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Abstract

Background Lupinus albus is a food grain legume recognized for its high levels of seed protein (30-40%) and oil
(6-13%), and its adaptability to different climatic and soil conditions. The availability of well-characterized, genetically
and phenotypically diverse germplasm will facilitate the development of next-generation L. albus cultivars, encourage
biodiversity conservation, and promote the sustainable utilization of this species.

Results We evaluated more than 2000 L. albus accessions based on 35 agro-morphological traits and passport data
to establish Intelligent Collections. The Reference-CORE (R-CORE), covering global diversity, exemplified the genotypic
variation among accessions differing in biological status (cultivars, breeding/research materials, landraces, and wild
relatives). The Training-CORE (T-CORE), a subset of 300 R-CORE accessions, represents the diversity of the entire
collection. Principal component analysis showed that the L. albus R-CORE encompasses four phenotypic groups

(A1, A2, A3, and B), and that groups A3 and B can be characterized by the main phenotypic traits of pod shattering
and seed ornamentation, respectively. The coefficient of total genetic variation differed across morphological traits,
phenotypic groups, geographic regions, and according to biological status.

Conclusions The core collections established in this study will facilitate agricultural research by providing the broad
phenotypic data needed for crop improvement programs and by shedding light on the undiscovered biodiversity of
L. albus genetic resources. Understanding the variation found in such resources will allow us to develop sustainable
tools and technologies that address global challenges such as the provision of healthy and sustainable diets for all
and the mitigation of climate change.
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Background

Plant genetic resources (PGRs) are needed to preserve
the genetic diversity that underpins the resilience, pro-
ductivity, and sustainability of agricultural systems. The
exploration and utilization of PGRs is hindered by acces-
sion heterogeneity, the lack of comprehensive passport
data and descriptors valuable for users, and limited
access to available information [1]. This impedes the
integration of PGRs into programs for sustainable agri-
culture and crop improvement [2]. The characterization
and maintenance of PGRs is therefore necessary to pro-
tect agrobiodiversity and to promote the development of
climate-resilient crops and agroecosystems [2]. Core col-
lections offer a useful concept for the characterization of
diversity preserved in PGRs [3, 4, 5]. A core collection is
smaller than a comprehensive collection but maximizes
diversity, and can therefore be used as an efficient kick-
off point to enhance genetic gains, including the use of
genomics, phenomics, and molecular phenotyping [1, 6,
7, 8, 9]. Core collections have been developed for many
legumes, including soybean [10], common bean [6, 11,
12], cowpea [13], pigeon pea [14, 15], groundnut [16],
chickpea [17], lentil [18, 19, 20], and lablab bean [21].
Many grain legumes have been explored in detail, but
overreliance on a few major legumes with poor climate
resilience threatens sustainable food systems by acceler-
ating resource depletion and environmental harm [22].
To enhance food and nutritional security, it is neces-
sary to promote the cultivation and utilization of orphan
legumes—such as neglected or underutilized lupin spe-
cies— due to their ecological and nutritional potential.
These crops can contribute significantly to sustainable
agriculture and environmental resilience.

Lupins (Lupinus spp.) belong to the legume fam-
ily (Fabaceae) and grow all around the world, having
adapted to multiple climate zones [23]. Lupin seeds are
rich in protein, oil, carbohydrates, and fiber, making
them nutritious plant-based foods [1, 24, 25]. They are
also valuable as feed for livestock and aquaculture, and
material for soil enrichment [26, 27]. Lupin species have
attracted recent interest from researchers, particularly
in the field of genomics [28, 29, 30, 31]. The cultivated
species are Lupinus albus (white lupin), L. angustifolius
(blue lupin), L. luteus (yellow lupin), and L. mutabilis
(pearl lupin). Among these crops, L. albus is particularly
notable due to its 30-40% seed protein content [32] and
adaptability to different climate and soil conditions [33].
It recently joined L. angustifolius and L. luteus in the EU
Novel Food status Catalogue (European Commission,
2024). The additional proposed dietary benefits of lupin
seeds include the prevention of diabetes and cardiovas-
cular disease, and the maintenance of a healthy digestive
system due to the high fiber content [24, 34].
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Although L. albus is a promising legume crop, its
genetic resources are poorly characterized. Currently,
5564 accessions (only 915 of which are available for dis-
tribution) are held in gene banks (https://www.gene
sys-pgr.org/a/overview/v293JdOPwZG, accessed on
21.08.2024), but few studies thus far have considered
the diversity of these collections [35, 36, 37]. Even so,
substantial phenotypic diversity has been documented
for several traits, many of which vary among accessions
from the same geographical region or country of origin,
according to passport data [33, 37, 38, 39]. For example,
among L. albus ecotypes from 17 countries, the pod wall
to whole pod weight ratio was highest for Greek and Ital-
ian ecotypes, and lowest for Egyptian ecotypes [40]. Fur-
thermore, 45 local Greek landraces showed variation in
seed weight (lowest-to-highest ratio up to 12-fold) and
size (smallest-to-largest ratio up to 3-fold) [39]. Among
35 spring-sown Spanish landraces, only three of 50 quan-
titative parameters (related to leaf morphology) showed
a coefficient of variation (CV)>19%, and only four of 51
qualitative descriptors (related to flower color) showed
variation between accessions [41]. Variations have also
been observed in Ethiopian lines for seed minerals such
as Ca (709-1284 pg/g), P (671.3-2490.2 pg/g), Fe (77.9—-
92.8 ug/g), and Mg (1739-2159 ug/g) (42, 43], and in pro-
tein content, with a range of 28.55-35.81% [44]. These
findings highlight the substantial untapped diversity in
L. albus germplasm, but systematic characterization and
accessibility remains fragmented and limited in scope.
To the best of our knowledge, two core collections of L.
albus have been developed: 248 Spanish lines based on
ecogeographical data [45], and 34 Ethiopian lines based
on microsatellite markers [33]. Therefore, broader and
more integrated collections are needed to support breed-
ing and conservation programs more effectively.

To advance the core collection concept, a novel frame-
work known as Intelligent Collections has been intro-
duced for the conservation, management, and analysis
of genetic resources [1] (Fig. 1A). These collections are
dynamic (ie., able to memorize, learn, improve, and
evolve) and represent the entire genetic diversity of four
key legume crops: common bean, lentil, lupin, and chick-
pea. Intelligent Collections are designed as a set of nested
core collections with different sizes: a Reference-CORE
(R-CORE) comprising thousands of single-seed descent
(SSD) lines representing the total genetic resources of the
species, a Training-CORE (T-CORE) comprising a sub-
set of R-CORE lines, usually a few hundred, and a Hyper-
CORE (H-CORE) featuring 40—50 genotypes sampled on
an evolutionary transect [1]. As part of the INCREASE
project [1], multi-omics approaches (including genom-
ics, transcriptomics, and metabolomics) and molecular
phenotyping are applied to these collections to charac-
terize them in more detail. Using this approach, a large


https://www.genesys-pgr.org/a/overview/v293JdOPwZG
https://www.genesys-pgr.org/a/overview/v293JdOPwZG

Tanwar et al. BMC Plant Biology (2025) 25:1256

Page 3 of 24

A 5
INCREASEQ

all available
genetic resources

., SSD lines included in the
different Intelligent

Collections (sample sze)

'O

.
LA
2

"~

B
¥

SSD Passport data

Genotyping (at different depths
and coverage, GBS, WGS,
PanGenomes)

Whole Plant Classical and
Molecular Phenotyping

MLFT (Muti Location Field Triaks)

Image Analyses
Controlled condition
experiments

Quality and Nutritional
phenotyping

SR R

Worldwide L. albus PGR

Step 1: » (~5500 lines)
L. albus L.
PGR Heterogeneous material with passport data
acquisition (~ 2300 lines)
ingle eeds
Step 2: seed phenotyping .
SSD lines ¥ ; f :
development Seed »Plant growing and » Seeds :
imagining phenotyping harvesting
Data collection and integration g esssssssssssssssnssssssnnnnnnas OB
[DOI number assignment]
Step 3: v
L. albus L. T-CORE _ ) R-CORE
nested Collection Collection
collections
establishment
Selfing cycles
repeated as in Step 2

Fig. 1 Core collections and single-seed descent (SSD) lines. (A) Schematic representation of the INCREASE nested core collection (Intelligent Collections)
comprising the Reference-CORE (R-CORE), Training-CORE (T-CORE) and Hyper-CORE (H-CORE) modified from Ref [1]. (B) Development of the Lupinus albus
SSD lines and seed multiplication cycles. The number of accessions in global L. albus germplasm is based on Genesys PGR (https://www.genesys-pgr.org

/a/overview/v293JdOPwZG, accessed on 21.08.2024)

(~10,000) collection of common bean accessions and a
subsample of 500 accessions (Pv_corel) have been char-
acterized using the genotyping-by-sequencing approach.
A further subsample of 220 accessions has been geno-
typed by whole-genome sequencing [6, 46]. In parallel, a
core set of 480 SSD chickpea genotypes has been evalu-
ated for phenotypic traits [47].

In this study, we report the development and pheno-
typic characterization of the first nested core collec-
tions of L. albus according to the Intelligent Collections
strategy [1] (Fig. 1B). These scalable, structured collec-
tions represent the full spectrum of L. albus diversity.

Classical phenotyping across this nested set will lay the
groundwork for the integration of genetic, genomic, and
molecular data. Our aim is to support the sustainable uti-
lization of L. albus genetic resources in an integrative and
data-driven approach for the broader goal of enhancing
the sustainable use of legume PGRs in the development
of agricultural systems that are resilient, diverse, and
focused on nutrition.
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Methods

Plant material and SSD line development for the core
collections

Of the 5564 L. albus accessions in gene banks, we
obtained 2288 accessions from gene banks, INCREASE
project partners: Leibniz-Institut fiir Pflanzengenetik
und Kulturpflanzenforschung (IPK, Germany), Univer-
sita Politecnica delle Marche (UNIVPM, Italy), ISEA Srl
(currently, Societa Produttori Sementi Spa, Italy), Consi-
glio per la Ricera in Agricoltura e 'Analisi del’Economia
Agraria (CREA, Italy), Instytut Hodowli i Aklimayzacji
Roslin - Panstwowy Instytut Badawczy (IHAR-PIB,
Poland), Banca de Resurse Genetice Vegetale ,Mihai
Cristea” Suceava (BRGV Suceava, Romania), Statiunea
de Cercetare Dezvoltare Pentru Legumicultura Bacau
(SCDL-BACAU, Romania), stakeholders: Jouffray-Dril-
laud (currently Cérience, France), Millennium Seed
Bank Kew Garden (MSB Kew Garden, UK) and research
institutes and gene banks: Australian Grains Genebank
(AGG, Australia), Gene bank — Czech Republic (GRIN
CZECH, Czech Republic), Centre for Genetic Resources
the Netherlands (CGN, Netherlands), Centro de Inves-
tigaciones Cientificas y Tecnolégicas de Extremadura
(CICYTEX, Spain), United States Department of Agri-
culture Agricultural Research Service (USDA ARS)
(Additional File 1: Table S1) for our core collections. SSD

Table 1 Qualitative traits used for the phenotypic
characterization of Lupinus albus [25]

No. Descriptors Code Descriptor state
1 Color of wing petals at F6 Blue, pink, violet, white,
full flowering on the main white/blue, white/pink,
stem white/violet
2 Color of standard petalat ~ F7 Blue, pink, violet, white,
full flowering on the main white/blue, white/pink,
stem white/violet
3 Color of the keel edgeat  F8 Brownish, not visible,
full flowering on the main transparent, white,
stem white/blue
4 Purple pigmentation of PP Medium intensity, no
the main stem after two pigment plus purple in-
months of emergence ternodes, none, slightly,
very intense
5 Pod shattering on the P4_m Complete, moderate,
main stem none, slight
6 Pod shattering on the P4_| Moderate, none, slight
lateral branches
7 Seed shape S5 Cuboid, flattened oval,
flattened cuboid, flat-
tened spherical
8 Seed ornamentation S6 Marbled, none, other
9 Seed ornamentation color  S7 Black, dark brown, light
brown, none, other
10 Density of seed S8 Dense, medium, none,
ornamentation very dense
11 Growth habit GH Determinate, indetermi-

nate, semi-determinate
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line development and phenotypic characterization have
already been described in detail [25]. Briefly, SSD lines
were derived from one randomly chosen seed from each
accession, and after one selfing cycle these 2288 SSD lines
constituted the R-CORE [1, 25]. Phenotyping was con-
ducted successively during the plant growth cycle. Also
for each SSD line, unique Digital Object Identifier (DOIs)
are being assigned for data integration, and is facilitated
by International Treaty on Plant Genetic Resources for
Food and Agriculture. We are repeating these selfing
cycles for seed multiplication, expanding the SSD lines to
conserve and share PGRs in the future.

The R-CORE SSD lines were grown in the greenhouse
at the Institute of Plant Genetics, Polish Academy of
Sciences (IPG-PAN), Poznan, Poland (52°26’50.5"'—
16°54'13.1"") with a 16-h photoperiod and 60-65% rela-
tive humidity. T-CORE plants (300 accessions selected
from the R-CORE) were grown and phenotyped in three
experiments at two locations: first, the IPG-PAN green-
house (coordinates as above) from October 2020 to May
2021 (experiment ID P1C20_la2) and from March to
August 2021 (experiment ID P1C21_lal), and second at
the greenhouse of the Agricultural Institute of Slovenia
(KIS), Ljubljana, Slovenia (46°8'42''—14°33'28.79"’) from
March to August 2021 (experiment ID S1C21_la). In all
three T-CORE experiments, we applied a 16-h photope-
riod and an average 65% relative humidity. For both core
collections, phenotyping was carried out during each
growing cycle, and images of qualified seeds from each
accession were captured at the harvesting stage for pro-
cessing [25]. The seeds were then stored.

Phenotyping of agro-morphological traits and data
analysis
We assessed 35 agro-morphological traits for phenotypic
characterization: 11 qualitative (Table 1) and 24 quan-
titative (Table 2) [25]. Phenotypic relationships among
accessions were determined by the multivariate analysis
of these traits using R v4.3.1. First, qualitative traits in
the R-CORE collection were characterized to understand
the overall variation in the species. Principal component
analysis (PCA) using binary data was then applied using
the PCA () function in the “FactoMineR” package [48] to
retain the most meaningful components. The clustering
tendency in the dataset was tested with Hopkins statistics
H, using the hopkins () function in the “clustertend” pack-
age [49]. We performed hierarchical clustering on the
retained principal components (HCPC) using the HCPC
() function in the “FactoMineR” package. Graphical out-
puts were visualized using the function fviz_cluster () in
the “factoextra” package [50].

To characterize the phenotypic diversity among the
24 quantitative traits, descriptive statistics (minimum,
maximum, mean, standard deviation, CV, and frequency
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Table 2 Quantitative traits used for the phenotypic
characterization of Lupinus albus [25]

Phenotypic  No. Descriptors Code Unit
trait /pheno-
logical stage
Emergence 1 Days to emergence Emer Days
Flowering 2 Days to flowering (length of  F1_m Days
vegetative phase)
3 Days to first petal occur- F2_m Days
rence on the main stem
4 Days to first flower occur- F3_m Days
rence on the main stem
5 Days to the full flowering on  F4_m Days
the main stem
6 Days to the first flower with-  F5_m Days
ering on the main stem
7 Length of the generative Gen Days
phase on the main stem |
Pod develop- 8 Days to the first pod seton  P1_m Days
ment and the main stem
physiological 9 Days to the first pod seton  P1_| Days
maturity the lateral branches
10 Days to the first pod color ~ P2_m Days
changes on the main stem
11 Days to the first pod color ~ P2_| Days
changes on the lateral
branches
12 Length of the pod and seed Mat1_m  Days
growth phase on the main
stem |
13 Length of the pod and seed Mat2_m  Days
growth phase on the main
stem |l
14 Length of the pod and seed Mat1_| Days
growth phase on the lateral
branches |
15 Length of the pod and seed Mat2_| Days
growth phase on the lateral
branches Il
Pods and 16 Number of pods per plant ~ P3_m Num-
seeds on the main stem bers
production 17 Number of pods per plant ~ P3_| Num-
on the lateral branches bers
18 Number of qualified seeds ~ S1_m Num-
on the main stem bers
19 Number of qualified seeds ~ S1_| Num-
on the lateral branches bers
20 Total number of qualified S2 Num-
seeds bers
21 Total mass of the qualified ~ S3 g
seeds
22 1000 seed weight S4 g
Plant height 23 Plant height of the main H1 cm
stem
24 Total plant height H2 cm
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distribution) were computed and the normality was
tested using Kolmogorov—Smirnov and Shapiro—Wilk
normality tests. The quantitative traits were assessed
by PCA using the “FactoMineR” package and one-way
analysis of variance (ANOVA) followed by Tukey’s mul-
tiple comparisons test (P<0.01) to explore differences
among accessions representing different phenotypic
groups, geographical regions, and biological statuses
(cultivar, landrace, wild, breeding/research material).
Pearson’s or Spearman’s correlation tests (as appropri-
ate) were applied to find significant relationships between
qualitative and quantitative traits using the “corrplot”
and “GGally” packages. We also used packages such as
“ggplot2” (graphic presentation), “sf”, “rworldxtra” and
“rnaturalearth” (for mapping and geo-referencing).

To estimate genetic (Vg) and residual (V,) variance
for each trait, we applied a restricted maximum likeli-
hood (REML) linear mixed model (LMM) in the pack-
age “lme4” [51] as follows: Yi=pu + Ai +€i, where Yi is the
response variable of accession i, g is the trait mean, Ai is
the accession’s total genetic value, and &i is the residual
value. For comparison across traits, phenotypic groups,
geographical regions and biological statuses, we calcu-
lated the coefficient of total genetic variation (CV,) using
the equation CV, = V Ve/u, where V, is the total genetic
variance and g is the mean of the trait [52].

Development and characterization of the T-CORE as a
subset of the R-CORE

We selected 300 R-CORE accessions representing
maximum diversity to establish the T-CORE, based on
R-CORE passport data (biological status, geographical
origin, and collection site) and phenotypic data (Tables 1
and 2). Two sampling strategies were used. First, random-
stratified sampling (logarithm of frequency of accessions
by geographical region, country, and biological status)
was used to determine the number of accessions from
each group to populate the T-CORE. Second, accessions
from these groups were sampled based on phenotypic
data to capture the maximum phenotypic diversity of the
R-CORE [1]. The phenotypic data were standardized to
eliminate scale differences, and different combinations of
variables were used to establish and assess the T-CORE
according to qualitative traits, quantitative traits, and
a combination of quantitative and qualitative traits.
Finally, to ensure maximum diversity in the T-CORE,
certain accessions were manually added or excluded. For
example, a greater number of accessions from Greece
and Middle Eastern countries were included because
these regions are potential centers of lupin domestica-
tion. Conversely, the number of landraces was reduced
because most originated from Spain and were overrepre-
sented in the initial T-CORE.
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To ensure the T-CORE collection was representative of
the R-CORE collection, we applied ‘EvaluateCore’ v0.1.2
[53] to determine the frequency distributions for geo-
graphical regions, countries or origin, and biological sta-
tus, as well as qualitative traits, using a Chi-squared (x?)
test for homogeneity. Coverage of the T-CORE qualita-
tive traits was estimated using the equation for class cov-
erage: CC % = (237 25) %100 [54], where A¢; and
Ar, are the number of categories for the i™ trait observed
in the T-CORE and R-CORE collections, respectively,
and # is the number of qualitative traits. We applied the
Shannon—Weaver diversity index [55] to measure phe-
notypic diversity for each qualitative trait in both col-
lections using the formula H' = —Y" "pilogpi, where
p; is the frequency of accessions from the i class and
n is the number of classes for the designated trait. Fur-
thermore, we computed Pearson’s coefficient (r) between
quantitative traits and Cramer’s V coefficient (v) between
qualitative traits in the R-CORE and TCORE using pack-
ages ‘corrplot’ [56] and ‘ved’ [57], respectively, to assess
the extent of trait associations captured in the T-CORE
collection.

Results
Development and characterization of the L. albus R-CORE
collection
We used 2288 accessions to produce SSD lines after
one selfing cycle for the L. albus R-CORE collection, of
which 1178 SSD lines have been assigned with unique
DOIs so far. According to passport data, these acces-
sions originated from 43 countries distributed over nine
geographical regions (Fig. 2A; Table 3). Most of the
accessions (76.4%) were from Europe, mainly Southern
Europe (1336 accessions, 58.4%), followed by Western
Europe (209, 9.1%), and Eastern Europe (203, 8.9%). Out-
side Europe, most accessions originated from Northern
Africa (208, 9.1%), followed by the Middle East (47, 2.1%),
America (46, 2%), and Eastern Africa (40, 1.7%). Australia
and New Zealand (11, 0.5%) and Southern Asia (1, 0.04%)
were the least representative regions. Another 187 acces-
sions (8.2%) were described as “unknown origin” In the
Southern Europe category, most accessions originated
from Spain (615, 26.8%) and Portugal (439, 19.2%).
Passport data (Fig. 2B; Table 4) revealed that the major-
ity of the R-CORE collection was made up of landraces
(1173, 51.3%), cultivars (392, 17.1%) and wild accessions
(233, 10.2%), as well as breeding/research materials (176,
7.7%). However, the biological status of 314 (13.7%)
accessions was unknown. The majority of breeding/
research materials and cultivars originated from Europe
(Eastern, Western, and Southern). The landraces were
mainly represented by Southern Europe and Northern
Africa, whereas the wild accessions mainly originated

Page 6 of 24

from Southern Europe and the Middle East (Fig. 2B,
Additional File 2: Figure S1).

Characterization of the R-CORE collection based on
qualitative traits

The R-CORE collection showed considerable diversity
for most of the qualitative traits (Fig. 3, Additional File 1:
Tables S2 and S3). The flower color traits at the full flow-
ering stage, namely the color of the wing petal (F6) and
standard petal (F7), feature seven descriptors. For the
wing petals, the most common colors were white/blue
and white/violet (1451 and 383 accessions, respectively),
whereas white and white/blue were the most common
for the standard petals (1103 and 970 accessions, respec-
tively). Moreover, for most accessions, the keel edge (F8)
was either invisible (1594) or transparent (662). In terms
of stem pigmentation, most of the accessions (1450)
featured purple internodes only, whereas in others the
pigmentation was either absent (439), or slightly (210),
medium (140), or very intense (49). In terms of seed shape
(S5), flattened spherical (1268) and flattened cuboid (846)
were the most common. All accessions formed white
seeds, in most cases non-ornamented (2237). Orna-
mented seeds were identified in only 51 accessions, 50
of which were of the marbled type. We observed growth
habit (GH) using three categories: determinate, with
inflorescence on the main stem (58 accessions); semi-
determinate, with primary lateral branches along the
main stem (445); and indeterminate, with further branch-
ing on secondary lateral branches (1785). Statistical anal-
ysis for all qualitative traits revealed maximum diversity
for the color of wing petals (F6), the purple pigmentation
on the main stem (PP), and the color of the standard pet-
als (F7), with H' values of 1.15, 1.08 and 1.01, respectively
(Table 5). Minimum diversity was observed for pod shat-
tering on the main stem (P4_m) and on lateral branches
(P4_l1), with H' values of 0.07 and 0.02, respectively.

Characterization of the R-CORE collection based on
quantitative traits

The R-CORE collection also showed considerable vari-
ability for most of the quantitative traits, and revealed
a non-normal distribution in all cases (Fig. 4). Descrip-
tive statistics are presented in Table 6. The 1000 seed
weight showed the widest range (S4; range 15-680 g;
mean +SD=188.3+70.55 g). This was followed by the
length of the pod and seed growth phase on the main
stem II (Mat2_m; 3.75-156 days; 115.46+39.77days),
the length of the pod and seed growth phase on the main
stem I (Matl_m; 13.18-136 days; 107.94+31.51 days),
and total plant height (H2; 17-134 c¢m; 70.28 + 18.35 cm).
The smallest range was observed for the number of pods
per plant on the main stem (P3_m; 0-11; 1.91 £+ 1.76) and
the number of pods per plant on the lateral branches



Tanwar et al. BMC Plant Biology (2025) 25:1256

Page 7 of 24

A R-CORE collection from different countries
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Fig. 2 Characterization of Lupinus albus accessions in the R-CORE collection based on (A) country of origin and (B) biological status, subdivided by geo-

graphical region

(P3_l; 0-16; 2.88 £3.01). The highest CVs were observed
for the number of seeds on lateral branches (S1_];
CV=150.24%), the total mass of qualified seeds (S3;
120.85%), and the number of seeds on the main stem
(S1_m; 116.25%). The lowest CVs were observed for the
number of days to the first pod color change on the main
stem (P2_m; 9.18%) and days to the first pod set on the
main stem (P1_m; 11.14%).

Development and characterization of the L. albus T-CORE
collection

A set of 300 accessions from the L. albus R-CORE collec-
tion was used to build the T-CORE collection (Additional
File 1: Table S1). The genetic diversity of the 300 T-CORE
accessions was comparable to that of the R-CORE acces-
sions as reflected by the relative distribution of the geo-
regions/country of origin and biological status of these
accessions (Tables 3 and 4).
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Table 3 Number (N) and percentage of accessions from different geographical regions (subdivided by country®) in the L. albus
R-CORE and T-CORE collections

Geographical region? R-CORE T-CORE X p-value
(N =2288) (N =300)
N % N %

Southern Europe 1336 584 173 57.7 0 ns
Spain (ESP) 615 26.8 96 32 4 0.049 *
Greece (GRQ) 152 6.6 24 8 0.8 ns
Croatia (HRV) 2 0.1 0 0 0.3 ns
Italy (ITA) 128 56 40 133 284 <0.007**
Portugal (PRT) 439 19.2 13 43 40.5 <0.001**
Western Europe 209 9.1 33 M 0.5 ns
Germany (DEU) 110 48 24 7.7 5 <0.05*
Denmark (DNK) 1 0 0 0 0.1 ns
France (FRA) 86 38 6 1.7 3.7 ns
United Kingdom (GBR) 7 03 1 0.3 0 ns
Lithuania (LTU) 1 0 1 03 29 ns
Netherlands (NLD) 4 0.2 1 03 04 ns
Northern Africa 208 9.1 21 7 14 ns
Algeria (DZA) 14 0.6 4 13 2.1 ns
Egypt (EGY) 159 6.9 12 4 37 ns
Sudan (SDN) 17 0.7 3 1 0.2 ns
Morocco (MAR) 18 0.8 2 0.7 0.1 ns
Eastern Europe 203 89 25 83 0.1 ns
Poland (POL) 67 29 10 33 02 ns
Hungary (HUN) 28 1.2 5 1.7 04 ns
Russia (RUS) 5 0.2 1 0.3 0.2 ns
USSR (SUN) 34 15 4 13 0 ns
Czech Republic (CZE) 9 04 1 03 0 ns
Romania (ROM) 18 0.8 0 0 25 ns
Ukraine (UKR) 22 1 2 0.7 03 ns
Serbia and Montenegro (YUG) 9 04 2 0.7 0.5 ns
Slovakia (SVK) 1 0 0 0 0.1 ns
Bulgaria (BGR) 5 0.2 0 0 0.7 ns
Serbia (SRB) 4 0.2 0 0 0.5 ns
Belarus (BLR) 1 0 0 0 0.1 ns
Middle East 47 2.1 17 5.7 144 <0.001**
Georgia (GEO) 2 0.1 1 0.3 139 ns
Jordan (JOR) 5 0.2 2 0.7 2 ns
Lebanon (LBN) 2 0.1 0 0 03 ns
Palestine (PAL) 10 04 6 2 10.6 <0.001**
Syria (SYR) 14 0.6 2 0.7 0 ns
Turkey (TUR) 14 0.6 6 2 6.7 <0.05*
America 46 2 3 1 1.5 ns
Chile (CHL) 15 0.7 2 0.7 0 ns
Brazil (BRA) 3 0.1 0 0 04 ns
Venezuela (VEN) 1 0 0 0 0.1 ns
Eastern Africa 40 17 7 23 04 ns
Ethiopia (ETH) 27 1.2 5 1.7 0.5 ns
Kenya (KEN) 4 0.2 0 0 05 ns
South Africa (ZAF) 9 04 2 0.7 0.5 ns
Australia and New Zealand 11 0.5 1 0.3 0.1 ns
Australia (AUS) 9 04 1 0.3 0 ns
New Zealand (NZL) 2 0.1 0 0 03 ns
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Table 3 (continued)

Geographical region” R-CORE T-CORE X p-value
(N =2288) (N =300)
N % N %

Southern Asia 1 0.04 0 0 0.1 ns

India (IND)

Unknown 187 82 20 6.7 0.9 ns

Chi squared analysis (x?) was used to determine the goodness-of-fit of observed values with theoretical expected values for each geographical region/country.

p-values indicate statistical significance at p<0.05.

ns nonsignificant

#The names of countries are as provided in the passport data obtained from the gene banks

Table 4 Number, percentage, and x> value of accessions representing different biological statuses in the L. albus R-CORE and T-CORE

collections, based on passport data

Biological status R-CORE T-CORE X p-value
N % N %

Cultivar 392 171 52 17.3 0.0 ns

Landrace 1173 513 89 29.7 510 <0.001**

Breeding/research material 176 77 42 14.0 15.2 <0.001**

Wild accession 233 10.2 75 25.0 586 <0.001**

Unknown 314 13.7 42 14.0 0.0 ns

Chi squared analysis (x%) was used to determine the goodness-of-fit of observed values with theoretical expected values for each biological status. p-values indicate

statistical significance at p<0.05.

ns nonsignificant

The T-CORE collection comprised 89 landraces
(29.7%), 75 wild accessions (25%), 52 cultivars (17.3%)
and 42 breeding/research materials (14%) from 30 coun-
tries representing eight geographical regions (Table 4;
Fig. 5A, Additional File 1: Table S1). Another 42 acces-
sions (14%) lacked an assigned biological status and
the geographical origin of 20 (6.7%) was unknown. Five
accessions (1.7%) lacked both designations. Like the
R-CORE, most T-CORE accessions (231, 77%) originated
from Europe, mainly Southern Europe (173, 57.7%), fol-
lowed by Western Europe (33, 11%), and Eastern Europe
(25, 8.3%). The major contributors outside Europe were
Northern Africa (21, 7%), the Middle East (17, 5.7%), and
East Africa (7, 2.3%). America (3, 1%) and Australia and
New Zealand (1, 0.3%) were minor contributors. Among
the accessions from Southern Europe, the majority origi-
nated from Spain (32%) and Italy (13.3%). The nonsignifi-
cant x> value for all geographical regions and countries
indicated that all regions were optimally represented in
the T-CORE collection (Table 3). Most of the qualitative
traits were homogenously distributed in the R-CORE and
T-CORE collections, with a CC of 66.66—100% and mean
of 82.16% for all traits (Table 5). For the quantitative
traits, wide variability was again observed in T-CORE
similar to that in the R-CORE (Table 6).

Correlation analysis in the T-CORE and R-CORE collections

The correlation patterns for most traits were similar in
the R-CORE and T-CORE (Fig. 5). For the quantitative
traits (Fig. 5C, Additional File 1: Table S4), we observed

strong positive correlations (r>0.70) among the flow-
ering-related traits (F1_m-F5_m) and relatively strong
associations with traits related to pod development
(r>0.40) in the T-CORE and R-CORE. For example,
days to first flower occurrence on the main stem (F3_m)
showed strong positive correlations with days to flower-
ing (F1_m; r=0.83 in T-CORE, r=0.91 in R-CORE) and
days to first petal occurrence on the main stem (F2_m;
r=0.93 in T-CORE, r=0.98 in R-CORE) among the flow-
ering traits, and with days to first pod set on the main
stem (P1_m; r=0.81 in T-CORE, r=0.83 in R-CORE)
and lateral branches (P1_l; r=0.71 in T-CORE, r=0.63
in R-CORE) among traits related to pod development.
We also observed significant positive correlations among
traits characterizing the physiological maturity of the
main stem and lateral branches, but these traits showed
significant negative correlations with all traits related to
flowering. In addition, in both collections, small negative
correlations (r > -0.21) were observed between flowering-
related traits and traits related to the production of pods
and seeds. The number of pods and qualified seeds on
lateral branches showed a strong positive correlation with
the total number of qualified seeds. For the qualitative
traits, the strongest positive correlations were observed
among traits related to seed ornamentation (S6, S7, and
S8; r>0.9 in both collections) and between the color of
wing petals and standard petals (F6, F7; r=0.64 in the
T-CORE and r=0.71 in the R-CORE) (Fig. 5B, Addi-
tional File 1: Table S5). The growth habit (GH) showed
a moderate positive correlation with pod shattering on
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Fig. 3 Frequency distribution of qualitative traits in the L. albus R-CORE collection

the main stem (P4_m) and lateral branches (P4_I) in both
collections (r>0.30). Furthermore, we observed a small
but significant positive correlation (r<0.20) among the
traits related to petal color (F6, F7), seed ornamentation
(S6), seed ornamentation color (S7), and the density of
ornamentation (S8) in both collections.

Phenotypic variability in the T-CORE collection

The results described above confirmed the wide vari-
ability of quantitative traits in the T-CORE collection,
and a Shapiro—Wilk normality test showed that, except
for plant height (H2; p=0.198) and the number of quali-
fied seeds on the main stem (S1_m; p=0.096), all traits
displayed non-normal distribution (Fig. 6). For example,

days to flowering (F1_m) varied from 32 to 52 days, days
to full flowering on the main stem (F4_m) ranged from
50 to 74 days, and days to first pod set ranged from 51
to 75 days on the main stem (P1_m) and from 61 to 86
days on the lateral branches (P1_l). For the traits related
to pods and seeds, the number of pods ranged from 0 to
10 on the main stem (P3_m) and up to 15 on the lateral
branches (P3_l), the number of qualified seeds ranged
from 0 to 34 on the main stem (S1_m) and up to 51 on
the lateral branches (S1_1), and the total number of
qualified seeds ranged from 20 to 73 (Table 6). Interest-
ingly, the wild accessions INLUP_00272 from Ukraine,
INLUP_00131, INLUP_00135 and INLUP_00130 from
Spain, INLUP_00233 from Turkey, INLUP_00136 from
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Table 5 Patterns of variation and x? values for the frequency distributions of qualitative descriptors in the L. albus R-CORE and T-CORE

collections

Trait R-CORE T-CORE CC(%) ¥x* p-value

H  Hwmax JJ H Hmax J

Color of wing petals at full flowering on the main stem Fé6 1.15 1.95 0.59 084 1.79 047 100 24.15 0.001 **
Color of standard petals at full flowering on the main stem F7 1.01 195 0.52 082 139 0.59 57.14 166 0.02*
Color of the keel edge at full flowering on the main stem F8 068 161 042 025 1.39 0.18 100 224.16 0.000 ***
Purple pigmentation of the main stem after two months of emergence PP 1.08 161 067 137 161 0.85 100 110.03 0.000 ***
Pod shattering on the main stem P4 m 007 139 0.05 020 1.10 0.18 75 048 092ns
Pod shattering on the lateral branches P4 | 002 1.10 0.02 009 1.10 0.08 66.66 0.48 091ns
Seed shape S5 091 1.39 0.65 081 1.39 059 75 0.73 091 ns
Seed ornamentation S6 0.11 1.0 0.10 0.11 0.69 0.16 75 0.73 091 ns
Seed ornamentation color S7 0.13 1.61 008 0.13 1.39 0.10 80 3.63 041ns
Density of seed ornamentation S8 012 139 0.09 0.12 1.10 0.11 75 0.73 091 ns
Growth habit GH 061 1.10 0.55 0.07 069 0.10 100 10.7  0.005 **

Overall 053 147 034 044 1.24 031 8216

H" H,max
significance at p <0.05)
CC (%) coverage class, nsnonsignificant

Portugal, and one landrace (INLUP_00201 from Poland)
produced the highest number of seeds (>62; Additional
File 1: Table S2).

The Shannon diversity index for qualitative traits
was similar in the R-CORE and T-CORE collections
(Table 5), although the mean value was slightly lower
in the T-CORE collection (H' = 0.44, compared to 0.53
for the R-CORE), indicating that overall diversity was
maintained in the T-CORE. When combined with the
frequency distribution of qualitative traits (Additional
File 1: Tables S2 and S3), these data show that the wing
petal color (F6; H = 0.84) was white/blue in 225 acces-
sions, whereas the standard petal (F7) was white/blue in
178 accessions and white in 110 accessions (H' = 0.82).
The color of the keel edge (F8; H' = 0.25) was transparent
for 284 accessions. Moreover, the purple pigmentation
on the main stem (PP; H' =1.37) was mainly character-
ized by slight pigmentation (108 accessions) and pigmen-
tation at inter-nodes (103 accessions). In most T-CORE
accessions, pod shattering was totally absent on the main
stem (P4_m; 287 accessions) and lateral branches (P4_I;
295 accessions). In addition, the growth habit (GH; H'
= 0.07) was indeterminate in 296 accessions and semi-
determinate in four. A determinate growth habit was not
observed in any T-CORE accessions. Most accessions
produced non-ornamented seeds (293 accessions) with
flattened spherical (184 accessions) or flattened cuboid
(103 accessions) shapes (Additional File 1: Tables S2 and
S3).

Genetic diversity and phenotypic structure of the R-CORE
collection

PCA applied to the 11 qualitative traits revealed that
the two first components explained 19.3% (12.3% and
7%, respectively) of the total variance and divided the

and J’ values indicate the Shannon-Weaver diversity index, maximum diversity and H'-based evenness, respectively (p-values indicate statistical

R-CORE accessions into two groups: one with non-orna-
mented seeds (group A, 2237 accessions), and a smaller
one with ornamented seeds (group B, 51 accessions)
(Fig. 7A, Additional File 1: Table S6). Group A formed
three subgroups designated Al, A2 and A3 (Fig. 7B,
Additional File 1: Table S7). Group Al (2032 accessions)
mainly featured white or white/blue flowers, a transpar-
ent keel, purple pigmentation on the stem, and indetermi-
nate growth. It was made up of 176 wild accessions, 1047
landraces, 367 cultivars, 166 breeding/research materi-
als and 276 accessions with unknown biological status,
originating from all nine geographical regions (Fig. 8A).
Group A2 (180 accessions) mainly featured violet flowers,
an invisible keel, no purple pigmentation on the stem,
non-shattering pods, and semi-determinate growth. It
was made up of 26 wild accessions, 114 landraces, 18 cul-
tivars, six breeding/research materials and 16 accessions
with unknown biological status, again originating from
all nine geographical regions. The smallest subgroup A3
(25 accessions) was mainly distinguished by shattering
pods and white/blue flowers (Fig. 7B, Additional File 1:
Table S7). It was made up of seven wild accessions, eight
landraces, four cultivars, one breeding/research mate-
rial, and five accessions with unknown biological status,
and originated from Southern Europe (Italy and Spain),
the Middle East (Palestine), Eastern Europe (Poland), and
Northern Africa (Egypt) (Fig. 8A, B). Group B (accessions
with ornamented seeds) was mainly represented by wild
accessions (24), with only four landraces, three cultivars
and three breeding/research materials. There were 17
accessions of unknown biological status. The accessions
from group B originated from Europe, mostly (33 acces-
sions) from Southern Europe— mainly Greece (Fig. 8B,
Additional File 1: Table S8).
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Fig. 5 Characterization and comparative phenotypic structures of the L. albus R-CORE and T-CORE collections. (A) Biological status and geographical
region of the 300 accessions forming the T-CORE collection. (B, C) Bivariate correlation plot of (B) 11 qualitative traits and (C) 24 quantitative traits, with
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Fig. 6 Comparative quantitative variation in the R-CORE (red) and T-CORE (green) collections
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PCA and HCPC were also applied while excluding both
ornamentation traits and the breeding/research materials
to maintain genetic integrity and to avoid skewed results
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caused by selection processes (Additional File 1: Table
S9). PCA excluding ornamentation traits (S6-S8) clus-
tered the accessions in three groups: I (190 accessions), II
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Fig. 7 Principal component analysis of the L. albus R-CORE accessions. (A) Biplot of all R-CORE accessions using 11 qualitative traits. (B) Biplot of R-CORE

accessions excluding the accessions with ornamented seeds

(2071 accessions), and III (27 accessions) (Additional File
2: Figure S2). Cluster I consisted of accessions with violet,
white/pink or pink flowers, an invisible keel, semi-deter-
minate growth, and no pigmentation on the main stem.
Cluster II consisted of accessions with white/blue, white
or white/violet flowers, non-shattering pods, a transpar-
ent keel, and purple pigmentation on main stem. Cluster
III was differentiated mainly by accessions with shatter-
ing pods and a white/transparent keel (Additional File 1:
Table S9).

The exclusion of breeding/research materials also
resulted in three clusters (I, II and III) (Additional File
1: Table S10, Additional File 2: Figure S3). Cluster I was
differentiated by an invisible keel, no pigmentation on
the main stem, white/violet, white or violet flowers,

non-ornamented seeds, and semi-determinate growth.
Cluster II consisted of accessions with a transparent/
white keel, purple pigmentation on the main stem, inde-
terminate growth, and (uniquely) shattering pods. Clus-
ter III included accessions with ornamented seeds, pink
or white/pink flowers, and determinate growth. When
the ornamentation traits were excluded, PCA again
resulted in three groups (I, I and III) (Additional 2: Fig-
ure S4). Cluster I featured accessions with violet, white/
pink or pink flowers, an invisible keel and semi-determi-
nate growth. Cluster II featured accessions with white/
blue, white or white/violet flowers, non-shattering pods,
and a transparent keel. Cluster III was characterized by
shattering pods and a white/transparent keel (Additional
File 1: Table S10).
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Fig. 8 Clustering of the R-CORE accessions in groups A1, A2, A3, and B. (A) Biological status and geographical distribution. (B) Country of origin

PCA was also applied to the 24 quantitative traits
to identify those differentiating between geographical
regions, biological status and defined phenotypic groups.
The two first principal components explained 38.3% and
24.5% of the total variance, respectively (Additional File
2: Figure S5, Additional File 1: Table S11). However, the
biplot showed no distinct separation of R-CORE acces-
sions based on phenotypic groups, geographical regions
or biological status (Additional File 2: Figure S5).

Association of flowering and seed traits with phenotypic
groups, geographical origin and biological status
Comparative ANOVA was applied to important domes-
tication traits such as flowering time and seed charac-
teristics, revealing that accessions in group A were early

flowering in general, and group A3 showed more signifi-
cant earlier flowering (40 days) than group B (47 days).
Group A3 was also significantly more productive (~25
qualified seeds) compared to groups Al, A2 and B (~11,
eight and 11 seeds, respectively) (Additional File 2: Fig-
ures S6, S7). All accessions from the Middle East were
early flowering and the most productive, with an average
of 39 days to first bud occurrence (F6) and an average of
20 qualified seeds (Additional File 2: Figures S8 and S9).
In contrast, accessions from Australia and New Zealand,
America, and Southern Europe were late flowering (43
days) and the least productive, with an average of seven,
nine and 10 seeds, respectively. In terms of biological sta-
tus, landraces and wild accessions were later flowering
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(42 days) than breeding materials and cultivars (~40
days) (Additional File 2: Figure S10).

The ornamented accessions (group B) were charac-
terized by a significantly lower mean 1000 seed weight
(85.01 g) than group A (145.71 g), featuring non-orna-
mented accessions. Among the latter, the 1000 seed
weight was significantly higher in group A3 (pod-shat-
tering accessions; 203.25 g) than groups Al and A2
(145.16 and 136.33, respectively) (Additional File 2: Fig-
ure S7). The 1000 seed weight also differed significantly
between geographical regions. The highest values were
observed in accessions from Northern Africa (196.09 g)
and the Middle East (171.95 g) and the lowest in those
from Australia and New Zealand (86.96 g) (Additional
File 2: Figure S9). There were no significant differences in
1000 seed weight between breeding/research materials
(153.02 g), landraces (146.82 g) and cultivars (140.69 g)
(Additional File 2: Figure S11).

We distinguished a group of 209 wild accessions with
non-ornamented seeds (Wild_A) and a group of 24 with
ornamented seeds (Wild_B) (Fig. 9A). Wild_A accessions
originated from different regions, whereas Wild_B acces-
sions were mainly from Greece. Notably, the Wild_B
group was significantly later flowering (47 days) and pro-
duced fewer seeds (11) with a lower 1000 seed weight
(85.01 g) than the Wild_A group, which flowered after
40 days and produced an average of 25 seeds with a 1000
seed weight of 185.27 g (Fig. 9B).

Patterns of total genetic variation
The CV, was highly variable across traits, phenotypic
groups, geographical regions, and biological statuses

Page 19 of 24

(Table 7, Additional File 1: Table S12). Traits related to
the production of pods and seeds, such as the number of
qualified seeds on the main stem (S1_m), total mass (S3),
the total number of qualified seeds (S2), 1000 seed weight
(S4), and the number of pods per plant on the main
stem (P3_m), had the highest CV, (>30%, average 34%),
whereas the flowering traits had the lowest CV, with an
average of 5%. Regarding the defined phenotypic groups,
the mean CV, for all traits was highest in the phenotypic
group of non-ornamented accessions (group A). Group
A3 (with pod-shattering accessions) was the highest of
all (CVg = 17%), followed by groups Al (CVg = 15%) and
A2 (CV, = 14%). In terms of biological status, the highest
overall CV, was observed for breeding/research materi-
als (19%) and Wild_A (18%), followed by landraces (14%),
cultivars (13%) and Wild_B (10%). At the geographical
level, the overall total genetic variation was highest in
Eastern Europe (CVg = 23%), Eastern Africa (CVg =21%)
and the Middle East (CVg = 21%), and lowest in Northern
Africa and Western Europe (C\/g = 12%) (Additional File
1: Table S12).

Discussion

Crops genetic diversity is crucial to develop sustainable,
resilient agricultural systems [58]. The development,
characterization and maintenance of PGRs to preserve
genetic diversity will ensure their availability for crop
improvement, especially to mitigate the effects of climate
change and address the global demand for healthy and
nutritious food. We developed a nested core collection
of L. albus germplasm that significantly expands the geo-
graphic and genetic scope of previous collections, which
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Fig.9 Analysis of wild accessions. (A) Phenotypic structure of wild accessions. (B) Box plots showing differences in the total number of qualified seeds (52)
and 1000 seed weight (S4) compared to accessions with a different biological status. Statistical significance was determined by one-way ANOVA followed

by Tukey's multiple comparisons test (*p <0.01)
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Table 7 Patterns of total genetic variation among the 24 quantitative traits in terms of phenotypic groups and the biological status of

the accessions

Phenotype Traits Phenotypic groups Biological status
A1 A2 A3 B Breeding/re- Cultivar Landrace Wild_A Wild_B
search material
Vg% V% CV,% CVy% V% V% CV, % CVy, % CVy, %

Emergence Emer 4.00 6.00 8.00 41.00 7.00 8.00 4.00 12.00 2

Flowering traits Fi_m 9.00 7.00 10.00 6.00 8.00 8.00 8.00 11.00 0
F2_m 8.00 8.00 7.00 5.00 6.00 5.00 7.00 8.00 4
f3_m 7.00 8.00 7.00 6.00 6.00 5.00 6.00 7.00 2
F4_m 7.00 7.00 6.00 6.00 5.00 5.00 6.00 7.00 2
F5_m 6.00 5.00 6.00 2.00 5.00 4.00 5.00 6.00 0
Gen 2.00 3.00 2.00 13.00 8.00 8.00 4.00 6.00 12

Average for flower- 6.50 6.33 6.33 6.33 6.33 5.83 6.00 7.50 333

ing traits

Pod development  PI_m 6.00 0.00 5.00 11.00 5.00 4.00 4.00 6.00 9

and physiological ~ p7_j 400 12.00 6.00 0.00 400 5.00 400 8.00 0

maturity P2.m 4,00 3.00 300 13.00 400 3.00 3.00 3.00 0
P2_1 2.00 1.00 2.00 5.00 2.00 2.00 2.00 3.00 0
Mat1_m 30.00 29.00 27.00 0.00 17.00 24.00 32.00 33.00 0
Mat1_I 38.00 31.00 30.00 19.00 15.00 22.00 39.00 37.00 14
Mat2_m 25.00 41.00 26.00 0.00 22.00 0.00 24.00 32.00 0
Mat2_| 25.00 31.00 34.00 0.00 54.00 7.00 18.00 33.00 0

Average for pod 16.75 18.50 16.63 6.00 15.38 838 15.75 19.38 287

development

and physiological

maturity

Pods and seed P3_m 21.00 17.00 29.00 20.00 24.00 21.00 16.00 33.00 26

production P31 28.00 24.00 28.00 0.00 38.00 24.00 16.00 32.00 18
Si_m 29.00 23.00 40.00 53.00 49.00 33.00 40.00 35.00 52
S1_l 27.00 10.00 31.00 0.00 45.00 31.00 16.00 32.00 0
S2 23.00 5.00 26.00 33.00 37.00 25.00 21.00 25.00 35
S3 25.00 9.00 29.00 30.00 40.00 29.00 28.00 23.00 38
4 16.00 4.00 15.00 0.00 16.00 18.00 13.00 13.00 0

Average for pods 24.14 13.14 28.29 1943 3557 25.86 2143 2757 24.14

and seeds produc-

tion traits

Plant height H1 11.00 28.00 13.00 15.00 13.00 13.00 12.00 14.00 18
H2 13.00 17.00 15.00 13.00 18.00 16.00 13.00 14.00 12

Average for plant 12.00 22.50 14.00 14.00 15.50 14.50 12.50 14.00 15

height traits

Average for all 1542 13.71 16.88 1213 18.67 1333 14.21 18.04 10.17

traits

were largely derived from Southern Europe, mainly Por-
tugal [59], the northwest Iberian plateau [41], Greece
[39], and Ethiopia [33, 44], and typically encompassed a
small number of accessions. The effective utilization of
PGRs is often hindered by extensive, uncharacterized
collections, whereas a smaller, well-curated subset that
maximizes diversity and breeding relevance could facili-
tate their more efficient utilization. Therefore, T-CORE is
a multipurpose resource that has fewer accessions than
the R-CORE but still maximizes genetic diversity and
representation [2, 4], saving time, labor and costs during
subsequent analysis. The lupin T-CORE contains ~ 13%

of the R-CORE accessions (2288), as similarly reported
for other legumes, including lentil [19, 20], chickpea [60],
and common bean [61]. The variation in our T-CORE
collection was representative of the R-CORE, as con-
firmed by the conserved patterns of correlations between
the collections for all combinations of quantitative and
qualitative traits, as reported in previous studies involv-
ing crops such as lentil [18], chickpea [60], wheat [62],
and eggplant [63]. We observed significant variations in
many quantitative and qualitative agro-morphological
traits reflecting the diverse nature of the collection com-
prising wild accessions, landraces, breeding materials,
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and advanced cultivars from a wide range of geographi-
cal origins [62]. Notably, the accessions with ornamented
seeds formed a distinct and interesting group (group
B) that may be helpful to understand the evolutionary
events in lupins. Accessions from this group formed a
subgroup (Wild_B), originating from Greece, marked by
fewer seeds and a low seed weight —traits typical of wild
types adapted for dispersal. This group may represent a
wild ancestor (“graecus type”) of Lupinus albus, as Greece
is likely its center of origin [23]. Moreover, considerable
variation in the seed ornamentation traits, particularly in
secondary seed color has not been described before [41]
and the loss of seed pigmentation is a sign of domestica-
tion syndrome [64, 65]. These accessions could also help
to determine the impact of seed coat pigmentation on
root colonization by plant-growth-promoting microbes
[66], which would contribute significantly to overall soil
health by promoting symbiotic relationships with Rhki-
zobium spp. in diverse agroecosystems. Similarly, some
wild accessions in group A3 with indeterminate growth,
high seed weight and shattering pods can be suitable for
studies on the origin and domestication of L. albus, rep-
resenting untapped wild material that could be exploited
to increase yields. For example, the presence of non-shat-
tering pods is a primary trait associated with domestica-
tion syndrome in legumes [25, 64, 65, 67, 68, 69, 70], yet
the indeterminate accessions could be useful for targeting
yield traits even though breeders usually prefer determi-
nate accessions, which are more suitable for mechanical
harvesting. With regard to quantitative traits, the L. albus
accessions did not cluster into defined groups or accord-
ing to their passport data, suggesting a weak population
structure, which is consistent with earlier reports on L.
albus [33, 71, 72, 73] and other lupins [74, 75]. This may
reflect the slow and sporadic domestication of L. albus
[71, 73].

Nevertheless, the phenotypic data provided in this
study will be useful for the breeders to identify the acces-
sions for a preferable trait such as early emerging, early
flowering and early maturing lines. For instance, our
study highlights that Ethiopian L. albus accessions form
a unique and important gene pool, with some wild and
landrace types from Eastern Africa, particularly Ethiopia,
showing early flowering and higher productivity. These
wild and landrace accessions represent an untapped
genetic reservoir and could be a valuable resource for
breeding programs, supporting previous findings [33, 39,
44, 76).

The observed genetic variation may also reflect the
history of L. albus domestication and adaptation dur-
ing evolution. The low total genetic variation observed
for flowering traits may indicate that many beneficial
alleles for flowering traits arose during domestication
[76]. This would deplete the genetic variation available
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during selection, as discussed for maize [77], but fur-
ther research is needed to test this assumption. However,
moderate to high variation in traits related to physi-
ological maturity and seed production indicate these
traits remain under substantial genetic control and may
respond well to selection [78]. This highlights their rel-
evance for adaptation in the context of climate change
[79]. In general, favorable environments are associated
with weak selection that increases genetic variation [80].
We observed this pattern for total genetic variation in
accessions from Eastern Europe, Eastern Africa and the
Middle East, indicating that these regions may be the
most favorable for growing L. albus. Notably, landraces
showed the least total genetic variation, possibly indi-
cating that the environmental stress caused by climate
change depletes the additive genetic variation in landra-
ces, which may affect their evolutionary potential [81].
The conservation of SSD collections reduces the like-
lihood of genetic changes during seed multiplication for
heterogeneous accessions in gene banks (i.e., genetic
drift and/or selection), and standardized phenotyping
protocols used in this study reduce data bias, enhanc-
ing genotype-phenotype association [1, 25]. Our model
approach for the development of nested core collections
allows the construction of Intelligent Collections based
on SSD lines, which enables the effective use of lupin
genetic resources [25], in parallel with extensively stud-
ied legumes such as common bean, chickpea, lentil [46,
82, 83, 84, 85, 86]. The presented core collections are a
unique source for the exploitation of phenomics for gene
bank material exploration but can be also used by specific
users to develop and exploit germplasm at different levels
of genotypic and phenotypic characterization. To facili-
tate the proper exploration, management and sharing of
genetic resources, we have assigned the DOIs for some
accessions (1178), for the first time for lupin genetic
resources at this scale, and as mentioned above this
approach is unique in comparisons with other already
published core collections. Of note, once the project is
finished, the distribution of genetic resources is antici-
pated to follow the approach described by Bellucci et al.
[1], and the data will be searchable and filterable in the
INCREASE web portal (https://www.pulsesincrease.e
u/). Furthermore, the T-CORE will be tested also in the
field environment providing both standard and molecu-
lar phenotyping through metabolic and gene expression
data. Integrating environmental data with field perfor-
mance observations and other -omic data will then be
crucial to refine genomic-enabled prediction models
and improve their accuracy. Integrating present studied
along with genomic variation with environment-of-origin
data through genome-environment associations (GEAs)
and environmental genomic selection (EGS), will help
to identify the resilient and adaptable lupin genotypes
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for future climates as it was shown for sorghum [87, 88].
Integrating ecophysiological modeling, remote sensing,
and machine learning can further enhance EGS, promot-
ing sustainability through optimized resource use [87].
Overall, the L. albus nested core collections developed in
this study can help to advance research on the evolution
[82, 89], genomic selection [90, 91] and genetic architec-
ture of important agronomic traits [92, 93] such as grain
yield [94].

Breeding of crops that can tolerate extreme climates is
vital, a process that requires characterizing, utilizing and
mobilizing diverse genetic resources. Identifying the phe-
notypic variation and construction of the core collections
provide a more comprehensive strategy of diversifying
breeding for global food security [87]. In this study, we
focus on lupins, to promote the lupin improvement ini-
tiatives, especially regarding the limited access to lupin
germplasm, and its scared characterization. Moreover,
the approach presented here might be useful for the
development of genetic resources and crop improvement
programs for orphan legume crops [95].

Conclusions

This study is the first step towards the development and
characterization of Intelligent Collections of L. albus
genetic resources to conserve and manage agrobio-
diversity. The R-CORE collection is the largest, best-
characterized, and most diverse genetic resource for L.
albus, supporting agricultural resilience, productivity,
and studies on evolution and domestication in this spe-
cies. We also developed a smaller, multipurpose T-CORE
collection designed to streamline and accelerate the use
of Lupinus genetic resources in crop improvement pro-
grams. These collections provide a strong foundation
for studying key agronomic traits such as early flower-
ing, seed production, grain yield, flower color, and seed
morphology, and will be useful for a wide range of appli-
cations from basic research to targeted breeding and
genomic selection.
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