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Lentils are a vital staple crop in a world seeking sustainable and secure food, but their cultivation face a 
threat due to yield instability, mainly arising from a lack of genetic diversity in breeding programmes. 
In this study, we assembled and characterized the genetic and phenotypic diversities of a collection of 
106 lentil genotypes, to evaluate their breeding and cropping potential. Lentil landraces from Italy and 
beyond, either abandoned or still cultivated, were collected from genebanks, seed savers, universities 
and farmers. We characterized their phenotypic diversity with an augmented block design, using a 
control plot enabling a spatial analysis. We phenotyped the collection during two cropping seasons 
for its agronomic performance, involving local practitioners in a participatory variety evaluation. 
Meanwhile, we genotyped the landrace collection with a DNA sequencing approach, obtaining 91,136 
high quality single nucleotide polymorphisms (SNPs). We used SNPs to describe the phylogenetic 
relation among landraces, unveiling their uniqueness, and combined SNP data with measured traits to 
conduct a genome-wide association study (GWAS) that led to the identification of 32 unique marker-
trait associations highlighting lentil genomic loci related with adaptation and performance. The results 
of this study offer new tools to unlock agrobiodiversity for lentil breeding in the Mediterranean, 
towards the identification of genetic factors responsible for traits of agronomic interest and providing 
possible sources of parental material.

In the last decade, grain legumes have gained ever increasing attention by the international research community 
due to their crucial role in crop rotations, human nutrition and livestock feeding, and for being a source of 
sustainable proteins1,2,3.

In recent years, grain legumes have experienced significant growth in Italy, with chickpea production 
increasing by 380% and lentil production by 320% from 2006 to 2021, according to ISTAT. They are also being 
promoted through quality labels and innovative culinary offerings. However, despite of their recent success, 
grain legumes still represent a minor crop sector in Italy (1.7% of total Utilized Agricultural Area) and in Europe 
(1.5% of total arable land)4, where they are often grown in marginal lands and largely neglected by genetic 
improvement. As a result, European and worldwide farmers report difficulties in cultivation and yield instability, 
which hinder the expansion of these crops5.

Within pulses, lentil (Lens culinaris) is a species with great untapped potential. It is a diploid (2n = 14), self-
pollinating, annual crop at the foundation of the Italian and Mediterranean food culture. Its domestication is 
dated back to 11,000 BC6–8and its long-lasting cultivation history in the region resulted in the evolution of 
countless landraces adapted to local agroecosystems. In Italy, many of these landraces have been continuously 
cultivated until recent times, possibly due to their high adaptation to the microclimate of specific location9. 
Until the second half of the 20th century, Italy was amongst the top lentil producers in the Mediterranean basin6; 
however, since then lentil cultivation was progressively abandoned: to date, only 2% of national consumption is 
locally produced10. Currently, landraces’ cultivation is phasing out, resulting in genetic erosion of the local lentil 
gene pool. Landraces have hardly undergone breeding processes and have therefore a high genetic variability and 
adaptability to local pedoclimatic conditions, making them a precious resource for breeding.
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Despite progresses of breeding for improved cultivars, the genetic gain in grain legumes is still much lower 
than that potentially attainable: while cereals productivity increased by 300% in the past 50 years, that of legumes 
only increased by 60%, and this seems contributed by the limited genetic diversity options exploited in legume 
breeding programmes11. In addition, local landraces, traditionally cultivated in marginal lands, constitute a 
precious material for breeding for low input conditions: often times, the genetic material available in the seed 
market is not adapted to low-input agroecosystems, being cultivar selection and seed production carried out in 
high input systems9.

A promising approach to exploit diversity for the selection of locally adapted material is the participatory 
varietal selection approach, that directly involve farmers in the evaluation of breeding materials12 (Fig.  1). 
Joint cultivar selection by researchers and farmers has been proven successful due to the manifold skills and 
perspectives applied in the process and to the more efficient use of resources. The approach proven even 
more fruitful when utilized on marginal land or in low input systems, where decentralization of the selection 
environment is crucial to achieve proper adaptation13.

The aim of this paper is to evaluate the phenotypic and genotypic diversity of a collection of lentil landraces 
reflecting Italian lentil diversity and to analyse their relationships with collection origin and farmers’ preferences. 
By doing so, we aimed also at connecting lentil phenotypes with allelic diversity, disclosing potential for breeding. 
We chose to capture the diversity of Italian landraces, leveraging their extensive local adaptation, thus serving as 
an exemplary case study for illustrating the exploitation of traditional germplasm. However, to enrich the study, 
we also incorporated select representatives from other Mediterranean regions. We collected lentil landraces, 
either abandoned or still cultivated, from genebanks and custodian farmers, and characterized them during 
two cropping seasons (2020 and 2021) from a phenotypic and genetic perspective. In addition, farmers and 
practitioners were asked to evaluate the landraces at the end of the second-year cropping season. The combined 
phenotypic, genetic and farmers’ evaluations data served for a genome-wide association study in order to identify 
genomic loci and candidate genes for adaptation and performance. The results of this study offer new tools to 
unlock agrobiodiversity for breeding in Mediterranean environments, identifying genetic factors responsible for 
traits of agronomic interest and providing possible sources of parental material for future breeding programmes.

Results
Phenotypic diversity
In 2020 the first dimension of the PCA accounted for 42% of the total variability, with the contribution of seven 
parameters, mainly linked to plant vitality: homogeneity of the canopy, percentage of soil cover, biomass, vigour, 
height at harvest, yield and lodging. The second dimension, explaining 22% of the variance, represented instead 
flower precocity and two parameters of pathogen sensitivity (Fig. 2).

In 2021 the first dimension explained 34% of the variance, representing the main production parameters: 
plant height at harvest, biomass, yield, homogeneity of the canopy and vigour. The second dimension, explaining 
21% of the variance, was primarily associated with the contribution of resistance to pest and precocity parameters 
(Fig. 2).

Notably, in both years, parameters related to pathogen resistance and precocity were correlated and showed 
no correlation with yield and biomass production.

In 2020 the landraces with highest plant height came from Sicily mainland and Sardinia, ranging from 27 
to 28.6 cm. In 2021, a few landraces from Apulia and Latium also exhibited notable plant heights, in addition 
to those observed the previous year, resulting in an increased height range of 35–39 cm. Overall, the average 
plant height increased from 21 to 27 cm when compared to 2020. It should be stressed that the control lentil (cv. 
Robin) was among the tallest in both years (Supplementary Information T1).

Concerning flower precocity, in 2020 the first flowering landraces came from Sicilian small islands, from 
Sicily mainland, from Sardinia, Apulia, Ethiopia and Latium. In 2021 the Ethiopian landraces resulted as the 
earliest flowering, together with two landraces from Sicily mainland, closely followed by those from the Sicilian 
small islands. In both years the control lentil did not show any tendency towards flower precocity.

Fig. 1.  Participatory evaluation of the collection of lentil landraces in summer 2021.(courtesy of E. Lorenzetti).
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Concerning grain yield, with the control cultivar’s yield set as the baseline, we observed percentage 
differences in the kriged yield of the studied landraces (Fig. 3). It emerged that, in 2020, only a limited number 
of landraces (12.4%) produced more than the control, while in 2021 their number increased (22.4%). The trend 
was confirmed with actual yield means, expressed as g m−2 (Fig. 4).

In 2020, on the basis of kriged values (Figs. 3), 11 landraces performed better than the control, while in 
2021 they were 24; only 7 landraces though are repeated over the two years: such landraces comes from Latium, 
Apulia, Molise, Abruzzo, Basilicata, Sicily and Marche regions.

We clustered the phenotypic PCA on the base of the landraces’ origin of collection, but clusters rarely showed 
consistency of distribution: in 2020 only landraces from Greece and Sardinia aggregated in clear groups, while in 
2021 it was the turn of landraces from Ethiopia (that could not be included in 2020 analysis due to lack of plant 
development) (Supplementary Information, Figure F1).

Genetic diversity
The sequencing of the lentil landrace collection yielded approximately 998 million raw reads (Supplementary 
Information T2). Mean mapping rate was 77.7%. We mapped the paired end reads on the Lens culinaris reference 
genome, yielding a total of 428,872 SNP markers distributed across all chromosomes and mapped on at least 
75% of the samples with a heterozygosity lower than 0.8. We then retained a total of 91,136 high-quality SNPs 
markers with minor allele frequency greater than 5%. This set of markers was used for all subsequent analysis. 
Detailed alignment statistics, including the alignment rate for each accession, are provided in Supplementary 
Information T3. A Neighbour Joining (NJ) tree, based on these high-quality SNPs, shows that Italian landraces 
are highly diverse and cluster in different monophyletic groups, partially in accordance with local geographic 

Fig. 2.  Principal Component Analysis of phenotypic diversity in the lentil collection. Dots represent 
lentil landraces, vectors represent the explanatory magnitude and direction of phenotypic drivers of lentil 
differentiation.
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distribution (Fig. 5). We then analysed the population structure of lentil landraces using a Discriminant Analysis 
of Principal Components (DAPC), which identified six genetic clusters. A PCA on SNP data showed these 
clusters (Supplementary Information, Figure F2), with PC1 and PC2 explaining 28.09% and 12.13% of the 
variance. Overall, the genetic clusters showed a moderate correspondence with collection origin, differently to 
what happened with phenotypic data (see Sect. 2.1).

Concerning the non-Italian landraces, lentils from Ethiopia formed a very coherent group (DAPC cluster 1) 
in 6 cases out of 8, while the remaining 2 landraces were positioned in very distant regions of the phylogenetic 
tree and placed in DAPC clusters 3 and 4. Lentils from Tunisia instead were integrated in a cluster of Italian 
landraces (from southern Italy and islands, cluster 2) without showing the attitude to create monophyletic 
groups. Finally, lentils from Greece were positioned partially together with Tunisian landraces in cluster 2 and 
partially in cluster 3, the most heterogeneous cluster (Supplementary Information T1).

Fig. 4.  Landrace yield (g m−2) in 2020 (on the left) and 2021 (on the right). Average yield of the control 
cultivar is represented with the horizonal line (120 g m-2 in 2020 and 107 g m−2 in 2021), while average yield of 
landraces was 64 g m−2 in 2020 and 73 g m−2 in 2021.

 

Fig. 3.  Landrace grain yield expressed as percent difference from yield of the control cultivar. The percent 
differences recorded in 2020 and 2021 are represented with pink and blue bars, respectively: the bars may 
overlap. 1 and − 1 indicate + 100% and − 100% grain yield compared with the control, respectively.
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Concerning Italian landraces, a few homogeneous clusters emerged: landraces from Sicilian islands (Lipari, 
Ustica, Linosa, Lampedusa and Pantelleria) fell in the same cluster as most of the landraces from Latium’s 
island, Ventotene (cluster 6). Another group emerged (cluster 4) composed mainly by landraces following the 
distribution of the Apennine ridge: Rascino upland (Latium), Abruzzo (Santo Stefano di Sessanio in particular), 
Molise and Umbria. Lentils from mainland Sicily were instead spread all over the tree, even with wide distance 
between landraces of the same neighbourhood (e.g., Modica or Villalba). Two more clusters of landraces mainly 
from southern Italy and the islands emerged (clusters 2 and 3), while the remaining (cluster 5) did not show 
geographical coherence.

The landraces showed a different degree of heterozygosity according to the genetic clusters: cluster 6 from 
the small islands showed the lowest heterozygosity (0.06), closely followed by cluster 1 from Ethiopia (0.08); 
the highest degree was found in clusters 2 (0.19), 3 (0.16) and 5 (0.16), while cluster 4 from the Apennine 
ridge stayed in between (0.12). We could not discriminate whether the heterozygosity lies within the different 
individuals of the same landraces or within the landrace genome itself, but the distribution of heterozygosity 
within the genetic clusters suggests varying levels of historical gene flow and adaptation among lentil landraces 
from different origins.

The groups identified in the DAPC were used to generate a new clustering of the phenotypic PCA, replacing 
the original factor of collection origin (Fig. 6).

In 2020, clear phenotypic differences among DAPC clusters emerged, primarily driven by the second 
dimension, reflecting precocity and pathogen sensitivity traits. The landrace group from the Appennins and 
central Italy exhibited late flowering and maturation, and health traits, while the group from Sicilian and Latium 
islands displayed early flowering and maturation, as well as early senescence and pathogen sensitivity traits 
(Fig. 6).

Fig. 5.  Phylogenetic tree constructed from SNP-based genetic similarity matrices of ten seed DNA samples. 
Different dot colours represent the country of origin, each landrace is labelled with the region of collection, 
indicated in a distinct text colour.
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In 2021, this trend persisted, with more pronounced differences, possibly due to harsher climate conditions. 
Small islands’ landraces distinctively separated from those of mainland Sicily, and the Apennines group showed 
increased compactness, indicating increased diversity compared to other groups. Finally, some shifts along the 
first principal components suggest advantages in plant vitality parameters for the Apennines groups during the 
2021 cropping season (Fig. 6).

Participatory evaluation
Participants’ preferences resulted correlated to the actual grain yield of lentil: the observation was confirmed 
through the Spearman correlation test, that estimated a rho value of 0.73 with a p < 0.0001. The distribution 
fitted a logarithmic model (p < 0.0001), with participants’ preferences expressed as a function of yield (Eq. (1)) 
(Fig. 7).

	 preference ∼ log (yield) + e� (1) 

The preferred landraces come from Basilicata, Marche, Apulia, Sardinia, Molise and Tuscany. The control lentil 
(i.e. cv. Robin) also received good appreciation: for each of the preferred landraces, one control was voted 
(therefore the 18 preferred landraces consist in nine controls and nine landraces) (Supplementary Information, 
Table T1).

The participants had the opportunity to express the criteria of their evaluation, revealing that the most 
preferred traits were soil coverage and canopy homogeneity (indicated by 12 participants out of 14 participants), 

Fig. 7.  Relationship between mean preference score assigned to each landrace by participants in the 
participatory evaluation (y axis; from 1 -not satisfactory- to 5 -satisfactory-) and the actual grain yield of 
landraces (x axis) in 2021 (g m−2).

 

Fig. 6.  Spider plot of the Principal Component Analysis of phenotypic diversity (Fig. 2): each of the genetic 
clusters determined through the DAPC is represented by a different colour and shape (see legend on the right: 
clusters’ number refer to Sect. 2.2). The shapes are positioned at the median point of each cluster. On the left is 
displayed the PCA of 2020, on the right that of 2021.
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followed by plant height (10 participants), pod number and size and percentage of fruit set (7 participants), 
ability to compete with weeds and erect habitus (6 participants). Additional criteria, mentioned by a minority of 
the group, were reduced lodging and pod shattering, seed ripening precocity and homogeneity, seed shape and 
size (Supplementary Information, Table T2).

GWAS
In each year separately we run an association analysis looking for genomic loci related to the expression of 
measured traits. For the year 2020 we identified 17 marker-trait associations (MTAs) surpassing the stringent 
threshold across all chromosomes for five traits: flower precocity, pods precocity, plant senescence, plant 
height and leaf yellowing (Table 1). The highest number of MTAs (four) was found for flower precocity (on 
chromosomes 1, 2, 5 and 6) (Fig. 8), for pod precocity (on chromosomes 1, 2, 5 and 6) and for plant height (on 
chromosomes 1, 2 and 5). Three MTAs were identified for leaf yellowing on chromosomes 2, 6 and 7 and two 
MTAs for plant senescence on chromosomes 4 and 7 (Supplementary Information Manhattanplots 2020 and 
Supplementary Information QQplots 2020).

For the year 2021, we identified 15 MTAs surpassing the stringent threshold: flower precocity was associated 
with the most markers (six), again on chromosomes 1, 2, 5 and 6 (Fig. 8), in similar position than the previous 
year (Table 1). We also identified five MTAs for plant senescence on chromosomes 1, 2, 3 and 7, three MTAs 
for pod precocity on chromosome 6 and one MTA for yield on chromosome 5 (Supplementary Information 
Manhattanplots 2021 and Supplementary Information QQplots 2021). For each significant marker, ± 150 bp 
flanking sequences were extracted to provide context for further research and breeding applications. The 
flanking sequences are detailed in Supplementary Information T4.

Considering flower precocity, most of the MTAs correspond between the two years, being located maximum 
100 million bases apart on each chromosome (except from one association on chromosome 2 in 2020 that is not 
confirmed in 2021). Only one association for pod precocity correspond in the two seasons (on chromosome.

6, around 200k bases difference), while plant senescence associations do not correspond in 2020 and 2021, 
being only one association repeated on chromosome 7, but in distant genetic regions. The recurring MTAs 
harbour putative genes, presented in Supplementary_Information_T5.

Discussions
The main phenotypic variation between the two cropping seasons lies in the weather pattern. In 2021, with 
reduced precipitation and higher temperatures compared to 2020, landraces exhibited a superior adaptation 
capacity, suggesting their genetic readiness for environmental stresses. In contrast, the control’s yield average 
(cv. Robin) dropped from 120 g m-2 in 2020 to 107 g m-2 in 2021. This is notably interesting, consisting most 
of landraces in farmer varieties or heterogeneous material, from non-professional breeding processes6,8. This 
suggests that classic breeding programmes (i.e. cv Robin), operating under a high-input selection environment, 
may led to genotypes that are less adaptable to environmental variations, potentially posing a disadvantage amid 
forecasted climatic instability.

This finding is in line with the fact that conventionally bred cultivars are frequently unsuitable for low input 
conditions, characterized by variable soil type, nutrient and water availability14,15,16,17. Since poor and unstable 
yields pose the main barrier against farmers’ adoption of grain legume cultivation4,18–20, the landraces highlighted 
merit consideration for breeding programmes tailored to Mediterranean sandy soils and low input systems. The 
lack of commercial cultivars adapted to specific growing conditions is indeed a major factor contributing to poor 
and unstable yields, being lentil often cropped in resource-poor and marginal lands19,21.

We clustered the phenotypic PCA on the base of the landraces’ origin of collection, but clusters rarely showed 
consistency of distribution: in 2020 only landraces from Greece and Sardinia aggregated in clear groups.

Concerning the interpretation of phenotypic variation in view of collection origin, the observed clustering 
of Ethiopian landraces aligns with prior research22, highlighting how landraces from Ethiopia showed the most 
coherent trait-origin association.

The observation was confirmed by genetic variation. Lentils from Ethiopia indeed formed a coherent 
group, unlike the other foreign landraces (Greek and Tunisian): historical and geographical barriers may 
offer potential explanations. The Tunisian and Greek coasts are only 150  km from Italy, fostering historical 
commercial exchanges and migration in the Mediterranean. In contrast, Ethiopia, a hotspot of agrobiodiversity, 
has had limited interactions with Mediterranean germplasm23,24,25. Although two Ethiopian landraces exhibit 
phylogenetic proximity to Italian ones, the exact reasons remain speculative: possible connections may be rooted 
in the historical colonization of Ethiopia, with Italians settling in the Horn of Africa around the early 20th 
century.

Regarding genetic variation of Italian landraces, DAPC findings mostly traced Italian geography yet 
suggesting that landrace collection origin may not always correspond to their area of evolution.

Concerning Sicilian islands landraces, their limited genetic diversity can be attributed to the discontinuous 
population flow and recent crop reintroduction26, creating a strong founder effect and leading to genetic 
uniformity8,27. Nevertheless, each lentil landrace is locally distinguished, often marketed as distinct varieties. 
The genotyping results could spur a reconsideration, or enlargement, of local denominations, as is the case of 
the Sicilian archipelago.

Despite a geographical separation of almost 300 km, the landrace from Ventotene island shares a genetic 
affinity with those of the Sicilian islands. Racheli28 suggested a migration of these populations from the nearby 
mainland (Naples area) in the 18th century. Contextually, Laghetti et al.7referred to older reports indicating 
that legume cultivation was introduced to the small Sicilian islands from the Naples area, likely starting from 
Pantelleria and Ustica6.
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In the marginal Apennine ridge areas, lentil cultivation has been prevalent since the early 20th century6. The 
region’s pedological barriers and lack of developed infrastructure have led to highly fragmented cultivation, 
with minimal farm-to-farm exchange29. This likely explains the distinct monophyletic grouping within the 
main cluster. Apulia and Sicily regions also have a lentil cultivation tradition, but landraces from these regions 
don’t exhibit clear monophyletic grouping and are widely distributed in the tree. Commercial reasons likely 
contributed, as lentils from these regions, historically well-known6, probably spread along commercial routes 
giving rise to local populations in different regions.

Finally, the clustering of the phenotypic PCA based on DAPC groups provides a more uniform and coherent 
categorization of landraces, showing that phenotypic traits align with phylogenetic distance rather than 
collection origin, as previously observed30,31. This can be attributed to the possibility that the harvest location 
may not correspond to the area of landrace evolution and adaptation. Additionally, Italian regions are delineated 
by political borders, often not aligning with pedoclimatic differences.

Marker-trait associations (MTAs) of lentil agronomic performances are rarely available in literature, therefore 
we do not exclude that our observations could be among the first references for further studies. Indeed, the 
few existing studies often pinpoint different associations than those we observed, highlighting the importance 
not to rely on existing data before more differentiated analysis are carried out. For instance, a recent study by 
Rajendran et al32. discovered MTAs with flowering time on chromosome 3, potentially linked to the Hr locus 
regulating the flowering response to photoperiod in legumes33. Neupane and collaborators34instead suggested 
associations with chromosome 5, 2, and 6, similarly to our study: indeed, we noticed on both years significant 
markers located in the same general regions than Neupane et al. (around 0,4 Mbp on ch. 2, around 4 Mbp on 
ch. 6). Flowering time is a crucial trait to control, especially in the face of increasing climate instability. New 
trends in frost and heat wave timing indeed are damaging flowers, reducing production36,37. Additionally, given 
the recent interest in intercropping, flowering time becomes a significant trait for breeders, playing a key role in 
regulating species complementarity38. Our study found that MTAs for flower precocity also aligned with other 
precocity indicators: pod precocity in 2020 (same flower positions on chromosomes 2 and 5) and senescence in 
2021 (same positions of flowers and pods on chromosome 2). However, the consistency of pod precocity and 
senescence across the two years was not confirmed.

Fig. 8.  GWAS results for flower precocity in 2020 (top) and 2021 (bottom). On the left, Manhattan plots 
depicting individual SNPs across all chromosomes (x-axis) and their corresponding -log10 P values (y-axis). 
Horizontal lines indicate a stringent Bonferroni threshold for a nominal p-value of 0.05. SNPs exceeding this 
threshold signify genomic loci strongly associated with variations in the collection’s phenotypic traits. On the 
right, The QQ plot visualizes the comparison between observed and expected p-values. Each point on the plot 
represents an SNP in the study. On the x-axis, expected -log10 transformed p-values are plotted under the 
assumption of no association, while the y-axis displays the observed -log10 transformed p-values obtained 
from the GWAS analysis. Deviations from the diagonal line (y = x) indicate departures from the null hypothesis 
of no association.
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We observed another interesting association on chromosomes 2, 6 and 7, linking foliar pathogen sensitivity: 
significant markers for pathogen infection indeed emerged in year 1. This trait is broadly related to stress 
conditions rather than just pathogen sensitivity: therefore, the identified MTA may be related to lentil stress 
response through leaf depletion. Among the general pathogen sensitivity, special attention was given to 
Bruchus spp. resistance, because few information is available and the chemical control of this pest presents 
several environment concerns39. Although we did not identify significant markers for Bruchus sensitivity in our 
analyses, the importance of this trait warrants continued investigation.

Plant height also exhibited strong associations with specific markers in our study. Plant height is a trait of 
interest for breeding, but it is often mistakenly considered the sole cause of lodging. The correlation of lodging 
and plant height indeed is not straightforward, as lodging is also influenced by traits related to culm and roots40,41. 
Proving this, short plants have been proven susceptible to lodging in our study and previous ones41,. Suitability 
to mechanization, a major challenge in lentil cultivation, may benefit from the success of molecular breeding in 
selecting for plant height, as it was the case for other crops43,44,45. Further research is necessary tough to identify 
lodging-specific markers and to effectively select for plant height in lentils.

Finally, we identified one MTA with grain yield in 2021 season. Yield is a complex trait: its interaction with 
the environment plays a crucial role and we expect the occurrence of different regulating genes according to 
the specific environments. In addition, yield is typically controlled by manifold small-effect loci and thus is 
challenging to be dissected by experiments with relatively low power as this one. In face of these challenges, even 
a single association can be valuable, given the limited information on the genetic determinants of complex traits 
in lentils. Notably, only one GWAS lentil study to date considered yield as a study trait46.

Given the significant marker-trait associations (MTAs) identified in our preliminary study, we recommend 
that future studies aiming to validate these findings consider increasing plot size, expanding the variety of 
environments, and incorporating a broader range of genotypes to further improve the accuracy of agronomic 
performance evaluations.

Moving to the appreciation of the studied landraces, despite lacking specific expertise, participants’ 
preferences correlated with actual lentil grain yield. This experience demonstrates the feasibility of indirectly 
estimating lentil grain yield based on plant morphological traits, thus highlighting the potential for applying 
participatory selection in lentil breeding. Participants also mentioned specific criteria for peculiar situations, such 
as the importance of a prostrate growth habitus for wheat-lentil intercropping. This suggests that unconventional 
breeding programs need to consider parameters beyond grain yield, aligning with prior research14,47. 48,49.

Participatory breeding, with its decentralized selection approach, has proven efficient, particularly for early 
generation material, in providing targeted seed resources for diverse environments13,15,50. This is particularly 
crucial for lentil breeding, that faces a shortage of genetic material and locally adapted varieties: e.g., one of the 
most common lentil cultivated in Tuscany, cv. Robin, was selected in Canada and multiplied internationally 
before reaching the Italian market. This study marks an initial step in participatory lentil selection tailored to 
Mediterranean sandy soils, offering genetic material and insights applicable beyond. Additionally, the explored 
lentil collection could serve as a pool for selecting heterogeneous material, providing an alternative to conventional 
breeding or a parallel pathway. Heterogeneous material demonstrates adaptability to local conditions, addressing 
the shortage of adapted cultivars and offering a viable solution for climate change challenges51,52.

While acknowledging the boundaries posed by the limited number of accessions and seasons, our study 
maintains its focus on providing valuable insights into the genetic landscape of Mediterranean lentils. Our year-
specific GWAS has identified robust signals, often validated across both years, emphasizing the significance of 
our findings for specific environmental conditions. Due to the limited genotyping coverage and incomplete 
annotation of the lentil genome, we chose not to pursue the identification of -potentially biased- candidate genes. 
Instead, we focused on providing breeders with actionable results to enhance screening and improve lentil traits. 
By highlighting the pioneering nature of our work, we aim to inspire future studies to build on our methodology 
and results to explore lentil agrobiodiversity across additional regions, fostering a deeper understanding of the 
genetic factors influencing their agronomic potential.

Materials and methods
Site, climate and soil
After amplification of the genetic material in 2019, a field experiment was conducted in 2020 and 2021 at San 
Piero a Grado (43.66 lat. N, 10.35 long. E), ca. 9 km SW of Pisa, Central Italy. The topsoil (0–0.3 m) at the 
experimental site was predominantly sandy, with a composition of 795 g kg−1 of sand, 129 g kg−1 of silt and 76 g 
kg−1 of clay. The soil had a pH (water) of 7.5, 2% Organic Matter, 1.4 g kg−1 total Nitrogen, C/N ratio of 8.9, 
29.1 mg kg−1 of P2O5 (Olsen method) and 91.5 mg kg−1 K (BaCl2).

The experimental site features a Mediterranean climate, characterized by mild and relatively rainy winters, 
and hot dry summers. Total mean annual precipitations are 910 mm, ranging from 25 mm in the driest month 
(July) to 145 mm in the wettest (November), with an irregular pattern throughout the year, autumn being the 
rainiest season.

In 2020 lentil was sown on the 5th of March and was harvested on the 9th of July. During that time, we 
registered a total precipitation of 276 mm; the average maximum temperature was 22.6 °C (peaking at 32 °C and 
9.5 °C, with 11 days > 30 °C and 1 day < 10 °C), while the average minimum temperature was 9 °C (peaking at 
18 °C and − 6.5 °C, with no days > 20 °C and 8 days < 0 °C) (Fig. 9).

In 2021 lentil was sown on the 25th of February and harvested on the 6th of July. During the growing season 
we registered a total precipitation of 142 mm; the average maximum temperature was 21.8 °C (peaking at 33.8 °C 
and 13.2  °C, with 18 days > 30  °C and no days < 10  °C), while the average minimum temperature was 8  °C 
(peaking at 18.5 °C and − 4.2 °C, with no days > 20 °C and 11 days < 0 °C) (Fig. 9).
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The experimental field was organically managed and consisted in a fallow that hosted lettuce as a cultural 
precedent the year before the trial. No fertilizers were provided to the crop, weeding was managed manually.

Plant materials and experimental design
All methods were conducted in strict adherence to applicable national and international guidelines and 
regulations, with the approval of the Scuola Superiore Sant’Anna. The plant material used in this study was 
exclusively cultivated within Scuola Superiore Sant’Anna facilities, and the utilization of seeds followed previously 
obtained permissions in accordance with relevant regulations.

In 2019, we assembled a collection of 106 lentil cultivars from various sources and we multiplied it in the 
same environment of the experimental fields. The aim of the collection was to capture the historical lentil 
diversity across the Italian peninsula, therefore the main choice criterion for the inclusion in the collection was 
the geographical origin: all Italian lentil landraces available at each provider were collected, with the addition 
of 15 landraces from Greece, Tunisia and Ethiopia. The landraces were provided from the CNR Bari (Italy) 
and the IPK Gatersleben (Germany) gene banks, that share a common collection (39 landraces in total, with 
14 in common); from the University of Perugia - ITA 363 (17 landraces); from ARSIAL -the regional agency 
for development and innovation of the Latium region- in collaboration with Rete Semi Rurali (14 landraces); 
from Catania University (13 landraces), Naples University and the CNR Pontecagnano (4 landraces). Seed 
exchange events and some farmers also provided part of the material (4 landraces). When available, we collected 
information about the collection location for each of the landraces (Supplementary Information T1).

The experimental design for the phenotypic characterization consisted in an augmented block design with 
spatial analysis53. The commercial cultivar Robin, a Canadian cultivar54, was used as a control plots, repeated 32 
times; plots were 1 × 1 m, sown at a density of 300 seeds m−2 (Supplementary Information, Figure F3).

Phenotypic diversity
The target phenotypic traits were defined in 2019 during a focus group where 45 lentils farmers, members of the 
Lenticchia di Altamura PGI, shared their perspectives on trait preferences and limitations for lentil production. 
The findings were further discussed with lentil breeders from Caussade Semence (France) and Saatgut-Forschung 
(Germany) who provided additional information on traits’ interest from a breeding perspective.

In 2020, eight phenotypic traits were recorded on whole plot at different growth stages using a Likert scale55: 
overall vigour (defined as general health and growth rate), leaf yellowing, flower precocity, canopy closure, pods 
precocity, lodging, plant senescence, sensitivity to pathogen infections. Sensitivity to pathogens was assessed 
based on the occurrence of stem, foliar and pod symptoms of the most common lentil diseases: Pythium spp., 
Fusarium, Anthracnose, Stemphylium and Ascochyta blight, leaf roll virus. In 2021 this characterization was 
repeated by adding an additional trait: sensitivity to Bruchus spp. (Coleoptera, Chrysomelidae), upon the 
occurrence of a seasonal pest attack. Bruchus attack was characterized in post-harvest stage according to the 
percentage of seed damage. The scale ranged from 0 (indicating absence) to 5 (indicating maximum severity or 
100% of presence): e.g. a mean value of 3 for lodging means that over the two years 60% of the plot was affected 

Fig. 9.  Weather pattern registered at San Piero a Grado during the two lentil growing seasons (March to June 
2020 and 2021). The left y axis shows the maximum (top lines) and minimum (bottom lines) monthly average 
temperatures, while the right y axis shows the monthly total rainfall (blue bars).
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by lodging. In both years, quantitative measures were also recorded for three agronomic traits: plant height (cm), 
total biomass (g m−2) and grain yield (g m−2). Plant height was recorded from three randomly selected plants, 
while biomass and yield from the whole plot.

A spatial analysis was conducted with the kriging method: x-y coordinates were assigned to each plot to 
create a spatial grid. Within the grid, kriging values were estimated on the base of check plots performance, 
used to quantify the spatial variation with a semivariogram56. Deviation from the kriging was then computed to 
estimate the performance of each landrace under study. The kriging analysis was performed in R for Windows, 
version 4.0.3 (R Core Team R, The R Project for Statistical Computing. https://www.r-project.org/), with the 
gstat package57.

A multivariate analysis of the kriged traits was then performed: a principal component analysis (PCA) was 
computed in order to evaluate the unbiased relationship between the phenological traits and the lentils landraces. 
PCA was conducted with R package FactorMiner58, while data visualization with the R package ggplot2, version 
3.3.559. The analysis was conducted separately in the two experimental years: the choice is based on the different 
environmental conditions (climate) that interacted with the phenotypic observations.

Genetic diversity
Ten lentil seeds per landrace were germinated in towels. The seedlings were combined into a single pooled 
sample for each landrace, frozen in liquid nitrogen and stored at −80°C until grounding. Genomic DNA was 
extracted at the Sant’Anna School of Advanced Studies (Pisa, Italy) laboratories using the GenElute Plant 
Genomic DNA Miniprep Kit (Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer’s instructions. 
DNA quality was checked using a NanoDrop ND-1000 spectrophotometer. Samples were normalized and 
sent to IGATech (Udine, Italy), where they were pooled into multiplexing batches. DNA was purified using 
1.5 volumes of AMPure XP beads (Agencourt). The library was then prepared for sequencing, with fragments 
selected for a size range of 400 bp to 550 bp. Sequencing was performed using double-digestion restriction site-
associated DNA markers (ddRAD) with the enzymes SphI and MboI on an Illumina NovaSeq 6000 platform. 
The sequencing was conducted in paired-end mode over 150 cycles. Raw reads were aligned on the reference 
lentil genome of cv. CDC Redberry61using the BWA aligner (Burrows-Weeler-Aligner v.0.7.12)62 and single 
nucleotide polymorphisms (SNPs) were called using the STACKS software (Stacks v2.0)63 in population mode. 
SNPs failing in more than 20% samples and with a heterozygosity higher than 50% were removed from the 
dataset.

SNPs were loaded in TASSEL 5.2.2964 as a .hmp file and further filtered for quality, with the following 
parameters: markers with MAF > 0.05, 95% sites present data and maximum observed heterozygosity of 80%.

Genetic diversity analyses were conducted on the refined set of high-quality SNPs (91,135) using R for 
Windows. To unveil potential genetic groupings within the core collection, a discriminant analysis of principal 
components (DAPC) was carried out using R/ adegenet65. DAPC describes genetic clusters and reveals the best 
possible groupings within the core collection, providing insights into the underlying population structure. The 
optimal number of clusters for the DAPC was identified using the find.cluster function that, after transforming 
data through a PCA, computes successive K-means with an increasing number of clusters. For each model, a 
statistical measure of goodness of fit (BIC) is computed, which allows to choose the optimal number of clusters 
(Supplementary Information, Figure F4). The clusters were used to perform a spider plot of the phenotypic PCA 
with the R package ggplot2, in order to evaluate correspondences between phenotypic and genetic traits.

To illustrate the genetic relationships among the genotypes, a neighbor-joining tree was constructed using R/
adegenet65, offering a visual representation of genetic distances among the genotypes, with the country of origin 
indicated for each genotype. Complementing this, a principal component analysis (PCA) was conducted on the 
SNP dataset using the same R package. The PCA depicted the DAPC clusters and included information about 
the country of origin for each genotype allowing for a visual comparison of genetic clusters with geographical 
origins, thereby enhancing the understanding of the genetic diversity and structure within the core collection. 
To assess genetic variability within each genetic cluster (DAPC clusters), observed heterozygosity was calculated 
using R/adegenet.

Participatory evaluation
A participatory evaluation of lentil traits was conducted in 2021 close to physiological maturity. Fourteen 
participants, including farmers (not strictly lentil farmers), technicians and researchers from the region, were 
asked to evaluate each landrace of the trial according to their preferences from 1 to 5 (Likert scale), and then to 
express their evaluation criteria. This approach ensured that all participants evaluated every landrace, thereby 
avoiding any potential imbalance due to the unreplicated design. Participants had no prior information on the 
landraces. In order to take into account the field effect in defining the most preferred landraces, participants’ 
preferences were transformed into kriging values on the base of check plots performance, then deviation from 
the kriging was computed.

Participants’ preferences were analysed in relation to landrace yield: a correlation analysis was computed 
through the Spearman correlation test, with the cor.test function of R, and tested through a general linear model 
with yield as a function of participants’ votes.

Participants evaluation criteria were analysed with a qualitative approach: each criterion was categorized and 
each category was ranked on a frequency basis.

Informed consent to image and information publication was obtained from all subjects participating to the 
evaluation.
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Genome-wide Association studies
The genome wide association study (GWAS) was conducted utilising the FarmCPU model66, incorporating 
both fixed and random circulating probability unification methods. This was executed through the in R/GAPIT 
package67, with the first principal component serving as a covariate. Marker-trait associations (MTAs) were 
identified based on SNPs exceeding a false discovery rate threshold of 0.05, as determined by Storey’s method68.

FarmCPU is recognized for its superior ability to control false positives while maintaining high sensitivity for 
true positives compared to traditional models like GLM and MLM66. Unlike MLMs such as MLMM, which may 
compromise true positive detection while adjusting for population structure and kinship, FarmCPU employs 
an iterative approach with Fixed Effect Model (FEM) and Random Effect Model (REM). This iterative method 
separates testing markers from associated markers, using them to define kinship and unify P values across 
iterations. In addition, FarmCPU not only enhances statistical power compared to existing approaches but 
also offers efficient computing times, enabling the analysis of large datasets. Comparative analyses consistently 
demonstrate FarmCPU’s superiority over MLM and MLMM in crop-based GWAS69.

The phenotypes considered in the GWAS were leaf yellowing (at two stages), plant vigour, flowers precocity, 
maturation precocity, soil cover, lodging (at two stages), plant senescence, pathogen sensitivity, grain yield, 
biomass production, plant height. Phenotypes were treated separately for the two years in which the experiment 
was run to account for environmental variation. Phenotypic data was corrected using a generalized linear model 
and a population stratification correction based on multi-dimensional scaling (5 dimensions)[70]. MTAs were 
defined by a stringent statistical threshold, devised on a false discovery rate of 5% and based on multiple testing 
correction of associations using the R package qvalue[71]. For this threshold, we minimize type I errors (false 
positives) over type II errors (false negatives). To identify gene functions potentially linked with significant 
MTAs, annotations were searched in the Lens culinarisCDC Redberry Genome Assemblyv1.261. Gene models, 
associated protein-coding genes and gene functions were searched within ± 200 Kb of the MTAs loci for each 
significant MTA confirmed across both years.

Data availability
The genomic dataset generated and analysed during the current study is available in the SRA repository BioPro-
ject ID: PRJNA1125613. Additionally, all relevant dataset and information were deposited on Figshare at this 
permanent address https://doi.org/10.6084/m9.figshare.26197109.v1.
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