wide range of cropping systems and
environments, such as China, Eastern Africa, the Americas,
the Middle East and Europe, with more than 40,000 varieties
(Jones, 1999).

The first introduction of the common bean from
Central/South America into Western Europe most likely
took place in the sixteenth century (Zeven, 1997). A peculiarity
of the European population of P. vulgaris is the high proportion
(44%) of Mesoamerican and Andean hybrids. This could be
explained by the presence of different landraces, which are
traditionally cultivated in proximity to each other, facilitating
occasional outcrossing and gene flow (Angioi et al., 2010). In
Italy, beans made their first appearance in 1515 in a painting of
Giovanni di Udine (Albala, 2007), whereas they were officially
mentioned in historical documents by 1532, which was later
recognized as the year of its introduction to the Italian Peninsula.
In particular, in the Veneto region, the diffusion of the common
bean occurred quickly, and currently, the cultivation of this pulse
still has great economic relevance, especially in Belluno Province
(Piergiovanni and Lioi, 2010). Bean cultivation gave rise to a long
tradition that allowed the evolution of many landraces adapted
to microclimates in restricted areas, representing a pastiche of
cultures and traditions that provide an irremissible good for
Italy that is being used in low-environmental impact agriculture
(Venora et al., 2009). However, as for other Venetian crops
(Palumbo et al., 2017a,b), local accessions have been gradually
substituted by superior and genetically uniform commercial
varieties (Spagnoletti Zeuli et al., 2004; Venora et al., 2009). In
particular, after the 1950s, the large scale of breeding programs
and the fast disappearance of landraces caused the disappearance
of an unknown number of populations and the marginalization
of others in private gardens. The commercial relevance of these
landraces is generally limited, as the product is often sold only in
local markets and appreciated and used in the preparation of local
dishes (Piergiovanni et al., 2000). This fact and the possibility of
using these rustic and vigorous genotypes in breeding projects
increase the importance of collecting and preserving those local
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accessions in germplasm, in-situ, or ex-situ, contributing to the
improvement of food crops and preserving their genetic diversity
(Piergiovanni and Laghetti, 1999). Collecting, conserving, and
preserving niche landraces from the Veneto region are some of
the objectives of this study.

Although Veneto is not one of the primary domestication
centers of the common bean, the collected material can be
considered an example of serendipitous value from conserving
landraces in a variety of places. Through their preservation,
these niche landraces have undergone autochthony with minor
adaptations, as they have been cultivated in isolation for
centuries in a sort of ecotypization process. This process selected
accessions, and peculiar gene combinations were able to achieve
maximum adaptation to the new pedoclimatic and anthropic
conditions. Long-term germplasm utilization and conservation
practiced yearly by farmers, along with natural evolutionary
processes, have therefore brought about the constitution of a
regional multispecies germplasm that includes, among others,
common beans (Supplementary Material).

High-quality and authentic agri-food products, which are
mostly recognized as coming from organic farming or labeled
with geographical indications, are increasing in Europe as
consumers consider the quality and its association with agro-
ecological characteristics as some of the most important
purchasing factors. Italian agriculture for quality food production
is widely spread across the national territory, highlighting
a major role in the European context that is favored due
to its great variety in terms of pedoclimatic and orographic
conditions, together with its cultural and traditional approach
to food (Dal Ferro and Borin, 2017). Organic farming
systems cover approximately 15.2% of the national utilized
agricultural area (Eurostat, 2019), generating almost 7.5% of
the Italian agriculture value production (Istat, 2019). In this
scenario, interest in preserving and enhancing local genotypes
to identify their agronomic and qualitative characteristics is
evident. This is done to find varieties able to satisfy the
main needs of organic farming that can often be considered
pillars, namely, the rusticity of the genotypes and their ability
to adapt to different environmental conditions and marginal
contexts with reduced pedoclimatic performances. Furthermore,
bean cultivation is fully part of this contest, considering its
potential role not only in terms of the nutritional value
of the grain produced but also in relation to the benefits
that the cultivation of a legume can bring in terms of soil
fertility, especially for organic agriculture, as recently stated by
Regulation (EU) 2018/848.

In this work, 26 bean accessions – 13 ancient local
varieties (Venetian farmer populations) and 13 improved
old lineages (Italian breeder selections) – were assessed in
two different environments of the Veneto region: in sea-level
lowlands and in mountainous lands. In agronomic terms,
the phenological development and yield were assessed.
The nutritional values of the seeds were characterized
based on the total phenols, antioxidant activity, protein
and starch contents, and amino acid composition. Seeds
were also characterized based on their physical properties,
including weight, volume, density, length, width, and

thickness. Finally, accessions were genetically characterized
through molecular markers for assessing the population
structure, genotype composition, and relationships among
accessions. Overall, this information will be of great help
for the socioeconomic valorization of ancient local genetic
resources that are well characterized molecularly and for the
implementation of cultivation and agronomic practices in
organic agricultural systems.

MATERIALS AND METHODS

Plant Materials
Accessions assessed in this study were selected from the
germplasm bank of the Department of Agronomy, Food,
Natural Resources, Animal and Environment (DAFNAE) of
the University of Padova in Legnaro, Italy. Among the
species conserved in the DAFNAE germplasm, P. vulgaris was
represented by 48 accessions (Supplementary Table 1), of which
26 were selected and cultivated in both locations, sea level
and mountain. A list of the names, identification numbers,
some characteristics and pictures of the seeds of these 26
accessions is shown in Table 1. Of these 26 accessions, 13
were lowland and mountain-climbing Venetian local varieties
(hereafter defined as farmer populations), and 13 were Italian
old lineages (breeder selections), among which were seven dwarf
and six climbing (Italian elite varieties) beans. Due to differences
in the cultivation process, accessions were divided between
dwarf and climbing.

Experimental Sites and Environmental
Conditions
Field trials were conducted between June and November 2019
in two different environments of the Veneto region—Legnaro
(PD, Veneto Italy) at sea level (45◦20′43.52′′N, 11◦57′11.56′′E)
and Asiago (VI, Veneto Italy) in the mountain (45◦53′30.58′′N,
11◦33′43.58′′E). In both locations, the planting layout used was
50-cm rows with 50 cm between rows, and approximately 150 cm
between accessions. At sea level, 20 plants of each accession were
transplanted in plots with dimensions of 5 m × 1 m. Climbing
accessions, numbering 19 in total, were planted in five rows,
each 44 m long. Seven dwarf accessions were transplanted in
three rows. In the mountain, 10 plants of each accession were
transplanted in plots of 2.5 m× 1 m. For the climbing accession,
a structure to direct the plant vertical growth was constructed,
consisting of four 2.1-m bamboo canes tied at the top, forming
“hut” structures. Each plant was attached to one bamboo cane.
Thus, in each parcel at sea level, 20 individuals were grouped into
five groups of four plants, and in the mountains, the 10 plants
were in two groups of four plants and in a pair of plants for
three replications.

At sea level, the experiment was conducted at the
Experimental Farm ‘L. Toniolo’ of the University of Padova
at an altitude of 7 m above sea level. The soil at sea level is
a eutric fluvisol (World Reference Base) and is composed
of 65% silt, 15% sand, and 20% clay, with a pH of 8.15 (1:1
H2O). The organic matter was 1.77%, the total nitrogen was
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TABLE 1 | Identification numbers, names, type, and growth habit of the 26 common bean accessions assessed in this study.

Id Name Type Growth Id Name Type Growth

1 Mangiatutto
rampicante

Italian
pre-commercial

Indeterminate
(climbing)

23 Gialet Venetian landrace Indeterminate
(climbing)

2 Borlotto nano A Italian elite line Determined
(Dwarf)

24 Posenati Venetian landrace Indeterminate
(climbing)

3 Borlotto nano B Italian elite line Determined
(Dwarf)

25 Semi-rampicante
abruzzese

Venetian landrace Indeterminate
(climbing)

6 Fagiolo nano
creso

Italian elite line Determined
(Dwarf)

26 Fasol dela nonna Venetian landrace Indeterminate
(climbing)

7 Blue lake sel. Gia Italian
pre-commercial

Indeterminate
(climbing)

27 Maseleta rossa Venetian landrace Indeterminate
(climbing)

8 Anellino di Trento Italian elite line Determined
(Dwarf)

28 Zia Orsolina Venetian landrace Indeterminate
(climbing)

9 Anellino giallo Italian
pre-commercial

Indeterminate
(climbing)

29 Meraviglia di
Venezia

Venetian landrace Indeterminate
(climbing)

11 Bortollo lingua di
fuoco 3

Italian
pre-commercial

Indeterminate
(climbing)

30 Secle Venetian landrace Indeterminate
(climbing)

12 Blue lake a grano
nero

Italian
pre-commercial

Indeterminate
(climbing)

31 Della Clorinda Venetian landrace Indeterminate
(climbing)

17 Fagiolo nano
valdarno

Italian elite line Determined
(Dwarf)

32 Pegaso Venetian landrace Indeterminate
(climbing)

18 Coco nain blanc
precoce

Italian elite line Determined
(Dwarf)

33 SC-iosela Venetian landrace Indeterminate
(climbing)

19 Tondino
abruzzese

Italian
pre-commercial

Indeterminate
(climbing)

34 D’oro (val di
fiemme)

Venetian landrace Indeterminate
(climbing)

20 Verdone del piave Italian elite line Determined
(Dwarf)

36 Maron Venetian landrace Indeterminate
(climbing)

Each is followed by a picture of its seeds on the right.

0.11%, and the C/N ratio was 9.72. The total phosphorus
determined by the Olsen method was 810 mg P2O5 kg−1,
the potassium was 59.9 mg K2O kg−1, the magnesium
was 247 mg kg−1, the calcium was 2,619 mg kg−1, the
sodium was 26.1 mg kg−1 and the total sulfur was 408 mg
kg−1. The cycle at sea level was from June 10th until
October 25th (137 days), with an average temperature of
20.4◦C. The maximum and minimum average temperatures

were 28.4◦C on 37.6◦C on the 26th day and 7.7◦C on the
135th day (Supplementary Material), and the cumulative
rainfall was 236 mm.

On the mountain, the trial was conducted on a local farm at an
altitude of 994 m. The soil on the mountain is a eutric cambisol
(World Reference Base) and was composed of 45% silt, 15%
sand, and 40% clay, with a pH of 6.77. The organic matter was
2.6%, the total nitrogen was 0.10%, and the C/N ratio was 15.11.

Frontiers in Plant Science | www.frontiersin.org 4 May 2021 | Volume 12 | Article 674985

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-674985 May 19, 2021 Time: 15:20 # 5

Sica et al. Preserving Neglected Common Bean Varieties

The total phosphorus was 750 mg P2O5 kg−1, the potassium
was 67.3 mg K2O kg−1, the magnesium was 201 mg kg−1, the
calcium was 1,932 mg kg−1, the sodium was 18.1 mg kg−1 and
the total sulfur was 550 mg kg−1. The cycle on the mountain
was from June 24th until November 7th (136 days), with an
average temperature of 14.1◦C. The maximum and minimum
average temperatures were 28.4◦C on the 34th day and −1.4◦C
on the 117th day, respectively, and the cumulative rainfall was
512 mm. Maximum and minimum temperature trends during
the experimental period followed the historical average trends
at both sites (Supplementary Figure 1). In both locations, an
irrigation system was installed, and water was supplied according
to the plant needs.

Cultivation Operations
At both locations, the experiments were carried out in
soils that were not previously treated with chemical inputs
(fertilizers, pesticides) for at least 5 years, thus enabling us
to consider their conditions adequate for organic farming
according to EU regulations. Cultivation operations were carried
out primarily in the same way in both locations without
any use of inputs not allowed for organic farming. The soil
was prepared by harrowing (milling in a mountain plot), and
subsequently, the organic fertilizer Biorex (pelleted manure)
of Italpollina (derived from poultry litter) was distributed
at a rate of 0.8 Mg ha−1. The fertilizer had the following
composition: N 2.8%, P2O5 2.5%, K2O 3.0%, organic carbon of
biological origin 38%, organic matter 65%, C/N 13, and water
16%, with a pH of 7.

Seeds were sown in seedling starter trays (40 holes), arranging
one seed in each hole and using fine peat-based Geo Substrate
(PBE Substrates) containing 2–6 mm perlite, with a pH of 5–
6 and an EC of 0.4 mS cm−1. Sowing was carried out on
May 30 for the material destined for sea level and on June
10 for that to be used on the mountain. Although traditional
agronomic practice includes direct sowing of beans, it was
decided to sow the beans on the substrate and then proceed
with transplanting due to the scarce availability of seeds of
some accessions. This was done to ensure the emergence of
enough seedlings to be transplanted in each location, avoiding the
possible drawbacks caused by direct sowing in the field, i.e., the
formation of a surface crust and attack by pathogens and parasites
during germination.

After sowing, seedling starter trays were kept in a protected
environment and watered regularly to ensure optimal substrate
water content. Approximately 10 days after sowing, the seedlings
had already developed the first two true leaves and had adequately
colonized the media with the root system. Transplants were
carried out during the first meteorologically useful window of the
season (Supplementary Figure 1): on June 10 at sea level and on
June 21 on the mountain.

The harvesting of pods was carried out gradually when they
appeared completely dry on the plant. At sea level, this phase
started in the second half of August and lasted until the end of
October, while on the mountain, it started in the second half of
September and ended in early November. The maturation of the

pods was therefore scaled in a more accentuated way for climbing
accessions that tend to have indeterminate growth.

Genetic Characterization
In total, 193 genomic DNA samples were extracted from
young leaves of 26 P. vulgaris using the DNeasy 96 Plant
kit (Qiagen, Hilden, Germany) following the instructions
provided by the supplier. After extraction, the DNA quality
and quantity were evaluated using a NanoDrop 2000c UV-
Vis spectrophotometer (Thermo Fisher, Pittsburgh, PA,
United States). The DNA sample integrity was also checked
by electrophoresis on a 2% agarose/1× TAE gel containing
1× Sybr R© Safe DNA gel stain (Life Technology, Carlsbad,
CA, United States).

An initial number of 24 SSR markers was chosen from the
literature (Yu et al., 2000; Blair et al., 2009; Angioi et al., 2010)
based on their polymorphism information content (PIC), linkage
map position, and sequence length. Tests on the amplification
efficiency of the designed primer pairs were conducted in
singleplex reactions on a subset of 8 samples of as many varieties.
Amplifications were accomplished following the M13-tailed SSR
method described by Schuelke (2000) and modified as reported
by Palumbo et al. (2017a; 2017b) using 6-FAM, VIC, NED, and
PET fluorophores. The 10 best SSR marker loci were selected and
organized into two multiplexes based on the primer annealing
temperature, amplicon size, amplification efficiency, and dimer
formation tendency (Table 2). PCR was performed in a final
volume of 20 µL containing 1x Platinum Multiplex PCR Master
Mix (Thermo Scientific, Carlsbad, CA, United States), 5% GC
Enhancer (Thermo Scientific), 0.25 µM of each tailed primer,
0.75 µM of each non-tailed primer, 0.5 µM of each labeled
primer (Applied Biosystem, Carlsbad, CA, United States), 10 ng
of DNA and sterile water. The fluorescently labeled PCR products
were electrophoresed on an ABI 3730 DNA Analyzer (Applied
Biosystems). Finally, the size of each fragment was determined by
Peak Scanner software 1.0 (Applied Biosystems).

The SSR raw data were analyzed with the POPGENE 32
software package v. 1.32 (Yeh et al., 1997), and the following
statistics were calculated: the observed homozygosity (Obs_Ho),
the average number of alleles per locus (na), the effective number
of observed alleles per locus (ne) and the SSR allele frequencies.
All statistics were calculated for both the SSR loci used and
the 48 accessions analyzed. To determine the allele variability
of the assessed marker loci, Nei’s index was calculated and
assumed to be the polymorphism index content (PIC) (Palumbo
and Barcaccia, 2018). Otherwise, considering the subpopulation
later identified, the same index was used to express their
heterozygosis grade.

Genetic similarity (GS) estimates were also calculated between
individuals in all possible pairwise comparisons by applying
Rohlf ’s simple matching (SM) coefficient using NTSYS v2.1
software (Rohlf, 2000). The resulting similarity matrix was later
used for the construction of a UPGMA dendrogram. The average
similarity was also calculated within and among both the niche
landraces and elite lineages, and a principal coordinates analysis
(PCoA) graph was developed from the similarity matrix. Samples
were then labeled on the basis of the results obtained by both
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STRUCTURE software, which was used for ancestry group
reconstruction, and the UPGMA dendrogram.

From the initial core collection including 193 samples, a panel
of 41 accessions of P. vulgaris belonging to 25 varieties (variety 19
was not considered due to the high number of missing loci) was
selected for haplotyping analysis based on SNP variants. Samples
were chosen to be representative of the internal variability of
each population and with 100% homozygosity. This is preferred
to obtain single haplotypes and because pure lines are used
in breeding programs for the establishment of patented and
stable varieties.

The nuclear target genes to be used for DNA haplotyping were
preliminarily obtained from the scientific literature (Schlötterer
and Pemberton, 1994; Rakoczy-Trojanowska et al., 2004; Kumar
et al., 2012), choosing single-copy loci with functions related to
plant and seed development and associated with abiotic stress
resistance or tolerance. In particular, the final set of target
genes was selected from among those reported by selected
papers (McConnell et al., 2010; Nanni et al., 2011; Goretti
et al., 2014). For each of these target genes, the pair of primers
was designed and optimized to obtain fragments suitable for
the subsequent sequencing analysis. The investigated marker

regions are coding and/or noncoding fragments of eleven genes:
β-1,3-endoglucanase (β-EG), heat shock transcription factor
(HSF), β-glucan binding protein (β-GBP), phosphoenolpyruvate
carboxylase (PEPC), late embryogenesis abundant protein (LEA),
serine/threonine kinase (STK), nitrate reductase (NR), linoleate
lipoxygenase (LOX), beta-amylase (β-AM) (Goretti et al., 2014),
histone H4 (H4) (McConnell et al., 2010), and shatterproof (SHP)
(Nanni et al., 2011). Whenever the indicated amplified fragment
was larger than 900 bp, a new primer pair was designed (in
bold in Table 3) to obtain a fragment shorter than 900 bp
in substitution of the original fragment. Using the P. vulgaris
reference genome hosted in the Phytozome database1, primers
were designed to match the exons of the selected genes, and where
possible, introns were included to maximize the genetic variation
estimate. Primer-BLAST2 was used for primer design, and
primers were purchased from Invitrogen (Invitrogen, Carlsbad,
CA, United States).

The PCR mixes were composed of 10 µl Mango mix (Bioline,
2020), 0.25 µM of both primers, 20 ng genomic DNA, and sterile

1https://phytozome.jgi.doe.gov
2https://www.ncbi.nlm.nih.gov/tools/primer-blast

TABLE 2 | List and basic information of the primer pairs for the Microsatellite (neutral) marker loci selected for DNA genotyping.

Marker LG Primer forward (5′-3′) Primer reverse (5′-3′) Motif Size (bp) PIC Ta (◦C)

BM200 1 TGGTGGTTGTTATGGGAGAAG ATTTGTCTCTGTCTATTCCTTCCAC (AG)10 221 0.89 56.0

AY1 1 ATCAGGGTCTGTCATGATCTG CCTCCTCTCTTCTTGTTCCT (AT)5 203 0.70 55.0

GATS91 2 GAGTGCGGAAGCGAGTAG TCCGTGTTCCTCTGTCTGT (GA)17 229 0.91 57.0

BM197 3 TGGACTGGTCGATACGAAG CCCAGAAGATTGAGAACACCA (GT)8 201 0.56 56.0

IAC52 4 TGCATGTATGTAGGCGGTTTA GTGGCTTTTGCTTTTGTAGTCA (GA)11 203 0.64 55.0

IAC66 4 AATCACATCTTTAACCCAACAGGT TTCCACTCCCTCCCTATCT (GA)10 282 0.86 56.0

BM183 7 CTCAAATCTATTCACTGGTCAGC TCTTACAGCCTTGCAGACATC (TC)14 149 0.84 55.5

BM210 7 ACCACTGCAATCCTCATCTTTG CCCTCATCCTCCATTCTTATCG (CT)15 166 0.88 56.4

PvM04 8 GGTTCCTCCTCCTTCTGC GCGCCGTCTTTTTGGTAG (TTC)10 210 0.77 56.0

PvAG001 11 CAATCCTCTCTCTCTCATTTCCAATC GACCTTGAAGTCGGTGTCG (GA)12 157 0.74 56.5

Marker name, linkage group (LG), SSR motif, forward and reverse primer sequences, expected amplification fragment size (bp), Polymorphism Index Content (PIC), and
temperature of annealing (Ta ◦C) are reported.

TABLE 3 | List and basic information on the Mendelian loci (expressed regions) selected for DNA haplotyping, including genomic localization (linkage group, LG), gene
name, sequences of primer pairs used for PCR amplification, size of the amplified fragment (bp), temperature of annealing (Ta ◦C), and primer used for sequencing
(highlighted in bold) in order to obtain amplicons <900 bp in length in substitution to the original ones.

LG Gene Primer forward Primer reverse Size Tc Sequencing

LG01 Beta-1,3-endoglucanase1 CAAACAAATGGGTGCAAGACAA TCATGCTCTGGATGCTTCTG 670 59◦ FW

LG02 Heat shock transcription factor1 CTTGTTTGGGTATTTGGGGTTA AACCGGCTTCCGTCTATG 794 57◦ FW

LG03 Histone H42 ATCAGCCATGTCTGGAAGAGGAAA TGCTTGAAAATGTCCAAATCATTC 502 57◦ RV

LG04 Beta-glucan binding protein1 TGAGCCTTGTACTTCCTACCC AAGTTTAGTTCTTGTTACCCCGTG 683 57◦ FW

LG05 Phosphoenolpyruvate carboxylase1 GCTGCAAGAGATGTACAACCAA ATAACGAAAGGGAAGATGGGTGA 618 57◦ FW

LG06 Shatterproof3 TTTGCTGATGTCGAGTTCATGC ATTGTTGTTGTTGTTGTTGAGCTC 531 57◦ FW

LG07 Late embryogenesis abundant protein1 GAGATGAAGGATGCGGCGAA TCCTCCAGTTTCCTCCTTGC 753 63◦ FW

LG08 Serine/Threonine kinase1 TCCTGAAACTCAGCCCCAAG CCTGAGATCCGTCAACACCC 640 57◦ RV

LG09 Nitrate reductase1 TGTGGAGCGTCTGGAGAAAC TGCACACGTTCGTCTTCACT 889 57◦ FW

LG10 Linoleate 13S-lipoxygenase1 TTAGCCCCATACCAGTGCTT TGAACAATCTGTTACCATGCAGT 628 59◦ RV

LG11 Beta-amylase1 TGGTCCACTTTTGGCATCT CCACAAAATCAAGGATGGGAAT 685 57◦ RV

1Goretti et al. (2014); 2McConnell et al. (2010); 3Nanni et al. (2011).
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distilled H2O to reach a final volume of 20 µl per reaction.
Amplifications were carried out using the following conditions:
initial denaturation for 2 min at 95◦C, then 40 cycles of 30 s
at 95◦C, 30 s at the annealing temperature, and 1 min at 72◦C,
followed by one last final extension for 10 min at 72◦C. Annealing
temperatures specific to each primer pair can be found in Table 2.
Amplification products were purified using exonuclease I and
FastAP thermosensitive alkaline phosphatase (Thermo Fisher)
according to the manufacturer’s protocol for PCR product clean-
up before sequencing. After purification, gene fragments were
analyzed using Sanger sequencing by performing a single-strand
reaction on ABI 3730XL with PHRED20.

Sequencing data were analyzed using Geneious 3.6.1
(Geneious, 2020), and the resulting sequences were aligned using
the Muscle algorithm implemented in MEGA-X (Kumar et al.,
2018). The detected SNPs were then classified as synonymous
or nonsynonymous mutations. Haplotype reconstruction was
performed by identifying all the unique combinations of genes
existing in the core collection. In addition, the haplotype
number (Hn) and haplotype diversity (Hd) were estimated
according to Nei (1987).

Polymorphic loci were analyzed using NTSYS v2.1 (Rohlf,
2000) software to obtain the genetic similarity (GS) estimate in a
pairwise comparison using the simple matching coefficient. The
resulting similarity matrix was used for the development of a
UPGMA dendrogram using hierarchical clustering. To reconduct
the two main clusters highlighted by the UPGMA tree within
the Andean or Mesoamerican gene pool, sequences of accessions
with known geographical origins were retrieved from studies by
Nanni et al. (2011) and Goretti et al. (2014). Information was
not available for all the analyzed markers and was available only
for β-EG, β-GBP, and SHP. The genetic sequences were aligned
with MEGA-X using the Muscle algorithm, and the UPGMA
tree was then generated using 1000 bootstrap and Kimura 2-
parameter models.

Population structure analysis of the core collection was
performed using STRUCTURE software, which exploits a
systematic Bayesian clustering approach by applying Markov
chain Monte Carlo (MCMC) estimation (Pritchard et al., 2000),
which compares the molecular marker data belonging to each
accession among themselves to infer their membership in a series
of putative clusters. The simulation was performed assuming the
admixture model, with no a priori population information. The
SNP data were analyzed with 106 iterations and a burning period
of 2·105, and ten replicate runs were executed with the value
of K ranging between 1 and 16. The most likely K value was
estimated using 1K (Evanno et al., 2005) and was considered for
the assignment to an ancestral group.

Agronomic and Morphological
Characterizations
Phenological Assessment
At sea level, for each accession, ten plants were identified
from among those positioned more internally in the parcel
(considering the pairs, five in one row and five in the other) and
kept as samples for phenological observations until collection.

On the mountain, with only ten plants per accession, six plants
were used as models for each parcel, following the same criterion
adopted at sea level. Phenological surveys were carried out weekly
at sea level and every 2 weeks on the mountain.

The BBCH scale based on Zadoks et al. (1974) and extended
by Meier (2018) was used to discriminate the phenological
stages. This implies a decimal scale for the description of
phenological development. In this study, only 8 of the 10
principal growth stages were considered: (0) germination (0–09);
(1) leaf development (10–19); (2) formation of side shoots (21–
29); (5) inflorescence emergence (51–59); (6) flowering (60–69);
(7) development of fruit (71–79); (8) ripening of fruit and seeds
(81–89); and (9) senescence (97–99). For practical reasons, the
BBCH stages were then merged as follows: vegetative phase (0–
29), flowering phase (51–69), fresh pod period (71–79), and dry
pod period (81–99). The identification codes obtained from the
field observations were subsequently averaged to obtain a single
value referring to the individual parcel.

Growing Degree Days
The number of cumulative GDD (growing degree days), which
is also expressed as the thermal sum (6GDD), was calculated by
summing the positive values of Eq. 1 for each day and considering
a base temperature of 10◦C (Jenni et al., 2000).

GDDx =
(
Tmax+ Tmin

2

)
− Tbase (1)

Where GDDx is the growing degree day on day x, Tmax and
Tmin are the maximum and minimum average air temperature
of day x, respectively, and Tbase is the base temperature. The
temperature at both locations was monitored by weather stations
from the Regional Agency for Environmental Prevention and
Protection of Veneto (ARPAV).

Seed Production
After maturing and drying in the plant, pods were harvested
and completely dried at room temperature (until reaching
approximately 10% moisture). The production was expressed in
grams of dry grain per plant.

Seed Physical Properties
Seeds of each accession and location were assessed for the
seed weight, bulk density, volume, and imbibition capacity,
according to Bishnoi and Khetarpaul (1993) and Shimelis and
Rakshit (2005). For each accession, three replicates of 100
seeds from the mountain and sea level were collected and
weighed, giving a weight of 100 seeds in grams. Of these,
ten were collected and inserted into a 100-mL graduated
cylinder containing 50 mL of distilled water. After the seeds
were added to the cylinder, the variation in the volume was
considered the volume of 10 seeds. Density was expressed in g
mL−1.

Seed Nutraceutical Characterization
Total Phenols and Antioxidant Capacity
Freeze-dried bean samples (0.2 g) were homogenized in
methanol (20 mL) with an Ultra Turrax T25 until reaching
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a uniform consistency at 13.500 rpm. The samples were
filtered (filter paper, 589 Schleicher), and appropriate
aliquots of the extracts were assayed by a Folin Ciocalteu
(FC) assay for the total phenol (TP) content and by a ferric
reducing antioxidant power (FRAP) assay for the total
antioxidant activity.

The content of TP was determined using the FC assay
with gallic acid as the calibration standard by a Shimadzu
UV-1800 spectrophotometer (Columbia, MD, United States).
The FC assay was carried out by pipetting 200 µL of bean
extract into a 10-mL polypropylene tube. This was followed
by the addition of 1 mL of FC reagent. The mixture was
vortexed for 30 s, and 800 µL of filtered 20% sodium carbonate
solution was added after 1 min and before 8 min from the
addition of the FC reagent. This was recorded as time zero.
The mixture was then vortexed for 30 s after the addition of
sodium carbonate. After 2 h at room temperature, the absorbance
of the colored reaction product was measured at 765 nm. The
content of TP in the extracts was calculated from a standard
calibration curve built with different concentrations of gallic acid,
ranging from 0 to 600 µg mL−1 (correlation coefficient: R2:
0.9982). The results were expressed on the basis of mg of gallic
acid equivalents per kg (mg GAE kg−1) of dry bean powder
(Singleton et al., 1999).

Ferric reducing antioxidant power reagent was prepared fresh
so that it contained 1 mM 2,4,6 tripyridyl-2-triazine and 2 mM
ferric chloride in 0.25 M sodium acetate at pH 3.6 (Benzie and
Strain, 1996). A 100-µL aliquot of the methanol extract prepared
as described above was added to 1900 µL of FRAP reagent
and accurately mixed. After leaving the mixture at 20◦C for
4 min, the absorbance at 593 nm was determined. Calibration was
performed against a standard curve (0–1200 µg mL−1 ferrous
ion) produced by the addition of freshly prepared ammonium
ferrous sulfate. FRAP values were calculated as mg mL−1

ferrous ion (ferric reducing power) from three determinations
and are presented as mg of Fe2+ (ferrous ion equivalent)
kg−1 dw.

Amino Acids Composition
Determination of the amino acid content was carried out in
accordance with the provisions of the European Pharmacopoeia
5.0 – 2.2.56. Amino acid analysis – Protein hydrolysis –
Method 1 for hydrolysis and from the European Pharmacopoeia
5.0 – 2.2.56. Amino acid analysis – Methodologies of amino
acid analysis: general principles – Method 5 and Method 7
for derivatization. HPLC identification and quantification were
performed following Agilent ZORBAX Eclipse AAA – Technical
Note (publication number 5980-1193).

Starch Content
The starch content was determined using the OAC Official
Method 996.11 Starch (total) in cereal products and the
AOAC Official Method 979.10 Starch in Cereals. Following
the University of Florida, IFAS, Bulletin 339-2000 “Starch
Gelatinization and Hydrolysis Method” Boehringer Mannheim,
Starch determination, cat. N ◦ 207748 was the method adapted
for chromatographic analysis.

Protein Content
Crude protein was determined by the analysis of the nitrogen
content according to the semi-micro Kjeldhal technique (Kjeltec-
System Foss Tecator) (Hjalmarsson and Akesson, 1983). The
protein content was calculated by multiplying the N content by
a factor of 6.25 (Adler-Nissen, 1986).

Statistics
Data obtained from the various findings were separated between
climbing and dwarf accessions due to differences in growth
habits and production systems. To assess the effect of the
cultivation environment, mountain and sea level (E), accession
(A), and their interaction (E × A), analysis of variance was
performed independently for each typology, climbing and dwarf.
The differences between means were assessed by Tukey’s HSD
test for p < 0.05. A principal component analysis (PCA) and
a multivariate analysis performed to determine the correlations
between the variables assessed in this study. All previously cited
statistical analyses were performed in the software JMP Pro 15
(SAS – JMP Kuala Lumpru Malaysia). Excel and SigmaPlot 11.0
were used to prepare the graphs.

RESULTS

Genetic Characterization
SSR Marker-Based Genotyping
The first part of this study aimed to identify the most suitable
SSR markers for the characterization of the common bean core
collection conserved in the DAFNAE germplasm bank. Ten of
the 24 initially selected markers were chosen for further analyses
since preliminary tests exhibited easy scorability, a marked
attitude to be amplified in multiplex PCRs and the highest
polymorphism information content (PIC) coefficients.

Descriptive statistics of genetic diversity calculated for the 10
marker loci exploited for the analyses are reported in Table 4.
The mean number of observed alleles per locus (na) was

TABLE 4 | Descriptive statistics of genetic diversity calculated for each of the 10
SSR marker loci analyzed in the common bean core collection.

Locus na ne obs_Ho PIC

IAC52 6 3.84 0.98 0.89

AY1 2 1.50 0.99 0.70

BM183 4 1.77 0.99 0.91

BM197 3 1.68 0.99 0.56

IAC66 7 2.26 0.98 0.64

BM210 6 4.89 1.00 0.86

PvM04 8 4.83 1.00 0.84

BM200 7 4.50 0.99 0.88

Pvag001 4 3.52 1.00 0.77

GATS91 11 6.69 1.00 0.74

Mean 5.8 3.55 0.99 0.78

The number of observed alleles (na), the number of effective alleles (ne), observed
homozygosity (obs_Ho), and the polymorphic information content (PIC) are
reported for each SSR marker locus investigated.
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5.8, with values ranging from 2 (AY1) to 11 (GATS91). The
effective number of alleles (ne) for the analyzed accessions ranged
between 0.52 (AY1) and 6.69 (GATS91), with a mean value
equal to 3.55. Each microsatellite locus scored high levels of
observed homozygosity, ranging from 0.98 (IAC52 and IAC66)
to 1.00, with an average observed homozygosity of 0.99. The
PIC coefficients were also calculated using the marker allele
frequencies at each locus to determine the discriminant ability
of each marker locus among the different genotypes. With a
minimum value of 0.56 (BM197) and a maximum value of 0.91
(BM183), the panel of selected microsatellite markers proved to
be hypervariable and highly informative.

Supplementary Figure 2 shows the mean genetic similarity
matrix calculated within and among the 25 populations. Values
on the diagonal representing the genetic similarity of each
population showed an overall very high uniformity – 15
populations scored 100% identity, and only two populations
showed a genetic similarity below 0.95 (accessions “Blue lake a
grano nero” and “Pegaso”).

Genetic relationships among common bean accessions were
further studied using principal coordinate analysis (Figure 1A).
Individual unique genotypes were differently classified and
discriminated, depending on whether they were assigned
through the subsequent haplotyping analysis to the Andean or
Mesoamerican gene pools and to Venetian farmer’s varieties or
Italian breeder’s lineages (please note that symbol dimensions
are proportional to the number of individuals sharing 100%
similarity and hence are characterized by the same coordinates).
The vast majority of populations represented by two or more
subgroups are located in proximity to each other, forming
almost isolated subgroups (for example, accession 12 “Blue
lake a grano nero” and 36 “Maron”). Considering the first
discriminant coordinate, there is a clear separation between the
elite lineages and the niche landraces (with the only exception
of genotype 1.1 from population “Mangiatutto rampicante”).
Taking into consideration the second discriminant coordinate,
the distinction is less clear (Figure 1A). It is, however, possible
to highlight a trend in which the genotypes with Mesoamerican
origin, as subsequently determined from the SNP variant
analysis, possess a generally higher coordinate value for the
second dimension compared to the genotypes of Andean origin,
even with a large and shared area of centroids (Figure 1A).
A total of 41 genotypically different individuals was then chosen
as representative of the genetic diversity of the entire core
collection and used in the subsequent haplotyping analyses, as
they showed 100% homozygosity and similarities to each other
lower than 100%.

SNP Variant-Derived Haplotyping
The subset of 41 unique genotypes belonging to 25 of the
chosen 26 populations (accession 19 exhibited a significant
amount of missing data, so its haplotype characterization was
not reported in this study) was analyzed for 11 target genes
using Sanger sequencing to investigate and characterize their
haplotypes. Each gene is a single copy located on a distinct
linkage group and is related to traits of agronomic interest or
linked to loci known to be under selective pressure during the

domestication process. The primer pairs that were used in this
study revealed good PCR efficiency, and were able to work
with a 100% success rate in Phaseolus genomic DNA samples
and resulted in the amplification of single genomic regions
(Supplementary Figure 3).

Sequenced fragments ranged between 409 and 818 bp, for
a cumulative length of 6,533 bp composed of 55.5% exonic
and 44.5% intronic regions. Based on sequence analysis, all
the gene regions revealed 100% homozygosity, which was in
agreement with the results obtained from microsatellite marker
analysis. By aligning the DNA sequences of these target genes,
in total, 48 SNP variants were detected, as well as 8 INDELs,
which were distributed unequally across the DNA fragments. All
the polymorphic sites found were biallelic, with the exception
of the third single point variant of the LOX gene, where an
adenine was either substituted with a thymine or deleted. The
marker with the highest variability was the intronic region
of the shatterproof (SHP) gene, with 10 SNP variants and 3
INDELs (1, 4, and 7 nucleotides long, respectively), whereas
the β-AM gene was monomorphic in the investigated core
collection. The occurrence of polymorphisms varied significantly
based on the region taken into consideration – in exons, 0.47%
of the nucleotides were polymorphic, while in introns, the
occurrence of variants was three times higher, equaling 1.55%.
This discrepancy was expected since noncoding regions are
known to be neutral and thus retain point mutations, and they
usually show higher diversity. Considering only the SNP variants
detected in exon regions, it is worth mentioning that 8 out of 17
proved to be nonsynonymous mutations. Additional information
on the SNP distribution and classification can be found in
Supplementary Table 2.

Genetic Similarity and Genetic Structure Analyses
Molecular data of the polymorphic loci were used to calculate
the genetic similarity matrix with the simple matching coefficient
for all pairwise comparisons between the 41 individual
genotypes. A UPGMA dendrogram, as shown in Figure 2,
was then generated to investigate the relationships among
genotypes and varieties.

All the accessions were grouped into two distinct and
well-separated branches labeled A and B, respectively. Each
of these two groups scored high mean genetic similarity,
especially in cluster A, wherein all 22 genotypes were divided
into seven subgroups. Moreover, 16 subgroups were found
in cluster B, wherein the 19 genotypes showed lower mean
genetic similarity. Notably, genotypes belonging to the same
population were consistently assigned to only one of the two
main clusters, even if placed in different minor branches. In total,
14 varieties were assigned to cluster A, and 11 varieties were
associated with cluster B.

The least homogeneous population, accession 12 “Blue lake
a grano nero,” was represented by five genotypes and was
assigned to cluster B, contributing to the higher variability
in this group. It is worth mentioning that in three cases, in
both clusters A and B, individuals were present belonging to
both Venetian niche landraces and national lineages grouped
together with full haplotype genetic identity (e.g., samples 1.1
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FIGURE 1 | Principal Coordinate Analysis of the common bean accessions based on SSR and SNP markers: (A) Bidimensional centroids of the total 193 analyzed
samples (symbol size is proportional to the number of samples scoring full genetic identity). (B) Bidimensional clusters of the 41 common bean unique genotype
accessions identified through SSR markers and analyzed using SNP markers for the eleven chosen genes.
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FIGURE 2 | UPGMA dendrogram with all the common bean accessions analyzed in this study grouped in two main clusters (A,B) and several subclusters. The
ancestry colored bars refer to the percentage of ancestral membership estimated by STRUCTURE analysis (for k = 2). The haplotype colored bars refer to the allele
combinations found for each of the samples: individual bars are split into eleven blocks as the number of sequenced genes and each bar as a whole represents a
multi-locus haplotype including 11 specific alleles (dashed blocks indicate missing data).

and 20.13 in cluster A and samples 9.1 and 28.3 in cluster B).
The ancestral membership of the core collection was investigated
using STRUCTURE software by the estimation of 1K. This result
suggested that the core collection most likely originated from two
genetically distinct ancestors (K = 2 as the most likely value),
as shown in Figure 2, where each genotype is represented by a
histogram divided into two segments that are proportional to the
membership to ancestor 1 or 2. This resulted in a clear division
into two distinct and highly uniform groups composed of 22
and 19 accessions each, which was in agreement with the current
evolutionary model of modern common beans derived from two
distinct gene pools, Andean and Mesoamerican.

Then, we demonstrated that the two main clusters highlighted
by the UPGMA tree analysis and supported by the STRUCTURE
ancestry analysis do correspond to Andean or Mesoamerican
origins. To interpret the results, the genetic sequences were
aligned with accessions of known geographical origin and gene
pool identity among those available on the NCBI database for the
analyzed loci. Samples assigned to cluster A univocally belonged
to the Andean gene pool, similar to those in cluster B to the
Mesoamerican pool, supporting the hypothesis of the two gene
pools of origin.

For 10 of the 11 regions sequenced, numbers of alleles
(meaning specific combinations of polymorphic positions)
ranging from 2 to 5 were identified (Table 3). Since

recombination is unlikely to occur in closely linked loci,
SNP variants are instead inherited together as a single unit, and
the unique combinations found were limited: 2 alleles for β-EG,
HSF, SHP, and LEA; 3 alleles for β-GBP, PEPC, and NR; 4 alleles
for H4; and 5 alleles for STK and LOX. β-AM was monoallelic.
In H4, β-GBP, LEA, STK, NR, and LOX SNP combinations were
uncommon among the examined genotypes, with an incidence
below 5%. The relative values are reported in Table 5.

The various SNP combinations were arranged in 21 different
multilocus haplotypes, as reported in Table 6. In agreement
with the previous analysis, cluster A was characterized by higher
genetic uniformity, and most of the accessions were represented
by a single haplotype (Haplo_01), while cluster B showed
wider genetic variability with 14 different haplotypes (Haplo_08-
21). Particularly relevant in terms of protein functionality are
the 8 SNP variants identified as responsible for amino acid
substitutions (please note that all missense mutations are marked
with an asterisk in the consensus sequence, see Table 6).

Phenological Assessment
The cultivation environment played a dramatic role in
affecting the phenological behavior of the beans. Both climbing
(Figures 3A,C) and dwarf (Figures 3B,D) accessions required
more than twice the total 6GDD to complete their cycles
at sea level than at the mountain level. The same was also
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observed when considering the GDD needed to reach the single
phenological stages. At sea level, the variability among accessions
of the GDD associated with the appearance of the single stage
was much more pronounced. In particular, the highest variability
was observed for the BBCH 61 stage, with ranges of 233–1295
GDD among climbing genotypes and 419–974 GDD among
dwarf genotypes (Figures 3A,B). Instead, the same genotypes
cultivated in the mountain environment showed the highest
variability of GDD to reach the last phenological stages: from
724 to 938 GDD to reach BBCH 89 for climbing genotypes and
380–748 to reach BBCH 81 for dwarf genotypes (Figures 3C,D).

Considering the merged phenological stages (paragraph 2.5.1)
for both climbing and dwarf genotypes, the duration of the
vegetative phase, flowering phase, fresh pod period, dry pod
period, and total cycle length were significantly influenced by
the accessions but not influenced by the interaction between
accessions and the environment of cultivation. The environment
significantly affected only the flowering and fresh pod phases
in climbing genotypes and fresh and dry pod phases in
dwarf genotypes. Specifically, (i) the average flowering phase of
climbing accessions at sea level was 31 days, whereas, in the
mountains, it was significantly shorter, at 18 days; (ii) dwarf
accessions had a significantly longer dry pod period at sea level
(31 days) compared to on the mountain (18 days); (iii) both
dwarf and climbing accessions had significantly longer fresh pod
periods on the mountain (45 and 49 days, respectively) compared
to at sea level (29 days for both); and (iv) although some

phases were significantly different, the cultivation environment
did not affect the total cycle length or climbing for dwarf
genotypes (Figure 3E).

Seed Production
The interaction between the environment and accession
significantly affected the seed production of climbing accessions
(Table 7). The seed production of climbing accessions ranged
from 12.4 (36 at sea level) to 326.4 g of seeds per plant (24
in the mountains). On average, climbing accessions produced
approximately two times more seeds per plant on the mountain
than at sea level. Of the 19 climbing accessions, only two
produced more at sea level than at the mountain level; however,
there was no significant difference. Accession 36 produced
approximately 20 times more seeds in the mountains than at sea
level (Figure 4).

Seed production was significantly different among dwarf
accessions and was not affected by the environmental effects
(Table 7). On average, the production of seeds of dwarf accessions
ranged from 20.3 (accession 20) to 82.7 g of seeds per plant
(accession 6). The dry seed production of accession 6 was
significantly greater than those of accessions 17 (27.7 g) and 20
(20.3 g) (Supplementary Table 3).

Seed Physical Characterization
The interaction between the environment and accession had a
significant effect on the weight of 100 seeds of climbing accessions

TABLE 5 | Relative frequency (%) of the SNP-derived allele variants found in the common bean core collection for each of the 11 target genes.

Genes β-EG HSF H4 β-GBP PEPC SHP LEA STK NR LOX β-AM

Allele A 75.60 53.70 75.60 73.20 61.00 53.70 90.20 90.30 75.60 61.00 100.00

Allele B 24.40 41.50 14.60 24.40 22.00 46.30 4.90 4.90 19.50 14.60

Allele C 7.30 2.40 14.60 2.40 4.90 9.80

Allele D 2.40 2.40 7.30

Allele E 2.40

S 3 3 7 3 3 22 1 8 2 19 0

Hp n 2 2 4 3 3 2 2 4 3 5 1

Hp d 0.68 0.77 0.85 0.80 0.85 0.75 0.59 0.80 0.80 0.92 0.00

The number of polymorphic sites at each locus (S), the relative number of identified alleles (Hp n), and Nei’s haplotype distance (Hp d) (Nei, 1987) are reported.

TABLE 6 | Relative haplotype number (Hp n) and haplotype distance (Hp d) (Nei, 1987) of the SNP-derived allele variants found in the core collection for each of the 11
target genes and for each of the four identified clusters, based on accession identity (farmer populations and breeder selections) or ancestry identity (Andean and
Mesoamerican), and in total.

Resources/Genes β-EG HSF H4 β-GBP PEPC SHP LEA STK NR LOX β-AM

Venetian niche populations Hp n 2 2 2 2 2 2 2 3 3 4 1

Hp d 0.65 0.68 0.65 0.65 0.75 0.74 0.67 0.73 0.75 0.87 0.00

Italian elite lineages Hp n 2 2 4 3 2 2 1 2 3 4 1

Hp d 0.71 0.73 0.87 0.83 0.75 0.75 0.00 0.59 0.83 0.91 0.00

Andean lineages Hp n 1 2 1 3 2 1 1 2 1 2 1

Hp d 0.00 0.74 0.00 0.72 0.58 0.00 0.17 0.58 0.00 0.63 0.00

Mesoamerican lineages Hp n 2 2 4 2 3 1 2 3 3 5 1

Hp d 0.75 0.69 0.92 0.75 0.89 0.00 0.59 0.73 0.86 0.95 0.00

Total Hp n 2 2 4 3 3 2 2 4 3 5 1

Hp d 0.68 0.77 0.85 0.80 0.85 0.75 0.59 0.80 0.80 0.92 0.00
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FIGURE 3 | Relationship of the plant development (BBCH-scale) and the cumulative growing degree days (GDD) for climbing accessions at sea level (A) in the
mountains (C) and dwarf accessions at the sea level (B) and in the mountains (D) and the effect of the environments on the length of development stages of
climbing and dwarf accessions (E). Different letters in the same stage indicate a significant difference (α = 0.05); n.s., not significant differences.
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TABLE 7 | Analysis of variance (ANOVA) table with the effects of accession, environment, and the interaction of accession and environment on climbing and dwarf
accessions phenology, seed production, seeds’ physical characteristics, and seeds’ nutraceutical properties.

Climbing Dwarf

Accession Environment Accession ×
Environment

Accession Environment Accession ×
Environment

Phenology

Vegetative phase ** n.s. n.s. ** n.s. n.s.

Flowering phase *** *** n.s. *** n.s. n.s.

Fresh pods *** *** n.s. *** *** n.s.

Dry pods *** n.s. n.s. *** *** n.s.

Total cycle length *** n.s. n.s. ** n.s. n.s.

Seed production

g of dry seeds per plant *** ** ** *** n.s. n.s.

Seeds’ physical characteristics

Length *** ** ** *** ** n.s.

Width *** *** *** *** ** n.s.

Thickness * *** *** *** ** n.s.

Weight of 100 seeds *** *** *** *** *** n.s.

Volume of 10 seeds ** *** *** *** * n.s.

Density *** *** n.s. n.s. ** n.s.

Nutraceutical properties

Total phenols * n.s. n.s. ** n.s. n.s.

Antioxidant capacity *** *** n.s. *** *** n.s.

Protein *** ** n.s. *** n.s. n.s.

Starch *** n.s. n.s. *** ** n.s.

Essential amino acids * n.s. n.s. * n.s. n.s.

Non-essential amino acids * n.s. n.s. * n.s. n.s.

***p < 0.001; **p < 0.01; *p < 0.05; n.s., non-significant effect (p > 0.05).

(Table 7). The weight of 100 seeds ranged from 25 g for accession
7 at sea level to 94 g for accession 33 on the mountain. Most of
the 19 climbing accessions had 100-seed weights that were greater

FIGURE 4 | Average seed production per plant of each climbing accessions
in the mountain (black bars) and at the sea level (gray bars), and average seed
production in the mountain (solid line) and at the sea level (dash-dotted line).
Different letters indicate a significant difference between compared groups.
α = 0.05.

in the mountains than at sea level (Supplementary Table 4).
Among dwarf accessions, the environment and the accession
had a significant effect on the weight of 100 seeds (Table 7).
In the mountainous environment, the weight of 100 seeds was
significantly greater than that at sea level, and accessions 2 and 3
had the greatest weights of 100 seeds, whereas accession 17 had
the lowest (Supplementary Table 3).

The length, width, and thickness of the seeds and the volume
of 10 seeds of climbing accessions were significantly affected
by the interaction between the environment and accession
(Table 7). The volume of 10 seeds ranged from 2 (accession 7
in the mountain) to 7.7 mL (accession 32 at sea level). Seed
lengths ranged from 10.5 (19 on the mountain) to 17.6 mm
(32 on the mountain), widths ranged from 5.8 (12 on the
mountain) to 12.2 mm (36 on the mountain), and thicknesses
ranged from 4.7 (12 on the mountain) to 9.4 mm (36 on the
mountain) (Supplementary Table 4). Among dwarf accessions,
the environment had a significant effect on the volume of 10
seeds and on the seeds’ length, width, thickness, and density
(Table 7), with these variables being significantly greater in
seeds from the mountains compared to the seeds from sea level
(Supplementary Table 3).

Seed Nutraceutical Characterization
The total phenol contents of climbing and dwarf accessions
were not significantly affected by the interaction between the
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environment and accession. There was a significant difference
among the accessions, however, it was not significantly affected
by the environment (Table 7). All accessions had a total phenol
content greater than 3,000 mg GAE kg−1 of dry matter. Among
the climbing accessions, accession 1 had the greatest total phenol
content, with a significant difference compared to most of the
other accessions, except accessions 12, 19, 24, 25, 30, 31, 32, 33,
and 36. Accessions 7, 23, 29, and 34 had total phenol contents
that were lower than 4,000 mg GAE kg−1 of dry matter. Among
the dwarf accessions, the total phenol content of accession 8
seeds was significantly greater than that of accessions 6, 7, and
18 seeds. In addition to accession 8, accessions 2 and 3 also had
a total phenol contents greater than 4,000 mg GAE kg−1 of dry
matter (Table 8).

The antioxidant capacity of climbing and dwarf accessions
was not significantly affected by the interaction between the
environment and accession. However, there was a significant
difference among the accessions and between the environments
(Table 7). Most of the accessions’ antioxidant capacities were
over 6,000 mg Fe+2 kg−1. Among the climbing accessions, those
of accessions 25, 33, and 36 were over 10,000 mg Fe+2 kg−1,
which were significantly greater contents than those of accessions
7, 9, 19, 23, 27, and 29, with antioxidant capacities lower than
6,000 mg Fe+2 kg−1. Among the dwarf accessions, the content
of 8 was significantly greater than those of accessions 3, 6,
17, and 18. In addition to accession 8, which had a content
greater than 13,000 mg Fe+2 kg−1, accession 2 also had an
antioxidant capacity greater than 10,000 mg Fe+2 kg−1. The
contents of accessions 6, 17, and 18 were lower than 4,000 mg
Fe+2 kg−1. The antioxidant capacity was significantly greater at
sea level for climbing accessions and in the mountains for dwarf
accessions (Table 8).

The starch content of dwarf accessions was significantly
affected by the environment (Table 7), and seeds cultivated in
the mountains had a significantly greater starch content than
those cultivated at sea level. Accession 6 had a significantly greater
starch content than those of accessions 2, 8, 17, and 20 (Table 8).
The environment did not affect the starch content of climbing
accessions (Table 7). Accessions 24, 27, 28, and 30 had starch
contents greater than 30%, whereas accessions 7 and 29 had
starch contents lower than 20% (Table 8).

Accessions and the environment significantly affected the seed
protein content of climbing accessions (Table 7), which was
9.75% greater at sea level than at mountain level. Accessions
23, 29, and 32 had protein contents greater than 30%, whereas
accessions 19 and 26 had protein contents lower than 26%
(Table 8). The environment did not have a significant effect
on the protein content of dwarf accessions; however, there was
a significant difference among accessions (Table 7). All dwarf
accessions had protein contents lower than 30%, and accessions
17 and 18 had protein contents lower than 26% (Table 8).

The amino acid profile was not affected by the environment
or by the interaction between the environment and accession
(Table 7). In terms of essential amino acids, there was a
significant difference in the contents of methionine and threonine
of climbing accessions and in the threonine content of dwarf
accessions. Among climbing accessions, in accessions 1 (321 mg

TABLE 8 | Effects of the environments and of the accession on starch, protein,
antioxidant capacity, and total phenols content of climbing and dwarf accessions.

Starch (%
DM)

Protein (%
DM)

Antioxidant
Capacity (mg
Fe+2 kg−1)

Total Phenols
(mg GAE

kg−1)

Environment

Climbing

Mountain 25.55 N.S. 26.45 B 6964 B 3967 N.S.

Sea level 25.24 N.S. 29.03 A 7529 A 4008 N.S.

Dwarf

Mountain 23.31 A 26.68 N.S. 8121 A 4089 N.S.

Sea level 20.87 B 26.19 N.S. 7182 B 3791 N.S.

Accessions

Climbing

1 23.58 bcd 28.63 ab 7342 abcdef 4792 a

7 19.31 d 26.80 bc 3200 f 3259 e

9 27.64 bc 29.08 ab 5690 cdef 3691 bcde

11 20.76 cd 28.59 ab 7987 abc 3862 bcde

12 21.95 27.47 bc 9756 abc 3902 abcde

19 28.05 ab 23.77 d 3863 ef 3848 abcde

23 21.17 cd 30.15 a 4287 def 3336 de

24 31.05 a 26.73 bc 8352 abcd 4087 abcde

25 21.68 cd 28.02 b 10897 ab 4229 abcd

26 29.72 ab 24.74 cd 6831 abcdef 4042 bcde

27 31.57 a 27.72 b 4265 def 3798 bcde

28 30.01 a 26.7 bc 6674 bcdef 3996 bcde

29 18.87 d 30.36 a 3926 ef 3483 cde

30 30.95 a 27.05 bc 8690 abc 4273 abc

31 25.58 bc 26.67 bc 8509 abcd 4237 abcd

32 22.12 cd 31.05 a 8099 abcde 4208 abcd

33 26.65 bc 28.32 ab 11143 a 4562 ab

34 23.75 bcd 27.75 bc 7003 abcdef 3755 bcde

36 28.06 ab 27.42 bc 11179 a 4406 abc

Dwarf

2 20.7 bc 28.32 a 10533 ab 4225 ab

3 23.85 ab 27.52 ab 8715 b 4092 ab

6 25.23 a 26.63 bc 4103 c 3720 b

8 21.39 b 26.71 bc 13472 a 4526 a

17 17.32 c 22.62 d 3681 c 3326 c

18 24.05 ab 25.67 c 3267 c 3486 c

20 22.44 b 27.59 ab 9785 ab 4205 ab

Different uppercase letters indicate a significant difference between environments.
N.S., non-significant environmental effect. Different lowercase letters in the same
column indicate a significant difference between compared accessions. α = 0.05.

100 g−1) and 36 (310 mg 100 g−1), the methionine contents
were significantly greater than those in accessions 12, 19, 26 (all
256 mg 100 g−1), and 7 (253 mg 100 g−1), and in accession 1, the
threonine content (1,261 mg 100 g−1) was significantly greater
than those of accessions 25 (899 mg 100 g−1) and 30 (911 mg
100 g−1). Among dwarf accessions, the threonine content of
accession 2 (1,179 mg 100 g−1) was significantly greater than
that of accession 20 (1,100 mg 100 g−1), which was significantly
greater than those of accessions 3 (1,003 mg 100 g−1), 6 (1,013 mg
100 g−1), 17 (1023 mg 100 g−1), and 18 (1,045 mg 100 g−1)
(Supplementary Table 5). For the nonessential amino acids,
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there were significant differences in tyrosine among climbing
accessions and in serine and glycine among dwarf accessions.
Among climbing accessions, the accession 1 tyrosine content
(811 mg 100 g−1) was significantly greater than that of accession
26 (596 mg 100 g−1). Among dwarfs, the accession 6 serine
content (1,334 mg 100 g−1) was significantly lower than those
of accessions 2 (1,611 mg 100 g−1), 8 (1,549 mg 100 g−1), 17
(1,433 mg 100 g−1), and 20 (1,567 mg 100 g−1), and the glycine
contents of accessions 2 (1,004 mg 100 g−1) and 20 (986 mg
100 g−1) were significantly greater than that of accession 3
(852 mg 100 g−1) (Supplementary Table 6).

Principal Component Analysis (PCA),
Correlations, and Constellation
Clustering
A principal component analysis (PCA) was performed with
the data obtained in this study, except the amino acid profile.
Principal component 1 (PC1) corresponded to 97.9% of the
variability, and principal component 2 (PC2) corresponded to
2.02% of the variability. The weight of 100 seeds, the volume
of 10 seeds, seed length, width, and thickness (all seed physical
properties), and total phenol and starch contents were grouped
in the quarters PC1+ and PC2+. The length of the flowering
phase and the protein content were grouped in PC1+ and PC2−.
The length of the dry pod period was in PC1- and PC2−. The
yield, length of the total cycle, length of the fresh pod period
and vegetative phase were grouped in the PC1− and PC2+
quarters (Figure 5).

The yield was significantly and positively correlated with the
length of the fresh pod period (0.51, p < 0.0001) and significantly
and negatively correlated with the length of the flowering phase
(0.35, p < 0.0001) and the protein content (−0.42, p < 0.0001).
The yield and the length of the fresh pod period were also

FIGURE 5 | Principal component analysis (PCA) on the covariance of yield
and the other variables of climbing accessions assessed in this study (i) and
the clustered correlation between the variables (ii).

significantly and positively correlated with the seed density,
weight of 100 seeds, the volume of 10 seeds, and seed dimensions.
The strongest correlations were between the weight of 100 seeds
and the volume of 10 seeds and between these two variables
and the seed dimensions. The antioxidant capacity and the total
phenol content were also strongly correlated (0.77, p < 0.0001).
The strongest negative correlations were between the protein
content and seed density (−0.52, p < 0.0001) and between the
protein content and starch content (−0.46, p< 0.0001) (Table 9).

Considering the variables assessed in this study, climbing
accessions were grouped according to the cultivation
environment and the domestication center in constellation
plot clustering. Five clusters were found: three when Y was
positive (1A, 1B, and 1C) and two when Y was negative (2A and
2B). Cluster 1A is composed of 11 points, of which ten were
accessions from the Mesoamerican domestication center, with six
cultivated in the mountains and four cultivated at sea level, and
one from the Andean center cultivated at sea level. Cluster 1B
is composed of seven points, of which five are from the Andean
domestication center (three cultivated in the mountain and two
at sea level) and two are from the Mesoamerican domestication
center cultivated in the mountains. Cluster 1C is composed of
four points – three from the Andean domestication center and
one from the Mesoamerican domestication center, all cultivated
at sea level. Cluster 2A is composed of nine points, of which
six are from the Andean domestication center (four cultivated
at sea level and two in the mountains) and three are from the
Mesoamerican domestication center (two cultivated at sea level
and one in the mountains). Cluster 2B is composed of seven
points, of which five are from the Andean domestication center
and two are from the Mesoamerican domestication center, with
all cultivated in the mountains (Figure 6).

DISCUSSION

Available historical records suggest that the common bean core
collection we have studied is formed by neglected Venetian
niche landraces locally maintained by farmers for several
decades (i.e., Venetian farmer’s local varieties) and old varieties
genetically improved by breeders several decades ago using local
materials (Italian breeder’s elite lineages). As a main finding,
this core collection is represented by a large number of highly
homozygous individuals and within-population homogeneous
varieties. A considerable range of variation among populations
is phenotypically detectable and genotypically verifiable, but
between-population differentiation is also particularly evident
and measurable for several distinctive plant and seed traits, likely
as a consequence of both natural and human selection pressure.

Molecular Characterization of Venetian
Niche Landraces and Italian Elite
Lineages and the Genetic Structure of
the Core Collection as a Whole
The region of Veneto covers an area of 18,364 km2, of
which 57% is a vast plain and 29% is a mountainous area
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TABLE 9 | Correlation coefficients of the variables accessed in this study for climbing accessions, estimated by the REML (Restricted Maximum Likelihood) method.

Yield W100S V10S Density Length Width Thick. AC TP Prot. Starch Veg. Phase Flow. Fresh Dry Total Cycle

Yield 1.00

W100S 0.22 1.00

V10S 0.14 0.98 1.00

Density 0.34 0.05 −0.15 1.00

Length 0.15 0.67 0.71 −0.20 1.00

Width 0.22 0.80 0.78 0.06 0.52 1.00

Thick. 0.32 0.70 0.65 0.19 0.34 0.76 1.00

AC −0.21 0.28 0.32 −0.15 0.23 0.20 0.06 1.00

TP −0.16 0.36 0.40 −0.20 0.22 0.36 0.15 0.77 1.00

Prot. −0.42 −0.06 0.03 −0.52 0.23 −0.28 −0.36 0.21 0.05 1.00

Starch 0.23 0.26 0.23 0.17 −0.09 0.39 0.46 0.01 0.17 −0.46 1.00

Veg. Phase −0.22 −0.15 −0.14 0.07 −0.23 0.05 0.02 −0.06 0.08 −0.30 0.19 1.00

Flow. −0.35 −0.15 −0.10 −0.27 −0.18 −0.10 −0.16 0.39 0.20 0.33 −0.12 −0.03 1.00

Fresh 0.51 0.24 0.16 0.44 0.18 0.30 0.35 −0.37 −0.16 −0.45 0.07 −0.10 −0.79 1.00

Dry −0.01 0.06 0.11 −0.32 0.20 −0.12 −0.11 −0.09 −0.16 0.24 0.02 −0.26 −0.20 −0.18 1.00

Total Cycle 0.15 0.16 0.17 −0.09 0.16 0.20 0.19 −0.20 −0.14 −0.12 0.09 0.08 −0.15 0.14 0.67 1.00

W100S = weight of 100 seeds; V10S = volume of 10 seeds; Thick = seed thickness; AC = antioxidant capacity; TP = total phenols; Prot. = protein content; Veg.
phase = length of the vegetative phase; Flow. = length of the flowering phase.
Correlation coefficients bolded indicate a p value lower than 0.01.

composed of the Carnic Alps, Eastern Dolomites, and Venetian
Prealps (Veneto Inside, 2020). This specific geographic formation
allowed farmers or small farms and rural communities to grow
beans in isolation for centuries. This study shows that over the
years, new introductions and exchanges of different accessions
have occurred from different domestication centers and origins.
However, currently, based on visual characteristics, it is possible

FIGURE 6 | Constellation plot clustering climbing accessions and
environment of cultivation based on the variables assessed in this study. M
and green = cultivated in the mountain; S and blue = cultivated in the sea
level; o = accession related to the Mesoamerican domestication center; 1

accession related to the Andean domestication center.

to identify dozens of landraces typical of that region. In addition
to agronomic and nutraceutical categorization, one of the first
goals of this study was the genetic and molecular characterization
of a P. vulgaris core collection composed of local farmer varieties
and elite breeder lineages using DNA markers. This approach
was considered to be crucial for the genetic diversity estimation
of potentially valuable bean germplasm resources to avoid any
loss of genotypes/biotypes, to promote long-term conservation
programs, and to allow commercial valorization of ancient bean
varieties typical of the Veneto region, Italy.

The first SSR-based approach applied to a consistent number
of samples (193 individuals belonging to 25 populations)
highlighted a very high extent of homozygosity, which was
in accordance with the autogamous reproduction system of
this species characterized by a very low rate of occasional
hybridization. Two important considerations are as follows:
first, although homozygosity is linkage group-independent, its
estimate was nearly equal to 100% and was found to be constant
in the sequenced genes and amplified markers throughout
the genome, and second, the set of expressed and neutral
regions invested was shown to be representative of all the basic
chromosomes, as confirmed by their genome and/or linkage map
localization analysis.

The mean genetic similarity within each population was
calculated based on all the pairwise comparisons among the
accessions. The vast majority of populations scored a very high
genetic similarity (>95%) and, hence, genetic uniformity, with
14 out of 25 varieties showing full genetic identity (i.e., 100%
genetic similarity estimates). This homogeneity can have different
explanations, considering the different origins of the accessions.
For the landraces (populations numbered from 23 to 36), the lack
of variation within populations may be ascribed to the production
system locally adopted by these niche plant materials in isolated
geographical areas, which are often mountainous, limiting gene
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flow events among populations and preventing seed exchange
among farmers. For the elite lineages (populations numbered
from 1 to 20), the lack of variation within populations may
be expected, as they are likely derived from single pure line
selection methods to meet the genetic uniformity and stability
requirements for commercial varieties. From the comparison
among populations, four accessions (7, 23, 25, and 29) were
highly differentiated from the rest, with a genetic similarity
almost always below 70%. Interestingly, all the outliers previously
mentioned have a Mesoamerican origin, and the majority (23,
25, and 29) are Venetian niche landraces. The Mesoamerican
center is considered the first domestication center for the
common bean, from which the Andean gene pool originated as a
consequence of a strong bottleneck, and thus, the Mesoamerican
gene pool is characterized by higher variability with the presence
of uncommon genotypes. This peculiarity is also reflected in the
core collection even after many generations of adaptation to the
Italian environment. Overall, 56% of accessions were from the
Andean center of origin, and 44% were from the Mesoamerican
center. The proportion of Andean and Mesoamerican accessions
in Veneto is close to that found by Angioi et al. (2010) in
Europe: 67% Andean and 33% Mesoamerican. However, this
proportion is slightly different when compared to their findings
for Italian landraces: 75% Andean and 25% Mesoamerican.
The data obtained in this study are also in agreement with
Angioi et al. (2010) in terms of hybridization since their data
showed that 44% of the European P. vulgaris landraces were
derived from hybridization between Andean and Mesoamerican
gene pools; however, in Spain and Italy, the distribution of
hybrids was very low.

The SSR marker data were very useful for clustering the
193 samples initially selected into 41 distinct genotypes based
on their genetic structures (allele/genotype diversity) and their
genetic similarity estimates. This allowed us to construct a
PCoA that led to some considerations. Generally, in populations
represented by more than one genotype, it is possible to
group the samples within narrow areas of the PCoA, meaning
that even if not genetically identical, these populations possess
a high degree of genetic homogeneity. Looking at the first
dimension, a major division was clear between the elite
lineages and the local varieties. This can be a result of the
convergent evolution that led the local varieties to better
adapt to the climatic and environmental conditions of the
Veneto region and farmers’ cultivation methods, while the
improved varieties are the results of breeders’ selection for
their high yields and satisfying consumers’ preferences. The
only misplacement is represented by population 1, possibly
because this pure line was derived from local germplasm in
recent times. Such a well-defined separation is not present
in the second dimension, but samples of Andean origin
showed the lowest values, while those of Mesoamerican origin
showed the highest values. While such classification by ancestry
origin was evident with the SNP marker data, upon using
microsatellites, the result is not the same, thus highlighting
the limits of this methodology based on neutral markers
in reconstructing genetic relationships of more genetically
distant accessions.

Microsatellite markers are known to be extremely useful
for assessing the genetic similarity between individuals and
populations of the same species and testing the genetic identity
of varieties. However, they are not reliable for describing
phylogenetic relationships. Based on the SSR marker-based
genotyping results, 41 unique genotypes were selected to
represent the genetic variability existing in the core collection
under study and were further characterized through SNP variant-
based haplotyping using specific genes as target regions.

The genetic variability of the core collection was evaluated
using ten marker genes spanning a total of 6,533 nucleotides,
where 48 SNPs and 8 INDELs were found. The SNP frequency
was 1 every 136 bp, which is considerably high when compared
to the average found in other legumes (1 every 233 bp inMedicago
trunculata (Branca et al., 2011) and 1 every 588 bp in Glycine max
(Lam et al., 2010)), meaning that the target regions chosen for this
analysis are characterized by a particularly high polymorphism
rate. As expected, introns were found to be less conserved,
since mutations in these regions are silent and neutral, with no
association with any phenotypic variation.

Considering only the SNP variants detected in exons, it is
interesting to note that in 8 out of 17 cases, the mutation was
nonsynonymous, determining an amino acid substitution. In
these cases, the altered protein can be responsible for phenotypic
variation. Our finding is particularly relevant since the genes
chosen for the haplotyping analysis were selected based on their
putative association with traits of agronomic interest.

Polymorphic nucleotides were actually arranged in a few
unique combinations. A total of 21 multilocus haplotypes was
detected for the marker genes used, with 7 in cluster A and
14 in cluster B. Fifteen of these SNP-derived haplotypes were
encountered in less than 5% of the accessions, mainly in those
attributable to Mesoamerican ancestry (cluster B). The presence
of uncommon gene variants caused an increase in the genetic
diversification of this subgroup, which may be exploited as
a useful resource for the development of new varieties with
unique characteristics and adapted to local conditions. These
results are in agreement with the previous SSR marker-based
analysis, which also highlighted the higher variability in the
group with a Mesoamerican origin. Another aspect to take into
account is the functionality of the allele associated with a specific
haplotype, which implies that genetic mutations are translated
into protein modifications. Nonfunctional haplotypes are useful
to reconstruct the evolutionary history of an organism but will
not be reflected in phenotypic variations. In total, 9 distinct
functional haplotypes were present in the core collection – 3
present in cluster A and 8 in cluster B, with 2 shared between
the two groups. It is thus possible that in cluster B, not only
the genetic diversity but also the phenotypic diversity is higher.
Selection within a wide gene pool has a higher probability of
finding individuals with particular traits, conferring adaptability
to mutable or extreme environments or resistance to pests and
diseases. These characteristics are becoming increasingly valuable
considering climate change and the growing demand for food
that the world will face in the upcoming years.

The abundance of different genotypes of Mesoamerican
origin was also evident in the UPGMA dendrogram, which
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was composed of branches grouping only 1 or 2 populations.
One of the experimental lines (population 12), which were also
selected based on uniformity criteria, was even composed of 5
genetically distinct genotypes. The subgroup with Andean origin
was markedly different and much more uniform. In cluster A, 15
of the 22 genotypes were grouped and shared the same haplotype.
Experimental lines and local varieties in some cases cannot be
distinguished, and this may indicate that they are related and
that pure lines were developed from those landraces or closely
related materials.

Comparing the molecular tools used in this study, noncoding
region-based SSR markers (neutral regions) revealed more
variability in the Andean gene pool, whereas the coding
region-based SNP markers (expressed regions) detected higher
polymorphism in the Mesoamerican gene pool. One example
is population 36 (“Maron”), for which the SSR analysis result
was one of the most variable, while the subsequent haplotyping
defined it as almost uniform. Moreover, SSR markers showed
greater informativeness about the common bean typology –
Venetian niche landraces or Italian lineage – compared to SNP
markers, which otherwise demonstrated higher suitability for
ancestral gene pool reconstruction (for details, see Figure 1).

The clear distinction between the Andean and Mesoamerican
gene pools was not ensured since the genetic material used
for this study can be geographically ascribed to northeastern
Italy. Europe, in fact, is considered a secondary diversification
center where gene flow occurred by spontaneous events of
hybridization and introgression, but still, the distinction into two
well-separated clusters calculated for the ancestry reconstruction
of the analyzed samples is noteworthy.

Remarkable are the results obtained from the analysis of the
intronic region of the shatterproof gene, where an extremely
high abundance of polymorphisms was localized – totals of 10
SNPs and 3 INDELs were located in a 440 bp-long sequence.
This marker gene has proven to be extremely predictive in
distinguishing between Andean and Mesoamerican origin. The
presence of intraspecific indels is also a particularly relevant and
peculiar feature, which could be exploited for the development
of cheap and fast molecular tools able to discriminate the gene
pool of origin based only on the length of this fragment. It will be
necessary to perform additional investigations with individuals of
different geographical origins to confirm this hypothesis.

Thus, by using neutral SSR markers in combination with
functional SNP markers, it was possible to unambiguously group
the 25 P. vulgaris populations (“Semirampicante abruzzese”) into
two clusters based on their gene pool of origin – either Andean
or Mesoamerican. Genetic variability was distributed unequally
across the two subgroups, as highlighted by haplotyping analysis,
in which 16 out of the 23 multilocus haplotypes detected in the
core collection were found within the Mesoamerican gene pool,
while the Andean was much more homogeneous.

The molecular characterization provided useful information
for the selection of pure lines among the analyzed populations,
which can be combined with the nutraceutical characterization
and the agronomic performance of these accessions in different
Venetian environments. These are fundamental steps for the
development of new varieties highly adaptable to local agronomic

and climatic conditions and valuable for organic cultivation
systems. Italian citizens value local food with a strong connection
to the production area, increasing their value and demand in a
microregion (Belletti et al., 2017), and another factor that can
add value to these varieties is represented by the possibility of
their genetic traceability along the whole supply chain using the
described molecular tools to guarantee high-quality standards
and to protect consumers and producers.

Agronomic Performance of Varieties
Under Organic Farming in Distinct
Venetian Environments
The vegetative and flowering stages of dwarf accessions lasted
approximately the same time in both locations, leading to the
same timing of fresh and ripening pods. These accessions did
not have a significant difference in production per plant when
comparing both locations, producing, on average, approximately
55 g of dry seed per plant. Since all seven dwarf accessions are
elite lines, it was expected that seed production would have a
lower environmental effect due to its high phenotypic plasticity.
The environment had a significant effect on the seed production
of climbing accessions. The fresh pod stage is important in
achieving greater yields since the seeds are filled and developed,
having a direct impact on the yield. For climbing accessions, the
length of the fresh pod period was positively and significantly
correlated with the weight of 100 seeds (0.24, p < 0.01), the
volume of 10 seeds (0.16, p < 0.01), seed density (0.44, p < 0.01),
and seed length (0.18, p < 0.01), width (0.30, p < 0.01), and
thickness (0.35, p < 0.01), indicating that the longer fresh pod
period in the mountain produced more seeds that were heavier
and larger, leading to a strong positive correlation of the fresh
pod period with the yield (0.51, p < 0.01). On the other hand,
the flowering phase was 13 days shorter in the mountain and
negatively related to the yield (−0.35, p < 0.01) and to the other
seed physical characteristics.

The cumulative growing degree days (GDD) is a tool
widely used to predict crop development through different
linear and nonlinear methods (Zhou and Wang, 2018). In this
study, the same accessions cultivated in two environments with
dramatically different temperatures closed the productive cycle
with very different thermal sums: 1,800 6GDD at Legnaro and
600 at Asiago. Surprisingly, the duration of the growing cycle
was quite similar in the two environments, suggesting that the
thermal sum is not an adequate tool with which to predict
phenology. In fact, the assumption of the thermal sum is that “the
higher the cumulative temperature, the faster the phenological
development.”

Most likely, the discrepancy between the assumptions and
observations is because we used the simplest version of the
formula to calculate the GDD, and we used the most common
base temperature, 10◦C, for common beans (Jenni et al., 2000).
However, each accession may have its own minimum base
temperature. Jenni et al. (2000) showed that by changing the
minimum base temperature from 10 to 0◦C, bean cultivars would
increase their growing degree days from sowing to maturity
from approximately 600 to approximately 1,200. In addition, the
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maximum temperature above which plant growth is zero could
influence the GDD calculations. Indeed, most of the analyzed
genotypes are adapted to the mountainous environment, and
they probably do not take advantage of warmer temperatures.
However, the optimal temperature for the common bean has
been reported to be in the range between 28 and 34◦C (White
and Montes-R, 1993; Yan and Hunt, 1999), and during the
experimental period, the average temperature was never above
this threshold. We can hypothesize that a calculation of the
thermal sum based on hourly temperatures would be more
adequate to predict phenology. Historical meteorological data
have shown that both locations, Asiago and Legnaro, have
become warmer over the years. Since most of these landraces are
adapted to milder weather, predicting the temperature variation
effects is crucial for their successful cultivation.

Considering a spacing of 0.5 m × 0.5 m for each climbing
plant in a typical Veneto bean production system, there are
approximately 4,000 plants per hectare. Thus, the seed yield
in the mountain was approximately 840 kg of dry beans per
hectare for the landraces. This value was reduced to 380 kg
per hectare at sea level. Accessions 23, 24, 30, and 36 (Gialet,
Posenati, Seclé, and Maron) achieved greater yields in Asiago,
at 1,200, 1,300, 1,080, and 1,080 kg per hectare, respectively.
In 2004, Piergiovanni et al. called attention to the risk of the
disappearance of these typical Veneto ecotypes, highlighting that
in terms of yield, landraces such as Gialet do not reach the
quantities needed to compete with Lamon beans (4,000 kg ha−1

vs. <2,000 kg ha−1), which is another typical landrace with the
protected geographic indication (PGI) from the region of Belluno
in Veneto (Italian Made, 2020). However, due to the diversity of
the characteristics of the seeds and the quality, it is common to
find that these ecotypes are sold in farmers’ markets throughout
Veneto at prices higher than common commercial beans. The
Gialet from Belluno was sold from 18 to 25 euros per kg, and
the Lamon bean IGP was sold from 20 to 25 euros per kg in
2017, according to the Treviso-Belluno Chamber of Commerce
(Camera di Commercio Treviso-Belluno, 2017). However, most
of these niche landraces are commercialized in very specific
and small areas and are likely to be replaced by landraces with
higher prices and better yields (Ranalli and Parisi, 2018). This fact
increases the importance of conserving them in germplasm and
knowing and describing their genetic, agronomic, morphologic,
and nutraceutical characteristics. Additionally, the cultivation
of beans is a cultural tradition and is often seen in small
gardens in the backs of houses, and often, the exchange or
commercialization occurs between friends or known neighbors.
This is one of the reasons why all Veneto niche landraces are
climbing and have indeterminate growth. These characteristics
facilitate manual harvesting and allow staggered harvesting for
weeks or even months of fresh beans.

The high genetic and phenotypic diversity of the Venetian
niche landraces and other accessions assessed in the VALEBIO
Project is also present in the morphologic characteristics of the
seeds and the structure of the seeds. In addition to different
shapes and colors, seed dimensions and weights also varied
among the accessions. The seed length ranged from 10.2 to
17.4 mm, the width ranged from 5.2 to 11.3 mm, and the

thickness ranged from 4.9 to 8.3 mm among the 26 accessions
that completed their cycles in both locations. The weight of 100
seeds ranged from 24.68 to 95.02 g, and the volume of 100 seeds
ranged from 15 to 77 mL. The seed dimensions of the accessions
assessed in this study have a greater range than those described by
Giurcă (2009), and the weight of 100 seeds is close to the weight of
Venetian agroecosystems presented by Piergiovanni et al. (2004).
In 2019, Nicoletto et al. assessed the effect of different Venetian
environments on the seed properties of two Venetian landraces
and did not find significant effects of the environment on the
100-seed weight, seed volume, or seed density. In this study, more
accessions were assessed, and a significant difference between the
different environments was observed for the weight of 100 seeds,
seed length, seed thickness, seed width, seed volume, and seed
density. The seeds from the mountain had greater weight, length,
width, thickness, and density.

Nutraceutical Characterization of Seeds
Nicoletto et al. (2019) found a significant effect of the
environment on the total phenols and total antioxidant capacity
of two Venetian niche landraces. Of the accessions assessed
in this study, a significant difference was found between both
locations. The differences among accessions in the total phenol
content and antioxidant capacity were significant. Akond et al.
(2011) assessed the total polyphenols and antioxidant capacity
of 29 common beans from Mexico, the United States, Brazil,
and India. The total phenols ranged from 5,870 to 14,140 mg
of GAE kg−1. Garretson et al. (2018) assessed the total phenols
and antioxidant capacity of five raw heirloom bean seeds, and
the amounts ranged from 4,800 to 9,600 mg of GAE kg−1. In
this study, the total phenols ranged from 3,900 to 4,791 mg of
GAE kg−1 among the accessions in both locations, indicating
that Italian beans have a lower total phenol content than those
cultivated in the Americas. On the other hand, Nicoletto et al.
(2019) assessed the Venetian niche landraces Lingua di Fuoco
and Gialet (accessions 8 and 23 in this study) and found total
phenol contents of 1,240 and 1,047 mg GAE kg−1, respectively,
which were much lower than those found in this study, at 3,335
and 3,468 mg GAE kg−1, respectively. This study only performed
the nutraceutical characterization of dry seeds, which is not how
the beans are normally consumed. Soaking the bean seeds makes
the cells softer, which can solubilize bound polyphenols that can
be absorbed by the water, reducing the contents in the beans,
as shown by Boateng et al. (2008). Rocha-Guzmán et al. (2007)
found that cooking beans under pressure can reduce the phenolic
content in the seed coat by 90%, and their results are in agreement
with Barroga et al. (1985), who boiled another legume, the mung
bean (Vigna radiata), for 30 min and found that it reduced the
phenolic content by 73%. Other authors, however, have shown
an increase in the content of phenols (Fernández et al., 1982;
Vidal-Valverde et al., 1994).

When compared to other legumes, Gutiérrez-Uribe et al.
(2011) found lower values for the whole seed of cowpeas, at
755.7 mg GAE kg−1. Kumar et al. (2010) compared the total
phenol contents of soybean accessions of different colors: yellow,
green, and black. They found lower values in the green and yellow
accessions, ranging from 960 to 2,890 mg GAE kg−1. However,
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the range found in this study was within the range found for
soybean accessions with black seeds, from 810 to 5,890 mg GAE
kg−1. The antioxidant capacity ranged from 3,267 mg Fe+2 kg−1

to 13,472 mg Fe+2 kg−1. The total antioxidant capacities of
Lingua di Fuoco and Gialet assessed by Nicoletto et al. (2019)
were 3,482 and 2,133 mg Fe+2 kg−1, respectively, which were
also lower than the contents obtained for the same accessions
in this study, at 4,287 and 7,986 mg Fe+2 kg−1, respectively.
The total phenol content and antioxidant capacity had a strong
significant positive correlation (0.77, p < 0.01), similar to the
correlation obtained by Mastura et al. (2017) (0.77, p < 0.01)
and Chávez-Mendoza et al. (2019) (0.88, p < 0.01). Accessions 6,
7, 17, and 18 had low contents of total phenols and antioxidant
capacities, and their seed colors were white or pale yellowish.
Accessions 33, 34, 36, and 8 had the greatest contents of total
phenols and antioxidant capacities. The seed colors of these
accessions were light brown/dark brown, golden brown, brown,
and purple/white, respectively. Thus, this study confirms the
relationship between the seed coat color and the seed total
phenols and antioxidant capacity stated by Díaz-Batalla et al.
(2006); Oroian and Escriche (2015), and Ombra et al. (2016).

Guzmán-Maldonado et al. (2000) characterized 70 wild and
weedy common beans from Durango and Jalisco (Mexico) and
found that the protein content ranged from 18.0 to 33.0%.
The protein content of 59 accessions from North Spain and
five commercial cultivars ranged from 19.3 to 25.2% (Escribano
et al., 1997), and that of 73 South Brazil landraces ranged
from 19.0 to 31.0% (Pereira et al., 2016). The protein content
of the Italian common beans assessed in this study ranged in
agreement with the studies mentioned before, from 19.35 to
33.55%. The environment had a positive effect on the protein
content of climbing varieties. On average, seeds from sea
level had a protein content of 29.03%, while seeds from the
mountain had a protein content of 26.45%, with a decrease in
the protein content between the two environments by 9.75%.
This difference in the protein content can be explained by
the negative and significant correlation with the yield (−0.42,
p < 0.01), with the accessions cultivated in the mountain
producing more seeds but lower protein contents. A similar
negative correlation between the yield and protein was found
in other recent studies (Kazai et al., 2019; Bulyaba et al., 2020).
The negative correlation between yield and protein content can
be explained by the dilution effect of a greater carbohydrate
content and reduced nitrogen in the endosperm (Davis et al.,
2004; Sica et al., 2021). The starch content had a wider range
than the protein content, from 14.12 to 35.25%, and the
environment had a significant effect on the starch content of the
dwarf accessions, which was significantly greater in Asiago. The
accession and the environment had a low effect on the contents
of most amino acids.

Venetian Niche Landraces With Potential
to Become Commercial Varieties
Venetian niche landraces showed a strong connection to
the mountainous environment, producing, on average, two
times more on the mountain than at sea level. Based on

their genetic characteristics, agronomic performance in one or
both environments, and nutraceutical properties, five Venetian
niche landraces can be highlighted and considered to have
greater potential to become commercial varieties. Gialet, which
means yellowish in the Veneto dialect, had great agronomic
performance in both locations and high protein content.
Posenati, from Posina in Vicenza, Veneto, had great agronomic
performance in both locations and had high total phenols
and antioxidant capacity. Although its seeds are not colorful,
they are visually similar to the traditional Lamon bean, so it
can have commercial appeal in the region. Seclè had a great
performance in both locations and a high content of total
phenols and antioxidant activity. Its purple seeds are visually
appealing and can increase its commercial value. D’oro, meaning
of gold, had a great performance in both locations, and its
seeds have good commercial characteristics. Maron, which is
brown, had a good performance in the mountain, producing
20 times more compared to at sea level; thus, it would be
a commercial variety recommended to be cultivated in the
mountains. Maron also has high contents of total phenols and
antioxidant activity, and its seed characteristics can increase its
commercial value. Sica et al. (2021) assessed the effect of drought
on the yield and nutraceutical properties of these five landraces
and found out that Gialet’s yield was not significantly affected
by drought and Seclè’s yield increased under drought conditions
during the vegetative phase. In addition, the zinc content of
Gialet’s and Maron’s seeds was equal to about 60 mg kg−1,
which is two times greater than the average content scored by
commercial varieties.

Therefore, this study provides original information that allows
not only the conservation of this genetic material from Venetian
niche landraces and Italian elite lineages, but also the commercial
valorization of this genetic material with a strong connection
to the region where they have been cultivated for centuries,
thereby allowing the selection of landraces with good agronomic
performance and high nutraceutical value, which may become
commercial varieties with high added value. Italian citizens value
local food with a strong connection to the production area, thus
increasing their value and demand in a microregion. Another
factor that can add value to these varieties is represented by the
possibility of their genetic traceability along the whole supply
chain using the described molecular tools to guarantee high-
quality standards and to protect consumers and producers.
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