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Abstract Understanding the adaptability and nutri-
tional potential of cultivated bean species to specific
climates is essential for sustainable agriculture and
food security. This study investigates the perfor-
mance of African bean landraces (including Phaseo-
lus coccineus, Phaseolus lunatus, Phaseolus vulgaris,
and Vigna unguiculata) in Mediterranean climates
through detailed morphological and mineral content
analyses. Using internationally defined descriptors,
our assessment of morphological characters revealed
significant variability among accessions, with pro-
duction yields indicating acceptable adaptability.
For instance, the Phaseolus spp. accessions PL12ST
and PL17ST, and the Vigna unguiculata accessions
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VUO7BE and VU18MP, exhibited the highest seed
production yield and seed size, efficiently converting
vegetative growth into reproductive growth. The coef-
ficient of variation (CV) values for morphological
traits, which are crucial for selecting and developing
cultivars to enhance agronomic performance, ranged
significantly. Mineral profile analysis highlighted sig-
nificant differences among accessions, with PV21SO
and VUO6MO displaying higher mineral contents.
Furthermore, a comparison with sub-Saharan Africa
(SSA)-grown accessions revealed that mineral con-
tents were generally higher in SSA-grown samples.
Hence, this study offers valuable insights into the
adaptability of these crops to the Mediterranean cli-
mate, which can enhance productivity through tar-
geted breeding programmes to improve yield poten-
tial and nutritional value.
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Introduction

Fabaceae is one of the largest and most economically
important plant families worldwide, boasting 770
genera and over 19,500 recognised species (Azani
et al. 2017; Christenhusz and Byng 2016). Second
only to Poaceae in economic importance, Fabaceae
species are cultivated across a wide range of agro-
climate tropical and temperate zones (Yahara et al.
2013; FAO 2016). In Sub-Saharan Africa (SSA),
grain legumes (or pulses) play an important role as
a source of food for humans, fodder, and as natu-
ral nitrogen fixers, improving soil fertility (Odendo
et al. 2011; Vidigal et al. 2019). These legumes, both
native and introduced, provide not only protein, min-
erals, vitamins, dietary fibres, and energy but also
represent a significant income source for smallholder
farmers (Brilhante et al. 2021; Catarino et al. 2021).
The genera Phaseolus and Vigna stand out among
the grain legumes, encompassing the most widely
cultivated and consumed species in SSA and world-
wide (Rawal and Navarro 2019). The Phaseolus
genus includes 89 species, primarily native to the
Neotropics (Delgado-Salinas et al. 2006). Despite this
diversity, only five species have undergone domesti-
cation: P. acutifolius A.Gray (tepary bean), P. coc-
cineus L. (runner bean), P. X dumosus Macfad. (year-
long bean), P. lunatus (lima bean), and P. vulgaris L.
(common bean) (Gepts 2001; Bitocchi et al. 2013).
Phaseolus vulgaris, the most studied and economi-
cally significant species of the genus (Guerra-Garcia
et al. 2017), is an annual, self-pollinated herbaceous
plant characterised by a low crossing frequency
(Burle et al. 2010). It was independently domesticated
about 8000 years ago in Mexico and South America,
originating from two genetically distinct wild gene
pools, the Andean and Mesoamerican (Frascarelli
et al. 2025). These gene pools differ in seed size, seed
shape, growth habits, and stress adaptation (Musango
et al. 2016; Lei et al. 2020). Introduced to Europe and
subsequently Africa by Portuguese and Spanish trad-
ers before the colonial era (Greenway 1945; Wort-
mann and Allen 1994), P. vulgaris became a globally
cultivated crop across tropical and temperate zones,
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contributing to food and security with its high protein
content (21-25%), and significant levels of essential
minerals, vitamins, and dietary fibres (Gioia et al.
2019). The species exhibits considerable diversity,
with over 40 recognised races and thousands of lan-
draces adapted to local farming systems and marginal
environments (Blair et al. 2010). Phaseolus lunatus,
also an annual herbaceous plant, originates from the
region between Mexico and Peru and shares a dual
domestication pattern with P. vulgaris, encompass-
ing Mesoamerican and Andean gene pools (Gutiérrez
Salgado et al. 1995; Bitocchi et al. 2017). Cultivated
for both fresh and dry seeds, it is valued for its large
seed size, creamy texture, delicate flavour and nutri-
tional composition, containing approximately 25%
of protein (Granito et al. 2007; Lopez-Alcocer et al.
2016). Although less distributed than P. vulgaris, P.
lunatus demonstrates resilience to abiotic and biotic
stresses and has gained interest for its potential in
climate-resilient agriculture (e.g., Soares et al. 2025).
It includes landraces adapted to both humid lowlands
and temperate zones (Bitocchi et al. 2017) and is cul-
tivated across Latin America, Africa, and the Medi-
terranean region (Martinez-Nieto et al. 2020). Pha-
seolus coccineus is a perennial climbing plant native
from Mexico to Nicaragua (POWO 2024). Unlike the
predominantly autogamous (self-pollinated) P. vul-
garis and P. lunatus, P. coccineus is primarily alloga-
mous (outcrossing) (Santalla et al. 2004). It tolerates
colder climates, preferring wetter climates at higher
altitudes (Guerra-Garcia et al. 2017). Originally
domesticated in Mexico and Guatemala, it is now
also cultivated and consumed in Africa and Europe
(e.g., Arriagada et al. 2021; Spataro et al. 2011),
with both immature pods and seeds being consumed
(e.g., Kimani et al. 2019). Additionally, the species
holds ornamental value due to its bright red flowers
and climbing habit (Schwember et al. 2017). P. coc-
cineus germplasm collections reveal considerable
phenotypic plasticity, including adaptation to photo-
period and frost resistance, characters being explored
for interspecific hybridisation with P. vulgaris to
enhance abiotic stress tolerance (Rodino et al. 2007).
Less studied but of increasing interest, P. acutifolius
and P.Xdumosus offer important drought and heat
tolerance characters, making them relevant for breed-
ing under climate change scenarios (Broughton et al.
2003; Parker and Vallejos 2019).
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The genus Vigna includes approximately 105 glob-
ally recognised species adapted to diverse climates,
ranging from rainforests to arid savannas (Mackinder
et al. 2001; POWO 2024), with two centres of origin
in Asia and Africa (Maxted et al. 2004). Despite its
species richness, few species have been domesticated
(Tomooka et al. 2014), among which V. radiata (L.)
Wilczek (mung bean), V. mungo (L.) Hepper (urd
bean), V. unguiculata (L.) Walp. (cowpea), V. angu-
laris (Willd.) Ohwi and Ohashi (azuki bean), V. sub-
terranea (L.) Verdc. (Bambara groundnut), V. aconiti-
folia (Jacq.) Maréchal (moth bean), and V. umbellata
(Thunb.) Ohwi and Ohashi (rice bean) (e.g., Harouna
et al. 2020) are particularly noteworthy. Among
Vigna species, V. unguiculata (cowpea) is the most
widely cultivated and commercialised native African
legume (Singh et al.1997; Timko and Singh 2008).
The African origin of cultivated cowpea is supported
by its high genetic variability and archaeological evi-
dence of Neolithic domestication (Maréchal 1978).
It subsequently spread to other regions, with histori-
cal evidence indicating its cultivation by the Greeks
and Romans (Tosti and Negri 2005). Adapted to hot
and semi-arid environments, cowpea is a self-polli-
nated species thriving in low rainfall regions (Singh
2020). Its adaptability, coupled with its nutritional
values (e.g., 18-35% protein, vitamins, and miner-
als) and drought resilience, explains its importance
in the traditional farming systems in SSA, where 80%
of continental production is concentrated in the dry
savanna and Sahelian zones (Animasaun et al. 2015).
Traditionally, cowpea is integrated into crop rotations
to improve soil fertility and serves as both a primary
protein source and as fodder (Alemu et al. 2016).

Centuries of Phaseolus and Vigna cultivation in
Africa have led to the development of numerous
indigenous landraces with marked phenotypic and
genotypic diversity, particularly in flower and seed
characteristics. This diversity reflects adaptation to
varying farming practices, soil, and climatic condi-
tions, enhancing their resilience to environmental
stresses and making them promising candidates for
cultivation in Mediterranean climates, where water
scarcity and temperature fluctuations challenge to
agricultural productivity.

This study aimed to evaluate the agronomic per-
formance and adaptability of 44 accessions of grain
legumes (i.e., Phaseolus coccineus, P. lunatus, P. vul-
garis, and Vigna unguiculata) commonly cultivated

in SSA under Mediterranean climate conditions. Spe-
cifically, we aimed to (1) characterise the morphology
of the accessions based on internationally established
agronomic characters; (2) assess the seed content of
11 minerals; (3) compare results with available data
from same accession cultivated in their environment
of origin; and (4) provide experimental evidence
regarding the adaptability of these important plant
genetic resources to Mediterranean climate.

Methodology
Plant material

A total of 44 accessions (Table 1) belonging to two
plant genera and collected from different origins (i.e.,
collected in Angola [21], Cabo Verde [10], Cameroon
[1], and Mozambique [12]) between 2018 and 2019
were selected for this study. The material included 26
Phaseolus spp. accessions (i.e., 20 P. vulgaris, five P.
lunatus, and one P. coccineus) and 18 Vigna unguicu-
lata accessions.

Field experiments

The field experiments were conducted between March
and October 2021 at the Instituto Superior de Agro-
nomia, Lisboa, Portugal (coordinates: 38.707107,
—9.18181; altitude: 60 m). Each accession was sown
in a separate 1 m> pot filled with sandy soil from the
Setibal Peninsula, with 16 replicates of each acces-
sion (sowing date: April 08). The meteorological
information was gathered daily from the weather sta-
tion next to the field. The soil water balances were
calculated as described by Allen et al. (1998). The
plants were irrigated when the soil water content
reached a pre-set threshold. This threshold was theo-
retically determined following the FAO guidelines
(Allen et al. 1998) for dry-grain legumes. This set
the critical level when the soil water content was less
than 45% of the water between the field capacity and
the wilting point.

Morphological characterisation
The morphological characterisation was performed

throughout the life cycle of each accession accord-
ing to the internationally recognised descriptors of
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Table 1 List of 44 Phaseolus and Vigna accessions analysed

Table 1 (continued)

Acessions Species Origin Acessions Species Origin
Country City Country City
PVOICU  Phaseolus Angola Cunene PV25S0  Phaseolus Mozambique Sofala
vulgaris vulgaris
PV02CU  Phaseolus Angola Cunene PV26SO  Phaseolus Mozambique Sofala
vulgaris vulgaris
PVO3CU  Phaseolus Angola Cunene VUOIMA Vigna unguicu-  Angola Malange
vulgaris lata
PV04CU  Phaseolus Angola Cunene VUO2MA Vigna unguicu-  Angola Malange
vulgaris lata
PVOSHI  Phaseolus Angola Huila VUO3HI  Vigna unguicu-  Angola Huila
vulgaris lata
PVO6MA  Phaseolus Angola Malange VUO4NA  Vigna unguicu-  Angola Namibe
vulgaris lata
PVO7TMA  Phaseolus Angola Malange VUOSCC Vigna unguicu-  Angola Cuando Cubango
vulgaris lata
PCO8MA Phaseolus coc-  Angola Malange VUO6MO Vigna unguicu-  Angola Moxico
cineus lata
PVOOMA  Phaseolus Angola Malange VUO7BE  Vigna unguicu-  Angola Benguela
vulgaris lata
PVIOMA Phaseolus Angola Malange VUO8BI  Vigna unguicu-  Angola Bié
vulgaris lata
PVI1IST  Phaseolus Cabo Verde Santiago VUO9UI  Vigna unguicu-  Angola Uige
vulgaris lata
PLI12ST  Phaseolus Cabo Verde Santiago VUIO0CN Vigna unguicu-  Angola Cuanza Norte
lunatus lata
PL13ST  Phaseolus Cabo Verde Santiago VUIILU Vigna unguicu-  Angola Luanda
lunatus lata
PVI14ST  Phaseolus Cabo Verde Santiago VUI12ST  Vigna unguicu- Cabo Verde Santiago
vulgaris lata
PLI15ST  Phaseolus Cabo Verde  Santiago VUI13ST Vigna unguicu- Cabo Verde Santiago
lunatus lata
PL16ST  Phaseolus Cabo Verde  Santiago VUI14ST  Vigna unguicu- Cabo Verde Santiago
lunatus lata
PL17ST  Phaseolus Cabo Verde Santiago VUI15CA Vigna unguicu- Cameroon Unknown
lunatus lata
PVISMP  Phaseolus Mozambique Maputo VU16MP Vigna unguicu- Mozambique Maputo
vulgaris lata
PVIOMP  Phaseolus Mozambique Maputo VU17SO Vigna unguicu- Mozambique Sofala
vulgaris lata
PV20SO  Phaseolus Mozambique Sofala VUI8SMP Vigna unguicu- Mozambique Maputo
vulgaris lata
PV21SO  Phaseolus Mozambique Sofala
vulgaris
PV2250  Phaseolus Mozambique Sofala Phaseolus vulgaris (IPGRI 2001) and Vigna unguicu-
vulgaris . lata (Bioversity International 2007). For 23 Phaseo-
PV2350 P ha;wl’fs Mozambique Sofala lus spp. accessions (Table 2), 24 quantitative and 31
PV2450 PZZSZ;;SS Mozambique Sofala qualit.ative charact('zrs were evaluated; for' 15' Vigna
vulgaris unguiculata accessions (Table 3), 23 quantitative and
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24 qualitative characters were assessed. Each mor-
phological character was recorded as the mean value
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Table 2 List of quantitative and qualitative morphological characters assessed for Phaseolus spp. and respective unit of measure-

ment and coding key

Characters Acronym Unit of measurement/coding key
Quantitative

Leaflet length LL mm

Hypocotyl length HL mm

Days to maturity DTM count

Plant height PH cm

Stem diameter SD mm

Node no. at main stem NNMS count

Node no. at harvest NNH count

Days to flowering DTF count

Flower buds per inflorescence FBPI count

Racemes per plant RPP count

Inflorescence length IL mm

Pedicel length PEL mm

Duration of flowering DOF days

Pod length POL mm

Pod width PW mm

Locules per pod LPP count

Pod beak length PBL mm

Pods per plant PPP count

Total no. of harvested seeds TNHS count

Total seed weight WTHS g

Ten seeds weight WTS g

Seed length SL mm

Seed height SH mm

Seed width SwW mm

Qualitative

Plant type PT 1-6 (determinate bush to indeterminate, aggressive climber)
Hypocotyl pigmentation HP (1) purple, (2) green

Emerging cotyledon colour ECC 1-5 (purple to very pale green)

Leaf colour anthocyanin LCA (0) absent, (1) present

Leaf colour chlorophyll LCC (3) pale, (5) medium, (7) dark

Leaf shape LS (1) triangular, (2) quadrangular, (3) round
Leaf persistence LP (3) dropped, (5) intermediate, (7) persistent
Flower bud size FBS (3) small, (5) medium, (7) large

Bracteole shape SHOB (3) lanceolate, (5) intermediate, (7) ovate
Bracteole size SOB (3) small, (5) medium, (7) large
Bracteole/Calyx length BCLR (3) <calyx, (5) 1/3 longer, (7) 2 X calyx
Calyx/Bracteole colour BCC (1) green, (2) pale violet, (3) dark purple
Wing opening WO (3) closed, (5) moderately diverging, (7) widely diverging
Style protrusion Sp (0) not protruding, (1) protruding

Pod position POP 1-4 (base to top or mixed)

Pod cross-section PCS 1-4 (very flat to figure-8)

Pod curvature PC (3) straight, (5) slightly curved, (7) curved, (9) recurving
Pod wall fibre PWF (3) contracting, (5) leathery, (7) shattering
Pod beak position PBP (1) marginal, (2) non-marginal
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Table 2 (continued)

Characters Acronym Unit of measurement/coding key

Pod beak orientation PBO (3) upward, (5) straight, (7) downward
Standard colour COS 1-9 (white to purple)

Wing colour COw 1-9 (white to purple)

Immature pod colour PCI 1-11 (dark purple to pale yellow to white)
Mature pod colour PCAPM 1-6 (dark purple to green)

Dry pod colour DPC same as PCI

Seed coat patterns SCP 0-10 (absent to hilum-specific)

Seed coat darker colour SCDC 1-14 (black to purple)

Seed coat lighter colour SCLC same as SCDC

Seed brilliance BOS (3) matt, (5) medium, (7) shiny

Seed shape SDSH (1) (round to truncate fastigiate)
Apparent seed veining ASV (0) absent, (1) present

of ten replicates per accession, following the method
described by Talhinhas et al. (2006).

Mineral composition

The mineral contents of the seeds of 18 Phaseolus
spp. and 10 Vigna accessions were determined using
inductively coupled plasma optical emission spec-
trometry (ICP-OES) and included Na, K, Ca, Mg,
P, S, Fe, Cu, Zn, Mn, and B. Using a stainless-steel
grinder (Kunft coffee mill), the seeds were processed
into a powder. A portion of 0.3 g from each sample
was weighed (wet weight) and dried in an oven at
105 °C for 24 h and placed in a desiccator with silica
gel spheres. After drying, the seeds were weighed
again to obtain the dry weight and, consequently, the
moisture content. The dried samples were digested
in digestion tubes for 90 min at 105 °C using a solu-
tion of nitric acid and hydrochloric acid (1:3, v/v).
After 24 h was added 1 mL of hydrogen peroxide was
added, and the tubes were placed in a digester with a
heating cycle to 95 °C that lasted 1 h and remained
at 95 °C for another hour. After removal from the
digester, the samples were cooled and transferred to a
25 mL volumetric flask, and the volume was adjusted
with distilled water. The quantification of minerals
was made by ICP-AES (Inductively coupled plasma
atomic emission spectroscopy, Thermo Scientific
iCAP 7200, Cambridge, UK). Appropriate standards
were prepared from a stock solution (100 mg/L) con-
taining the analysed elements (SCP Science, Plas-
maQual S22). The concentration of each mineral
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was determined using calibration curves at five dis-
tinct concentrations. All the measurements were car-
ried out in triplicate, and the results were obtained
in mg/L and converted into mg per kg of wet weight
(ww) according to the following expression:

mg/kgww = L X %

where L is the obtained value in mg/L and P is the
sample wet weight in g; 50 mL is the total volume of
the analysed solution.

The mineral contents of the Phaseolus spp. and
Vigna unguiculata accessions grown in a Mediterra-
nean climate were compared with those obtained for
the same accessions grown in their environment of
origin. For this purpose, data from 26 accessions (i.e.,
16 Phaseolus vulgaris and 10 Vigna unguiculata)
grown in Africa were retrieved from Catarino et al.
(2021).

Data analysis

The data were processed and analysed using the R
programme version 4.2.3 (R Core Team 2023). All
morphological and mineral content data are presented
as mean values. Descriptive statistics were calculated
for each accession, morphological quantitative char-
acter and mineral content. The normality and homo-
geneity of variances were examined through Shapiro-
Wilks (shapiro.test function) and Bartlett (bartlett.
test function) tests, respectively. The data for both
morphological characters and mineral content did not
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Table 3 List of quantitative and qualitative morphological characters assessed for Vigna unguiculata and respective unit of measure-
ment

Characters Acronym Units

Quantitative

Terminal leaflet length TLL cm

Terminal leaflet width TLW cm

Stipule length SL mm

Stipule width SW mm

No. of main branches NMB count

No. of nodes in the main stem NNMS count

Days to flowering DTF count

Days to 1st mature pod DTFMP count

Pod length PL cm

No. of locules per pod NLPP count

Duration of flowering DOF count

Standart length STL mm

Calyx lobe length CLL mm

Peduncle length PDL mm

No. of pods per peduncle NPPP count

No. of pods per plant NPPPL count

Pod width PW mm

No.of seeds per pod NSPP count

No. of total harvested seeds NTHS count

Ten seeds weight WHS g

Seed length SLE mm

Seed width SWI mm

Seed thickness ST mm

Qualitative

Plant pigmentation PP 0-9 (none to solid)

Terminal leaflet shape TLS 1-4 (globose to hastate)

Plant hairiness PH (3) glabrescent, (5) appressed hairs, (7) pubescent to hirsute
Leaf colour LC (3) pale, (5) intermediate, (7) dark green
Leaf texture LT 1-3 (coriaceous to membranous)

Growth habit GH 1-7 (erect to climbing)

Growth pattern GP (1) determinate, (2) indeterminate

Twinning tendency TWT (0) none, (3) slight, (5) intermediate, (7) pronounced
Plant vigour PV (3) non-vigorous, (5) intermediate, (7) vigorous
Raceme position RP 1-3 (above to throughout canopy)

Pod attachment to peduncle PATP (3) pendant, (5) 30-90°, (7) erect

Immature pod pigmentation IPP 0-5 (none to uniformly pigmented)

Pod curvature PC (0) straight, (3) slightly curved, (5) curved, (7) coiled
Flowering pigment pattern FPP 0-5 (not pigmented to completely pigmented)
Flower colour FC 1-3 (white to mauve-pink)

Pod wall thickness PWT (3) thin, (5) intermediate, (7) thick

Seed shape SSH 1-5 (kidney to rhomboid)

Testa texture TT (1) smooth, (3) smooth to rough, (5) rough
Eye pattern EP 0-9 (absent to full coverage)

Eye colour EC 0-9 (white to mottled)
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Table 3 (continued)

Characters Acronym Units

Seed crowding SC 0-7 (not to extremely crowded)
Leaf marking LM (0) absent, (1) present

Splitting of testa SOT (0) absent, (1) present
Attachment of testa AOT (0) not firm, (1) firm

follow a normal distribution, and the variance was not
homogeneous.

Regarding the multivariate analyses with mor-
phological data, firstly, due to the presence of miss-
ing values, all accessions and characters with more
than 30% missing values were removed. The remain-
ing missing values were then replaced using average
imputation with the naMeanSubst function from the
MorphoTools2 package (Slenker et al. 2022). The
multivariate analysis was carried out for 19 acces-
sions of Phaseolus spp. and 9 accessions of Vigna
unguiculata, respectively. The characters for mul-
tivariate analysis were selected based on the Spear-
man correlation coefficients (rcorr function of Hmisc
package; Harrell 2024). Variables with correlation
coefficients greater than 0.80 were considered redun-
dant, and one of them was removed. The normalised
transformation of the morphological data (mean=0
and standard deviation=1) was carried out before
performing the multivariate analysis. The cluster
analysis was carried out based on the agglomerative
hierarchical method using Euclidean distances and
the ward.D method (hclust function) to produce a
dendrogram. To choose the optimum number of
clusters, the silhouette function of the cluster pack-
age was used (Maechler et al. 2023). Moreover, a
principal component analysis (PCA) was performed
(prcomp function), and the eigenvectors and eigen-
values were projected with the ggplot function of the
ggplot2 package (Wickham 2016).

The mineral contents across the accessions were
compared using a univariate analysis method. The
Kruskal-Wallis test at 5% significance was used to
perform the test of means because the mineral content
data did not follow a normal distribution and the vari-
ance was not homogeneous (kruskal.test function). As
for morphological data, a multivariate analysis was
done for mineral content data after standardisation
(mean=0 and standard deviation=1). Firstly, based
on Euclidean distances and the average method, a
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cluster analysis through a heatmap (the Heatmap
function of the ComplexHeatmap package; Gu et al.
2016) was performed to detect patterns of variation
across accessions and minerals. Secondly, a prin-
cipal component analysis (PCA) was performed as
described above. Spearman correlations were carried
out to ascertain the relationships between mineral
content and quantitative morphological characters
for Phaseolus spp. and Vigna unguiculata acces-
sions. Comparisons between the mineral contents
of the accessions grown in the Mediterranean and
those grown in their environment of origin at SSA
were made using the Kruskal-Wallis test at a 5% sig-
nificance level; the results were presented in boxplot
form to understand the variation in mineral contents
between samples.

Results
Morphological characterisation
Phaseolus genus

A total of 26 Phaseolus spp. accessions were sown
in this trial; however, two accessions (PV22SO and
PV26S0) did not germinate, and one (PV19MP) did
not yield morphological data. Three Phaseolus luna-
tus accessions from Cabo Verde (PL13ST, PL15ST,
and PL16ST) germinated in April. They initially had
stunted growth until the summer solstice, but then
began to grow vigorously as the days became shorter,
until flowering. Morphological analyses were per-
formed on the remaining 23 accessions (Table S1).
Descriptive statistics for 24 quantitative charac-
ters are summarised in Table 4, revealing substan-
tial variability among accessions. Among the char-
acters with higher variability, the following stood
out (CV>100%): Plant height (PH) varied greatly,
from 15 cm (PV20SO) to 200 cm (PL17ST), with P.
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Tal?le.4 Descripti've . Character! N2 Average3 Std. Dev.* Minimum Maximum CV (%)5
statistics for quantitative
morphological characters LL 21 73.6 10.5 50.0 88.5 14.3
of 23 Phaseolus spp. HL 13 1.9 0.5 0.6 25 26.7
accessions
DTM 13 74.9 5.2 68.0 83.0 7.0
PH 22 39.8 432 15.0 200.0 108.5
SD 22 5.6 1.7 3.5 10.0 30.6
NNMS 19 46 33 2.0 18.0 72.7
NNH 21 5.0 3.8 2.0 20.0 75.7
'The full name and DTF 21 51.5 56.2 20.0 210.0 109.1
respective description of FBPI 20 49 47 2.0 20.0 96.6
qualitative morphological RPP 21 8.2 5.6 4.0 30.0 67.4
characters for Phaseolus IL 19 54.7 48.9 25.0 200.0 89.3
spp. are presented in
Supplementary Table S2 PEL 19 14.9 273 4.0 130.0 183.4
) . DOF 17 325 16.3 8.0 69.0 50.2
N, number of observations
5 L POL 21 104.1 17.2 67.3 130.0 16.5
When considering the
accessions or species, no PW 21 16.7 13.6 8.0 58.0 81.5
significant differences LPP 20 4.3 1.0 2.5 6.0 22.3
were detected between PBL 21 12.2 5.1 3.0 20.0 41.6
the average values of the PPP 18 12.4 262 2.0 120.0 211.8
morphological characters ’ ’ ’ ’ )
according to the Kruskal— TNHS 17 142.3 80.7 34.0 348.0 56.7
Wallis test at a 5% WTHS 17 434 294 95 127.1 67.8
confidence level WTS 18 3.1 0.9 1.7 5.4 30
*Std. Dev., Standard SL 18 135 1.7 10.5 16.1 12.7
Deviation SH 18 73 12 6.2 11.4 16.7
SCV (%), coefficient of vari- SW 18 51 0.6 37 5.9 12.0

ation

lunatus accessions (e.g., PL12ST, PL17ST) stand-
ing out for their vigorous growth and greater bio-
mass. Days to flowering (DTF) varied from 20 days
(PV24S0, PV25S0) to 210 days (PL13ST, PL15ST),
suggesting a broad range of phenological behaviours.
Pods per plant (PPP) ranged from 2 (PV18MP) to 120
(PL17ST).

Spearman’s  correlation  analysis  (p <0.05;
Table S2) highlighted several significant positive
correlations among morphological characters. PH
correlated positively with stem diameter (SD; 0.47),
node number at the main stem (NNMS; 0.53), node
number at harvest (NNH; 0.56), racemes per plant
(RPP; 0.65), and seed-related characters, namely total
number of harvested seeds (TNHS; 0.64) and weight
of total harvested seeds (WTHS; 0.57), indicating a
strong relationship between vegetative growth and
reproductive yield. Similar trends were observed for
SD and pod width (PW; 0.70) and between RPP and
duration of flowering (DOF; 0.56).

Cluster analysis using Euclidean distances (cophe-
netic correlation of 0.94) separated the accessions
into two main clusters (Fig. 1A). Cluster I grouped
accessions characterised by longer leaflets, thicker
stems, longer flowering times, longer pods and
pod beaks, a higher number of locules per pod, and
broader seeds. Cluster II consisted of P. lunatus
accessions (PL12ST and PL17ST) distinguished by
taller plants with more racemes per plant, nodes at
the main stem and harvest, longer inflorescences and
pedicels, more flower buds per inflorescence, longer
times to flowering, more and wider pods, and heavier
seeds. Principal component analysis (PCA) confirmed
the clustering (Fig. 1B and C), with the first three
components explaining 77.95% of the total varia-
tions. PC1 (42.42%) was mainly influenced by archi-
tectural characters (e.g., stem diameter, number of
nodes, inflorescence length and pedicel length), PC2
(22.91%) by pod traits, and PC3 (12.62%) by flower-
ing and seed characters.
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Fig. 1 Cluster analysis (A) and representation in two dimen-
sions of (B) PC1 and PC2 of principal component analysis
explaining 65.33% of the variability and (C) PC1 and PC3 of
principal component analysis explaining 55.04% of the vari-

Qualitative character analysis (Table S3) fur-
ther distinguished the accessions of Phaseolus spp.
Most of the accessions presented an indeterminate
bush plant type (PT) with green hypocotyl pigmen-
tation (HP) and pale green to medium green emerg-
ing cotyledon colour (ECC) and leaf colour chloro-
phyll (LCC). Leaf shapes (LS) were predominantly
quadrangular, with occasional triangular and round
shapes. Flower and pod characteristics exhibited
significant variation: colour of standard (COS) and
wings (COW) ranged from white to lilac, and pod
curvatures and cross-sections varied widely. Seed
morphological diversity was also considerable, with
kidney-shaped seeds being the most frequent seed
shape (SDSH); seed coat patterns (SCP) were present
in more than half of accessions, commonly striped
or hilum-centred, and a wide range of coat lighter
(SCLC) and darker colours (SCDC) were observed,
ranging from brown, black, and maroon to pale
cream, yellow-green, and whitish.
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ability of the 19 Phaseolus spp. accessions according to 19
morphological characters in a space defined by the vectors and
their values

Vigna genus

Eighteen Vigna unguiculata accessions were sown in
this trial, of which three did not germinate (VU10CN,
VUI13ST, and VUI15CA). All accessions started
growing vigorously at the beginning of summer, and
most of the plants started flowering later than the
Phaseolus spp. accessions, typically after July. Mor-
phological analyses were performed on the remaining
15 accessions (Table S4). Descriptive statistics for 23
quantitative characters are provided in Table 5, dis-
playing varied levels of phenotypic diversity. Among
the characters with higher variability, the following
stood out (CV > 50%): clayx lobe length (CLL) varied
from 3.0 mm (VUO6MO and VU18MP) to 18.0 mm
(VU16MP), the number of pods per plant (NPPPL)
ranged from 4 (VU12ST) to 25 (VUO4NA), and the
total number of harvested seeds (NTHS) from 49
(VU16MP) to 1126 (VUO4NA). Spearman’s correla-
tion analysis (p <0.05; Table S5) revealed significant
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Tal?le.S Descripti've . Character! N? Average3 Std. Dev.* Minimum Maximum CV (%)5
statistics for quantitative
morphological characters TLL 15 8.1 1.0 6.2 9.9 122
of 15 Vigna unguiculata TLW 15 4.6 1.0 3.1 6.0 20.6
accessions
SL 15 10.9 1.5 7.0 14.0 14.2
SW 15 43 1.0 3.0 7.0 23.3
NMB 15 3.2 0.9 2.0 5.0 28.4
NNMS 15 7.6 1.6 5.0 11.0 20.8
DTF 8 75.3 10.9 64.0 102.0 14.5
The full name and DTFMP 7 96.4 8.0 77.0 101.0 8.3
respective description of PL 8 17.4 1.2 15.8 20.0 7.1
qualitative morphological NLPP 8 155 1.4 12.0 17.0 9.1
characters for Vigna . DOF 6 7.0 1.6 5.0 10.0 233
unguiculata are presented in
Supplementary Table S3 STL 6 19.0 3.3 15.0 24.0 17.2
2N, number of observations CLL 5 6.6 5.8 3.0 18.0 87.1
3When considering the PDL 6 14.0 23 11.0 17.0 16.5
accessions, no significant NPPP 7 2.1 0.4 2.0 3.0 16.3
differences were detected NPPPL 3 14.0 7.8 4.0 23.0 55.6
between the avergge values PW 8 104 1.4 8.0 12.0 13.6
of the morphological
characters according (o the NSPP 9 12.5 3.6 6.7 16.3 28.3
Kruskal-Wallis test at a 5% NTHS 9 475.0 329.3 49.0 1126.0 69.3
confidence level WHS 10 15 0.4 0.9 2.0 24.5
4Std: Dev., Standard SLE 10 8.4 0.8 6.9 9.9 9.6
Deviation SWI 10 6.7 0.7 5.7 8.0 11.0
*CV (%), coefficient of vari- ST 10 48 05 4.1 6.0 10.4
ation

relationships among morphological characters. Pod
width (PW) was positively correlated with pod length
(PL; 0.71); NTHS with number of seeds per pod
(NSPP; 0.80); seed width (SWI) with terminal leaf-
let width (TLW; 0.72), weight of ten harvested seeds
(WHS; 0.67), and seed length (SLE; 0.88).

Cluster analysis based on Euclidean distances
grouped the accessions into two main clusters (cophe-
netic correlation=0.54) (Fig. 2A). Cluster I com-
prised three accessions associated with larger leaf
sizes, longer pod development periods, and higher
pod dimensions. Cluster II included accessions with
higher reproductive outputs, presented by the higher
number of nodes, pods and seeds. PCA supported the
cluster analysis (Fig. 2A and B), with the first three
components explaining 65.59% of the total varia-
tion. The biplots of PC1 vs. PC2 and PC1 vs. PC3
showed clear separation between clusters, account-
ing for 50.74% and 42.24% of the total variation,
respectively. PC1 (27.39%) was mainly influenced
by pod and seed traits, PC2 (23.35%) by leaf dimen-
sions and flowering characters, and PC3 (14.85%) by

architectural characters like the number of branches
and nodes.

Qualitative character analysis (Table S6) further
highlighted the diversity among Vigna unguiculata
accessions. Most accessions displayed moderate to
intermediate plant pigmentation (PP), glabrescent
plant hairiness (PH), intermediate green leaf col-
our (LC) and leaf texture (LT), and no leaf marking
(LM). The predominant terminal leaflet shape (TLS)
was sub-hastate, and growth habit (GH) ranged
from erect to intermediate, with an even distribution
between determinate and indeterminate growth pat-
terns (GP). Most accessions showed no twining ten-
dency (TWT) and were non-vigorous in plant vigour
(PV), while raceme position (RP) was mostly located
in the upper canopy. Immature pod pigmentation
(IPP) showed variations, with green sutures on pig-
mented valves, absence of pigmentation, and specific
pigmented patterns in a few genotypes. Pod curvature
(PC) was mostly slightly curved, with a few straight
and fully curved pods. Flower pigmentation (FPP)
was primarily completely pigmented, with violet (FC)
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Fig. 2 Cluster analysis (A) and representation in two dimen-
sions of (B) PC1 and PC2 of principal component analysis
explaining 50.74% of the variability and (C) PC1 and PC3 of
principal component analysis explaining 42.24% of the vari-

flowers being the most common, followed by white
and mauve-pink. Pod wall thickness (PWT) was
mostly intermediate, and seed shapes were predomi-
nantly ovoid (SSH), with smooth testa texture (TT)
and narrow or Watson eye patterns (EP). Eye colours
(EC) were typically brown or tan brown, with occa-
sional blue-black mottles or absent eyes. Seeds were
mainly semi-crowded (SC), and the testa was either
firmly or loosely attached (AOT), with no splitting of
the testa (SOT) observed.

Mineral profiles

The mineral profile was analysed in 28 samples of
Phaseolus vulgaris (16), P. lunatus (one), P. coc-
cineus (one), and Vigna unguiculata (10), covering
11 essential minerals: sodium (Na), potassium (K),
calcium (Ca), magnesium (Mg), phosphorus (P),
sulphur (S), iron (Fe), copper (Cu), zinc (Zn), man-
ganese (Mn), and boron (B) (Table S7). Overall, the
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ability of the nine Vigna unguiculata accessions according to
morphological characters in a space defined by the vectors and
own values

genus Phaseolus exhibited higher K, Ca, P, S, Fe,
and Cu levels, while Vigna unguiculata was richer
in Na, Mg, Zn, Mn, and B. Among species (Table 6),
P. coccineus had the highest Ca and K contents. P.
lunatus was richest in Mn and Fe, and P. vulgaris in
Cu, P, and S. Conversely, V. unguiculata displayed
the highest B, Mg, Na, and Zn contents. Mineral
variability was generally higher in the accession of
Phaseolus than Vigna, except for B, Mn, Na, and
Zn, where Vigna showed slightly higher standard
deviations (Table S7). Among the accessions, the
following results are worth mentioning: Phaseolus
vulgaris PVO9MA exhibited the highest K content
(16,092.0 mg/kg ww), while PV24S0 had the greatest
Ca content (2093.8 mg/kg ww). PVO7TMA showed the
highest Mg level (1932.9 mg/kg ww), and PV11ST
stood out for both P (5516.6 mg/kg ww) and Zn
(42.8 mg/kg ww) contents. PVIOMA had the high-
est S level (3147.9 mg/kg ww), and PV21SO exhib-
ited the highest Fe concentration (239.9 mg/kg ww).
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Table 6 Average
values (in mg/kg ww),

Minerals

Phaseolus coccineus

Phaseolus lunatus

Phaseolus vulgaris

Vigna unguiculata

standard deviations, and Na
homogeneous groups for

mineral content according K
to the four species under Ca
study Mg
P
S
Homogeneous groups: Fe
accessions sharing one
) Cu
or more letters for each
mineral are not statistically Zn
different according to Mn
the Kruskal-Wallis test B

14.1+£3.7 bc

14,882.0+173.6 a

2082.7+36.5a
1603.4+23.4 ab
4457.0+374 a
2565.2+48.9 ab
90.8+0.4 bc
84+0.2b
29.8+0.1¢
10.5+0.1b
9.6+0.1c¢

89+28¢

14,313.8+182.3 a

664.5+143 ¢
1476.2+19.3 b
2977.3+£23.8¢

17.3+6.6 b

14,633.4+975.2a

1646.9+349.9 b
1603.6+176.9b
4823.2+£439.7a

61.7+182a

13,135.1£657.2b

750.6+68.3 ¢
1701.2+111.3 a
3929.3+3955b

2077.5+7.7b 2749.2+304.8 a 2515.2+188.7b
154.6+£09a 129.8 +42.3 ab 88.1+339¢
6.9+0.1¢ 10.1+£0.9a 7.4+0.7 bc
35.0+0.3 be 36.2+3.8b 423+50a
15.6+0.1a 10.7+1.1b 13.8+1.8a
12.1+0.1b 9.6+0.7 ¢ 154+22a

(p<0.05)

Mn was most abundant in PL17ST (15.6 mg/kg ww).
In Vigna unguiculata, VUO4NA had the highest Na
content (88.1 mg/kg ww), while PV18MP recorded
the highest K value (14,132.0 mg/kg ww). VU0O6MO
stood out for its elevated Mg (1963.8 mg/kg ww), P
(4590.1 mg/kg ww), and Zn (48.8 mg/kg ww) con-
centrations. The highest Mn content was recorded in
VU16MP (15.6 mg/kg ww), and B was most abun-
dant in VU11LU (19.6 mg/kg ww) (Table S7).

A heatmap combined with hierarchical cluster-
ing (Fig. 3) distinguished two main groups. Cluster
1, composed of all Vigna unguiculata accessions
and one Phaseolus lunatus accession, was defined
by cluster B, which displayed the highest levels of B,
Mg, Mn, Na, and Zn. Cluster 2, grouped all Phaseo-
lus vulgaris accessions and one Phaseolus coccineus
accession, was defined by cluster A, which has the
highest levels of Ca, Cu, Fe, K, P, and S. The heat-
map presented reveals a clear distinction between the
two bean genera, excepting Phaseolus lunatus, which
presents a mineral profile closer to Vigna unguicu-
lata. PCA (Fig. 4) further supported this separation.
The biplots of PC1 vs. PC2 (Fig. 4A) and PC1 vs.
PC3 (Fig. 4B) showed a clear separation of two clus-
ters of accessions representing the genera Phaseolus
and Vigna and accounting for 70.95% and 59.21%
of the total variation, respectively. PC1, accounting
for 50.06% of the variability, was mainly influenced
by B, Ca, Cu, K and Na. PC2 (20.89%) was mainly
influenced by Mg, P, and S and PC3 (9.15%) by Mn
and Fe. Altogether, the first three axes of the PCA
accounted for 80.11% of the total variability.

Spearman’s correlation analysis between quantita-
tive morphological characters and mineral contents

(Fig. 5) revealed significant positive and negative
correlations (p <0.05) in both Phaseolus spp. and
Vigna unguiculata. For instance, in Phaseolus spp.,
Na correlated negatively with PH (—0.62) and TNHS
(—0.81) and positively with SL (0.55). Ca was posi-
tively associated with vegetative characters such
as PH (0.77) and NNMS (0.51), while Mg and Zn
showed strong negative correlations with seed dimen-
sions, i.e., SH (—0.83, —0.71). In Vigna unguiculata,
K was strongly positively correlated with TLW (0.96)
and seed characters, i.e., SLE (0.67) and SWI (0.80),
while Na showed positive correlations with NNMS
(0.69). Cu, Mn, and Zn were negatively associated
with developmental timing characters (e.g., days to
flowering) in both genera.

Comparisons between Mediterranean- and sub-
Saharan Africa (SSA)-grown accessions revealed
significant mineral differences (Fig. 6 and Table S8).
Mediterranean-grown Phaseolus vulgaris acces-
sions had higher average B, Ca, Cu, Fe, K, P, S,
and Zn contents, while the SSA accessions were
richer in Mg, Mn, and Na (Fig. 6A). Mediterranean-
grown Vigna unguiculata accessions presented aver-
age higher B, Cu, Fe, K, S, and Zn contents, while
the SSA accessions were higher in Ca, Mg, Mn, Na,
and P (Fig. 6B). However, at the individual acces-
sion level, exceptions were detected. For instance, the
SSA-grown Phaseolus vulgaris accessions showed
higher mineral contents, except for Na. Also, some
Mediterranean-grown P. vulgaris accessions had
lower Ca or Mg contents compared to SSA acces-
sions (Table S6). The SSA-grown Vigna unguiculata
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Mineral
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Fig. 3 Heatmap of the 28 bean accessions obtained from the contents of 11 mineral constituents. Brown to pale yellow and green
boxes indicate high to low values, respectively

Fig. 4 Representation

in two dimensions of A
PC1 and PC2 of princi-
pal component analysis
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accessions showed higher mineral contents, except V. unguiculata accessions had lower Ca, P, Fe, Cu or
for K, Zn, and Mn. Also, some Mediterranean-grown B contents compared to SSA accessions (Table S8).
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Fig. 6 Variation of 11 mineral contents (mg/kg ww) in A Pha-
seolus vulgaris and B Vigna unguiculata according to the cul-
tivation origin (i.e., Mediterranean and Sub-Saharan Africa).
The box represents the 25th, 50th (median), and 75th percen-
tiles, while the whiskers represent the 10th and 90th percen-

Discussion
Morphological characterisation

The Phaseolus spp. and Vigna unguiculata acces-
sions exhibited significant morphological variability,

tiles with minimum and maximum observations. The dots rep-
resent the outliers. Cultivation origins sharing the same letters
present no significant differences based on the Kruskal-Wallis
test at 5% of confidence

reflecting a broad genetic diversity and potential for
adaptation to Mediterranean climate conditions.
This variability has practical implications, as it sup-
ports their potential for breeding programs targeting
improved resilience and productivity under Medi-
terranean and similar climates. Previous research
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also described a great diversity among Phaseolus
(e.g., Arteaga et al. 2019; Jan et al. 2021; Delfini
et al. 2021) and Vigna (e.g., Mafakheri et al. 2017;
Menssen et al. 2017; Catarino et al. 2021) morpho-
logical characters both in Africa and Europe.

The studied accessions showed acceptable adapt-
ability, validated by the obtained yield data. In this
sense, Phaseolus spp. averaged a total yield of 43.4 g/
m?, with the P. vulgaris accessions PL12ST (127.1 g/
m?), PVOICU (91.4 g/m?), and PV25S0 (86.8 g/m?)
achieving the highest production values. With a better
performance, Vigna unguiculata yielded 68.9 g/m?,
with VUISMP (127.8 g/m?) and VUO4MA (112.6 g/
m?) leading. These yields align with or exceed those
reported previously for Phaseolus vulgaris (Pelaez
et al. 2022) under identical growing conditions in
field experiments. Moreover, these results indicate
that under controlled irrigation, Mediterranean condi-
tions can sustain or even enhance pulse productivity
compared to traditional rainfed African systems.

The coefficient of variation (CV) was employed to
assess the relative variability of quantitative morpho-
logical characters. Our results revealed high CV val-
ues in Phaseolus spp. accessions, particularly for PH,
DTF, PPP, and PEL. In Vigna unguiculata, moderate
variability (CV <90%) indicated more stable pheno-
types, yet characters like CLL and NTHS still offer
breeding potential. The characters with the highest
variability were primarily linked to plant yield (e.g.,
PPP and NTHS), suggesting a broad genetic base that
can be exploited in breeding programs to improve
yield and climate resilience (Arteaga et al. 2019).

Growth habits in Phaseolus spp. accessions were
predominantly indeterminate, featuring mostly erect
branches, which is consistent with wild and semi-
domesticated genotypes (Kwak et al. 2012). Similar
results have been reported for Phaseolus coccineus
(Sicard et al. 2005; Arriagada et al. 2021), P. lunatus
(Silva et al. 2024), and P. vulgaris (Sicard et al. 2005)
cultivated in Europe. Most of the Vigna unguiculata
accessions also exhibited indeterminate growth and a
twining tendency, aligning with prior research (e.g.,
Nuryati et al. 2024; Souza et al. 2024). The deter-
minate growth habit, associated with domestica-
tion and enhanced agronomic performance (Smartt
1990; Boote et al. 2003), was only observed in spe-
cific V. unguiculata accessions (VUOIMA, VU12ST,
VU14ST, and VUI8MP), which displayed fewer
nodes on the main stem (NNMS) and fewer days to
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flowering (DTF). As suggested by Guilengue et al.
(2019), breeding programmes should prioritise deter-
minate growth forms to enhance production in the
main stem and primary branches, while considering
optimal soil and climate conditions, especially during
summer droughts.

The Phaseolus Ilunatus accessions (PL13ST,
PL15ST, and PL16ST) from Cabo Verde and all the
Vigna unguiculata accessions responded remarkably
to decreasing day lengths, growing vigorously and
flowering after the summer solstice. This sensitiv-
ity to photoperiod, characteristic of short-day plants
(Bastow and Dean 2002), suggests that day length
reduction is a prerequisite for the start of flowering
in these accessions. Furthermore, day length manipu-
lation could be exploited to optimise flowering time
and yield under Mediterranean conditions.

Correlation analysis is crucial to understand the
interactions between morphological characters of
agronomic importance, providing valuable insights
for breeding strategies for a crop (Owusu et al. 2021).
This approach enables the indirect selection of com-
plex, quantitatively inherited characters influenced by
genetic effects, such as yield (Mazid et al. 2013). In
this study, several positive and significant correlations
were identified among morphological characters for
Phaseolus spp. and Vigna unguiculata, particularly
those related to yield components. In Phaseolus spp.,
WTHS was positively correlated with FBPI, TNHS,
and PH, with the latter appearing as the character
most frequently correlated with other characters.
These findings are consistent with former research,
namely Yeken et al. (2019), which stated positive cor-
relations between plant height and characters such as
days to flowering, days to maturity, number of pods
per plant, seeds per pod, seed width, and thousand
seed weight. Similarly, Delfini et al. (2021) reported
positive correlations between total seed weight per
plant and the total number of pods per plant, the
number of locules per pod and the number of seeds
per pod. For V. unguiculata, significant correlations
were limited to seed characters, namely WHS with
SWI and ST. Therefore, no significant correlations
were detected between vegetative and reproductive
characters. This contrasts with findings from Aliyu
et al. (2021) and Owusu et al. (2021), who reported
positive correlations between seed weight and sev-
eral vegetative characters such as the number of
branches at flowering, days to flowering, plant height,
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and number of pods per plant. Overall, the correla-
tions observed in this study suggest that selection for
improved yield in Phaseolus spp. may benefit from
focusing on characters such as plant height, whereas
in V. unguiculata, selection based on seed morpho-
logical characters could be more effective.

Several accessions, namely PL12ST and PL17ST
for Phaseolus spp. and VUO7BE, VUI14ST, and
VUI1S8ST for V. unguiculata, exhibited the best per-
formance in converting vegetative growth into seed
production. However, accessions such as PVO1CU,
PV0O3CU, PCOSMA, PVI14ST, PV25S0, and
VUO4NA, despite showing a high number of har-
vested seeds, had smaller and lighter seeds, which
translated into a lower yield. The multivariate analy-
sis (Figs. 1 and 2) corroborated the phenotypic diver-
sity, clustering the 19 Phaseolus spp. and the 9 Vigna
unguiculata accessions into two main groups accord-
ing to vegetative and reproductive characters.

Mineral profiles

The mineral analysis revealed significant differences
between bean species, with each taxon presenting
unique mineral profiles: Phaseolus coccineus (Ca and
K), P. lunatus (Fe and Mn), P. vulgaris (Cu, P, and S)
and Vigna unguiculata (B, Mg, Na, and Zn). These
findings have nutritional implications, particularly
for addressing micronutrient deficiencies such as iron
and zinc, which remain a global public health con-
cern (Maares and Haase 2016; Muriuki et al. 2020).
In this sense, P. lunatus (154.6 mg/kg ww) and P.
vulgaris (129.8 mg/kg ww) showed Fe contents sur-
passing those reported by several investigations in
Africa (Brilhante et al. 2021; Guterres et al. 2022)
and the Mediterranean region (e.g., Pinheiro et al.
2010; Celmeli et al. 2018). It should be noted that the
accession PV21S0 of P. vulgaris showed the highest
value in this study (239.9 mg/kg ww), suggesting that
this accession could contribute to biofortification ini-
tiatives. Similarly, Vigna unguiculata accessions pre-
sented the higher Zn contents (42.2 mg/kg ww) com-
pared to those of Phaseolus spp., with a maximum of
47.7 mg/kg ww in the accession VUO6MO, aligning
with results from African (Boukar et al. 2011; Bril-
hante et al. 2021) and Mediterranean research (Di
Bella et al. 2016; Gerrano et al. 2018). This reinforces
their value for nutritional improvement programs tar-
geting zinc-deficient populations.

When comparing mineral profiles between Africa
and the Mediterranean-grown accessions, signifi-
cant differences were detected, agreeing with the
findings of Murube et al. (2021) for P. vulgaris with
European and American-grown accessions. Also, Di
Bella et al. (2016) reported significant differences
between P. vulgaris and V. unguiculata African- and
Mediterranean-grown accessions, describing higher
mineral contents in Africa. Several factors influence
the mineral contents in seeds, including soil type
and fertility (Sperotto et al. 2014), genetic diversity
(Maziya-Dixon et al. 2000; Zacharias et al. 2012),
post-harvest handling and storage conditions of the
seeds, as well as the maturity of the plant at the
time of harvest (Shewfelt 1990; Yeken et al. 2023).
In addition, despite previous research suggesting
seed coat colour can influence mineral content (e.g.,
Guterres et al. 2012; Tiwari and Singh 2012; Zhong
et al. 2018), no clear pattern was detected in our
study.

In this study, we found that phenotypic vari-
ability is correlated with mineral content vari-
ability. Significant positive and negative correla-
tions were observed between mineral content and
several morphological characters associated with
reproductive development and, as such, associated
with the yield and performance of Phaseolus spp.
and Vigna unguiculata. In Phaseolus spp., negative
correlations were found between Na content and
TNHS and WTHS, probably suggesting a trade-off
between salt accumulation and reproductive suc-
cess. Negative correlations between Mg and sev-
eral morphological characters were also found, such
as with WTS, SL and SH, as described by Ribeiro
et al. (2021). Unlike former research (Yeken et al.
2019; Murube et al. 2021), we observed a negative
correlation between Cu and LL, a vegetative char-
acter, indicating species- or environment-specific
mineral dynamics. In Vigna unguiculata, Ca posi-
tively correlated with NLPP, highlighting its role
in reproductive success. This contrasts with some
previous research (Lazaridi et al. 2016) but supports
the effect of Ca as an important factor in flower and
pod development (Mbuma et al. 2022). Cogent with
findings from several investigations on pulses (Pin-
heiro et al. 2010; Celmeli et al. 2018; Murube et al.
2021), our study also did not find significant corre-
lations between Fe and morphological characters.
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Conclusion

This study demonstrated the adaptability and agro-
nomic potential of African bean accessions (Pha-
seolus coccineus, P. lunatus, P. vulgaris, and Vigna
unguiculata) to Mediterranean climatic conditions
through detailed morphological and mineral charac-
terisation. The morphological assessment revealed
significant variability among accessions, particu-
larly in characters associated with yield and growth
habitat, offering information for targeted selec-
tion and breeding. Accessions such as PL12ST and
PL17ST (P. lunatus) and VUO7BE and VUI18ST
(V. unguiculata) exhibited higher performance in
converting vegetative growth into seed production.
Moreover, the presence of indeterminate growth
habitat was predominant, although some V. unguic-
ulata accessions exhibited determinate growth, sug-
gesting useful material for breeding programs aimed
at Mediterranean environments. Mineral analysis
supported the high nutritional value of these beans,
with distinct profiles: P. coccineus exhibited high
Ca and K contents, P. vulgaris showed elevated Cu,
P, and S contents, P. lunatus demonstrated higher
Fe and Mn contents, and V. unguiculata was richer
in B, Mg, Na, and Zn. Variations in mineral pro-
files were detected not only between species but
also among accessions, highlighting the influence
of both growing environment and genotype. Corre-
lation analyses revealed associations between mor-
phological characters and mineral contents, provid-
ing a better understanding of the characters linked
to performance and nutritional quality under Medi-
terranean conditions. The results confirm the poten-
tial of the evaluated African bean accessions both
for cultivation and for use in breeding programs
aimed at improving yield and nutritional quality in
Mediterranean climates.
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