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Abstract 

Lentil cultivation and consumption promote human health and sustainable agriculture, making a 

significant contribution to the transition toward a plant-based diet. In Europe, lentil yields are still 

unstable, and the lack of breeding efforts limits the choice of farmers to few varieties. Here, we 

characterized 46 lentil genotypes, including local cultivars and landraces from diverse geographic 

origins, in Mediterranean agro-environments for flowering, architectural and production traits in 

seven field trials, over 3 years (2019-2021), in two localities (central and southern Italy) and during 

two sowing seasons (autumn and spring). We estimated the genetic merit of each genotype and 

identified outperforming genotypes for all traits. Indian ILL 11557AGL and Argentinian IL 4605AGL 
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domesticated varieties resulted superior for earliness. Italian landraces and French cultivars achieved 

the highest values for first pod height, while landraces and breeding materials from Ethiopia, Syria 

and Iran were the best-yielding. Data from all seven trials were available for 16 genotypes, so we 

analyzed the genotype, environment and genotype × environment interaction (GEI) to identify 

specific genotypic adaptations. European cultivars performed well for architectural traits, whereas the 

best-yielding genotypes were Middle Eastern and Ethiopian landraces. Environmental effect on yield 

related to sowing season and locality was detected, with an overall higher yield in autumn compared 

to spring sowing trials and in central rather than southern Italy. By dissecting the GEI structure using 

additive main effect and multiplicative interaction (AMMI) analysis and Weighted Average of 

Absolute Scores (WAASB) index, we identified a group of Iranian landraces (PI 431633 AGL and PI 

432033 LSP AGL) adapted to both autumn and spring sowing and one Ethiopian landrace (IG 1959 

AGL) showing high yield stability across all environmental conditions. These findings provide a 

foundation to unlock the full potential of lentil cultivation in European and Mediterranean systems 

by identifying adapted, high-performing genotypes. 

 

Keywords 

Adaptation; Genotype-environment interaction; AMMI model; GGE biplot; Stability.  

 

1. Introduction 

Feeding the growing global population while reducing the environmental impact of the industrial 

agriculture and mitigating the effects of climate change, requires a major shift toward a plant-based 

diet (Poore and Nemecek, 2018; Shukla et al., 2019; Gerten et al., 2020). In this context, food legumes 

offer a valuable protein source as an alternative to meat (Bellucci et al., 2021), and an important 

source of minerals, complex carbohydrates, dietary fiber and vitamins, as well as byproducts that can 

be exploited as sources of bioactive compounds and ingredients in a circular economy (Nartea et al., 

2023). Legumes not only produce nutritious seeds, they also establish symbiotic associations with 

nitrogen-fixing bacteria, helping to increase soil nitrogen levels when used in rotation with other 

crops and/or as a green manure crop, thus enhancing agro-ecosystem productivity (Dabin et al., 2016; 

Lindström and Mousavi, 2019; Gerten et al., 2020; Aguilar et al., 2022). This also reduces the 

environmental impact of industrial agriculture by reducing dependence on nitrogen fertilizers 

produced using non-renewable fossil resources (Paris et al. 2022). Accordingly, increasing the 

cultivation of food legumes in Europe would confer significant ecosystem benefits by regulating the 

nutrient cycle and reducing greenhouse gas emissions (Watson et al., 2017).  

Lentil (Lens culinaris Medik.) is a traditional legume crop in Europe and in the Mediterranean Basin. 

It was domesticated in the Fertile Crescent, probably southern Turkey (Zohary, 1972; Ladizinsky, 

1979; Alo et al., 2011), during the Neolithic period and subsequently spread into Europe, Africa, and 
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south Asia (Sonnante et al., 2009). In 2022, global lentil production reached 6.6 Mt from 5.5 Mha of 

land. The leading producer is Canada (2.30 Mt), followed by India (1.26 Mt) and Australia (0.99 Mt), 

whereas Europe is only a minor producer (0.26 Mt) (FAOSTAT 20220, assessed on 12 October 

2024).  

In Italy, lentil production is based mainly on landraces grown on marginal fields with relatively low 

yield potential (Laghetti et al., 2008). Increases in lentil production and expansion to different 

environments are hindered by the limited number of available cultivars, which are not always adapted 

to European agricultural environments and farmers’ needs. The agronomic characterization of genetic 

resources is therefore necessary to assess new germplasm with important adaptive traits for breeding 

programs. One example is the INCREASE project (Bellucci et al., 2021) 

(https://www.pulsesincrease.eu/), which aims to characterize, at the genomic, phenotypic and 

phenomic levels, genetic resources representing four important legume crops in the European context: 

common bean (Cortinovis et al., 2021), lupin (Krock et al., 2021), chickpea (Rocchetti et al., 2022) 

and lentil (Guerra Garcia et al., 2021). A large set of lentil germplasm in the INCREASE project is 

provided by the Canadian project AGILE, which has already characterized a diverse panel of 324 

accessions at the genotypic and phenotypic levels (Wright et al., 2021).  

Here, we compare the agronomic potential of a set of genetic resources derived from the above-

mentioned projects to local germplasm by targeting Mediterranean environments. To reach this goal, 

we established a diverse panel of 46 lentil genotypes composed of samples from the AGILE 

collection, Italian landraces and European cultivars. A 3-year trial was carried out to characterize the 

panel agronomically at two different localities in central and southern Italy, across two sowing 

seasons, allowing us to test a wide range of scenarios. Data from a subset of 16 genotypes grown in 

all the environments were used to dissect the genotype × environment interaction (GEI) variance.  

We used advanced statistical methods to evaluate the genetic potential and stability of different 

genotypes across various environments. We estimated breeding values (Piepho et al., 1994, 1998) 

and heritability (Falconer and Mackay, 1996) to identify which traits are most influenced by genetics 

versus environment, as well as multivariate analyses (AMMI and GGE) were carried out to dissect 

the complex interactions between genotypes and environments, helping in selection of genotypes that 

perform well and consistently across different conditions (Gauch, 1988; van Eeuwijk, 1995; Yan et 

al., 2000). Additionally, WAASB stability index (Olivoto et al., 2019) provided insights into which 

genotypes are most reliable and adaptable, supporting the development of resilient, high-performing 

varieties tailored to specific regions. Overall, these analyses are crucial for identifying genotypes 

well-adapted to specific environments and/or stable across different environmental conditions, 

making informed breeding decisions and improving crop performance in targeted environments as 
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demonstrated by recent studies that evaluated advanced lentil genotypes (breeding lines and Iranian 

materials) and identified interesting materials (Shobeiri et al., 2024a, 2024b; Pezeshkpour et al., 

2025).   

 

 

2. Materials and methods 

2.1 Plant materials 

The 46 lentil genotypes evaluated in this study included 30 of the 324 accessions previously 

characterized agronomically during a replicated field trial carried out in 2017 in southern Italy 

(Metaponto: latitude 40,39401, longitude 16,78636) as part of the AGILE project (Wright et al. 2021; 

https://knowpulse.usask.ca/AGILE; information on the accessions and details on the field trial are 

provided in Wright et al. 2021). The AGILE panel mostly comprises landraces from 45 different 

countries. The main criteria for the selection of the 30 AGILE accessions were (i) to include 

genotypes with the highest yields in the 2017 field trial of the whole AGILE collection in Italy and 

(ii) to include genotypes originating from different geographic areas. Sixteen additional accessions 

were included, comprising 11 Italian landraces collected from local farmers and seed cooperatives, 

three Italian cultivars provided by the Società Produttori Sementi, and two French cultivars provided 

by Agri Obtentions (Table 1). The 16 added genotypes represent the traditional varieties and modern 

cultivars mostly cultivated in the areas where field trials were carried out. Single seed descent lines 

were used in the field trials to reduce heterogeneity within genotypes. Most of the selected genotypes 

were landraces from 15 different countries representing the Indian subcontinent, Mediterranean Basin 

and Middle East. 

 

Table 1. Plant materials used in this study, identified by genotype code, donor, country of origin (i.e., 

collection site) and biological status. 

Genotype code1 Donor2 Country of origin Biological Status3 

Crimson AGILE/UNIBAS Egypt Cultivar 

IG 1959 AGL* AGILE/UNIBAS Ethiopia Landrace 

ILL 11557 AGL AGILE/UNIBAS India Cultivated material 

ILL 213 AGL AGILE/UNIBAS Afghanistan Cultivated material 

ILL 4605 AGL AGILE/UNIBAS Argentina Cultivated material 

ILL 624 AGL AGILE/UNIBAS North Macedonia Landrace 

PI 178971 LSP AGL AGILE/UNIBAS Turkey Landrace 

PI 181771 LSP AGL AGILE/UNIBAS Lebanon Landrace 

PI 298122 LSP AGL * AGILE/UNIBAS France Cultivated material 
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PI 299120 LSP AGL AGILE/UNIBAS Mexico Cultivated material 

PI 299121 LSP AGL AGILE/UNIBAS Mexico Cultivated material 

PI 299351 LSP AGL * AGILE/UNIBAS Chile Cultivated material 

PI 426778 LSP AGL * AGILE/UNIBAS Pakistan Landrace 

PI 431622 LSP AGL AGILE/UNIBAS Iran Landrace 

PI 431663 LSP AGL * AGILE/UNIBAS Iran Landrace 

PI 431710 AGL * AGILE/UNIBAS Iran Landrace 

PI 431714 LSP AGL AGILE/UNIBAS Iran Landrace 

PI 431717 LSP AGL AGILE/UNIBAS Iran Landrace 

PI 431728 LSP AGL * AGILE/UNIBAS Iran Landrace 

PI 431731 LSP AGL AGILE/UNIBAS Iran Landrace 

PI 431739 LSP AGL * AGILE/UNIBAS Iran Landrace 

PI 431753 LSP AGL * AGILE/UNIBAS Iran Landrace 

PI 432002 LSP AGL AGILE/UNIBAS Iran Landrace 

PI 432033 LSP AGL * AGILE/UNIBAS Iran Landrace 

PI 432145 LSP AGL AGILE/UNIBAS Iran Landrace 

PI 432245 LSP AGL AGILE/UNIBAS Lebanon Landrace 

PI 472588 LSP AGL AGILE/UNIBAS Egypt Landrace 

PI 533693 LSP AGL * AGILE/UNIBAS Spain Cultivar 

PI 612875 AGL * AGILE/UNIBAS Syria Breeding material 

W6 27760 LSP AGL * AGILE/UNIBAS USA Breeding material 

Castelluccio Farmer: Bignami C. Italy Landrace 

Santo Stefano Farmer: Ciarrocca E. Italy Landrace 

Mignon Farmer market Italy Landrace 

Nera Farmer market Italy Landrace 

Pantelleria Farmer market Italy Landrace 

Ustica Farmer: Mancuso G. Italy Landrace 

Val di Nevola SAIS Italy Landrace 

Onano SUBA Italy Landrace 

Palazzo San Gervasio UNIBAS Italy Landrace 

IGP Altamura UNIBAS Italy Landrace 

Rossa Tricarico UNIBAS Italy Landrace 

Elsa Società Produttori Sementi Italy Cultivar 

Gaia Società Produttori Sementi Italy Cultivar 

Itaca* Società Produttori Sementi Italy Cultivar 

Anicia* Agri Obtentions France Cultivar 

Flora* Agri Obtentions France Cultivar 
1Genotypes marked with an asterisk were evaluated in all seven field trials (Supplementary Table S1); 
2AGILE, Application of Genomic Innovation in the Lentil Economy project; UNIBAS, University of 

Basilicata, PZ, Italy; 3Cultivated materials are domesticated accessions that have not been specified as 

landraces or cultivars. 

 

2.2 Multi-environmental trials 

Seven agronomic trials were carried out over 3 years (2019, 2020 and 2021) and two sowing 

seasons (autumn and spring) in two localities (Table 2). The first was the experimental station of the 

Council for Agricultural Research and Economics – Cereal and Industrial Crops (CREA-CI) in 
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Osimo, Ancona, central Italy (latitude 43.463794, longitude 13.496916). The second was the 

experimental station of the Agenzia Lucana di Sviluppo e di Innovazione in Agricoltura (ALSIA) in 

Metaponto, Potenza, southern Italy (latitude 40,39401, longitude 16,78636). We phenotypically 

characterized 46 genotypes (Supplementary Table S1), 16 of which (those marked with an asterisk in 

Table 1) were grown and successfully characterized in all seven trials. 

Field trials were conducted using a randomized complete block design with three replicates, in 

experimental plots of 10 m2 comprising six rows spaced 0.15 m apart. Seeds were sown in December 

and March for the autumn and spring seasons, respectively (Table 2), achieving a density of 130 

plants/m2. Weed control involved pre-emergence applications of the herbicide pendimethalin. At 

physiological maturity, entire plants were harvested and dried in the open air. Seeds were recovered 

from pods using a plot harvester. Supplementary Fig. S1 shows images of OA_2021, OS_2021 and 

MA_2019 field trials.  

Environmental data were collected in the two localities during the 3 years of trials. The following 

weather variables were recorded from the field weather stations: average, maximum and minimum 

temperatures (°C) and rainfall (mm). Thermo-pluviometric graphs for the two locations and 3 years 

of trials are shown in Supplementary Fig. S2.  

 

Table 2. The seven field trials carried out in the present study. The trials were carried out at two 

localities (Osimo and Metaponto), over 3 years of cultivation (2019, 2020 and 2021) and two sowing 

seasons (autumn and spring). 

Experiment code1 Locality Year Sowing season 

MA_2019 Metaponto 2019 Autumn 

MA_2020 Metaponto 2020 Autumn 

OA_2019 Osimo 2019 Autumn 

OA_2020 Osimo 2020 Autumn 

OA_2021 Osimo 2021 Autumn 

OS_2020 Osimo 2020 Spring 

OS_2021 Osimo 2021 Spring 
1Experiment codes indicate the locality, year and sowing season (A = autumn [December] and S = spring 

[March]). 

 

2.3 Phenotypic data collection 

The lentil panel was evaluated for agronomic and phenological traits relating to earliness, crop 

architecture and yield. Specifically, we recorded first flower (FirstF), defined as days from sowing 

date until 10% of plants have one open flower; first pod (FirstP), defined as days from sowing date 

until 10% of plants carried at least one visible pod (i.e., pods were visible without removing flower 
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petals); plant height (PH), defined as the distance (cm) from the soil to the end of the longest stem 

when the plant is stretched; canopy height (CH), defined as the distance (cm) from the soil to the end 

of the longest stem without stretching; first pod height (FPH), defined as the distance (cm) from the 

soil to the first pod without stretching; yield (YLD) over the entire plot (g/plot); and seed weight 

(SW), defined as the 100 seed weight (g). Plant height, canopy height, and height of the first pod were 

recorded on three randomly-chosen plants in each plot. 

 

2.4 Data analysis 

Breeding value and heritability were estimated by evaluating the entire set of 46 genotypes. 

Assuming a linear model in Equation 1, the phenotypic value P for a trait and for an individual in a 

given environment, is the function of the overall mean (μ), the genetic effect (G), the environmental 

effect (E), the genotype ×environment interaction (GEI) and the random residual effect (e) within 

each environment, which is assumed to be normally distributed: e ~ N(0, σ²).  

 

 

P = μ + G + E + GEI + e            (1) 

 

From the linearity  assumption, we estimated the genotypic, environmental and GEI components 

of the phenotypic variance using the residual maximum likelihood procedure, considering G, E and 

GEI as random effects. 

To predict breeding values, we modeled G and GEI as random and E as a fixed effect, enabling 

the estimation of best linear unbiased predictions for genotypes (BLUPg; Piepho et al., 1994, 1998). 

This modeling approach assumes that the sampled environments are representative of the target 

conditions in the central Mediterranean region, aligning with the breeding objective of selecting 

genotypes adapted to this specific context. 

 

Considering  that heritability can be defined as the regression of breeding values on individual 

phenotypes (Falconer and Mackay, 1996), we estimated the broad-sense heritability, for the 

unbalanced dataset of 46 genotypes, using the regression coefficient (slope of the regression) between 

the BLUPg and the relative phenotypic  value, as shown in Equation 2. 

 

H2 = COV(BLUPg;P)/(θ2 P)          (2) 
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where COV(BLUPg;P) represents the covariance between the BLUP genotypic value and phenotypic 

value, and θ2 P is the total phenotypic variance. This approach implies the linearity between genetic 

merit and observed phenotypes and that BLUPs are unbiased predictors of true genetic values. 

 For all traits, the predicted means of the genotypes were plotted using a caterpillar plot with 

horizontal bars representing the 95% confidence interval of prediction based on a two-tailed t-test 

(Olivoto et al., 2019). 

Phenotypic data collected for the 16 genotypes in common among all trials were used to estimate trait 

correlation and dissect Genotypes by Environment Interaction (GEI). 

Principal component analysis was run for all traits to investigate the effective agronomic space, 

considering estimated BLUPs for all trait-environment combinations, while Pearson correlation on 

BLUPs was used to determine the specific genetic correlations among traits. 

Based on Equation 1, we used ANOVA to test the significance of G, E and GEI variance 

components  considering them as fixed factors.  

Furthermore, we dissected E into locality (L) and sowing season (S) effects, with the 

corresponding interactions: G*L (genotype × locality) and G*S (genotype × sowing season). 

To analyze the structure of genotype × environment interaction (GEI) across traits, we applied 

the Additive Main Effects and Multiplicative Interaction (AMMI) model (Gauch, 1988; van Eeuwijk, 

1995) and Genotype main effects and genotype × environment interaction effects (GGE) models (Yan 

et al., 2000).  

AMMI is a linear model mainly used in a fixed-effect model framework. It combines two 

statistical procedures: ANOVA and singular value decomposition (SVD) to dissect GEI variance into 

different IPCAs. The resulting genotypes and environments scores are then used to construct biplots 

providing a graphical interpretation of the GEI effects. For the yield trait, we additionally employed 

the GGE model, which capture the joint effects of both the genotypic main effect G and GEI. GGE 

biplots provide a comprehensive visualization of genotype performance by approximating the overall 

effect given by G + GEI, helping identify genotypes with high performance and stability across 

environments.  

Stability across environments was analyzed using the Weighted average absolute scores of 

BLUPs (WAASB) stability index (Olivoto et al., 2019), which applies SVD to the BLUP matrix for 

the GEI effect derived from a linear mixed model where genotypes and GEI are treated as random 

effects. The genotype with the lowest WAASB score is considered the most stable, deviating least 

from the average performance across environments. The model was applied for yield and architectural 

traits, and the results were displayed as a scatter plot with the abscissa represented by the performance 

of phenotypic trait values and the ordinate by the WAASB index. AMMI, GGE, BLUP estimates and 
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WAASB index results were obtained using the R package (metan) (Olivoto et al., 2019) available on 

GitHub: https://tiagoolivoto.github.io/metan/articles/vignettes_gge.html#the-gge-model. 

 

3. Results 

3.1 Selection of plant materials 

To identify plant materials adapted to Mediterranean environments, we screened yield-related data 

from the field trial carried out in Metaponto (southern Italy) in 2017 for the AGILE collection (Wright 

et al., 2020). Considering the entire set of 324 AGILE genotypes, the coefficient of variation (CV) 

for yield was high (62%), with an average of 114.75 g/m2 (Supplementary Fig. S3). We selected the 

30 best-performing genotypes, covering most of the geographic areas represented in the entire AGILE 

collection, particularly the Indian subcontinent, Mediterranean Basin and Middle East. To make 

comparisons with genotypes cultivated in Italy and the Mediterranean Basin, we included 16 further 

genotypes representing Italian landraces and European cultivars (Table 1). We then carried out seven 

field trials (Table 2) using the genotypes listed in Supplementary Table S1. 

 

3.2 Heritability and genotypic value 

We investigated the contribution of genotypic, environmental and GEI components to the observed 

phenotypic variance. The proportion of genetic variance over the total phenotypic variance (i.e., 

heritability) for each trait is estimated in Table 3. Flowering and fruit setting times showed high 

heritability (H2 = 0.81 and 0.68, respectively) indicating a strong genetic contribution. However, 

environmental effect, accounted for 95% of total variance, mainly due to differences between the two 

sowing seasons that affected the number of days to flowering and fruit setting after sowing. Among 

the architectural traits, plant height, canopy height and first pod height showed intermediate to high 

heritability (H2 = 0.45, 0.50 and 0.70, respectively). For canopy height and first pod height, the 

residual component was high (>30%). For these traits, we also observed relatively large genotypic 

components (12.8% and 26.7%, respectively) and GEI effects (22.2% and 14.4%, respectively). The 

genotypic component of plant height was 6.67%, whereas the environmental component was 69.9% 

and the residual component was 15.7%, lower than that of the other architectural traits. Production 

traits showed relatively high heritability (H2 = 0.66 and 0.87 for yield and seed weight, respectively). 

Yield was characterized by a genotypic component of 18.39%, an environmental component of 

21.77%, and the largest observed GEI effect of 35.38%. The average seed weight was characterized 

by a very large genotypic component (64.8%). 
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Table 3. Contribution of genotype (Gen), environment (Env), replication within the environment 

(rep), genotype × environment interaction (GEI), and residual components (e) to the phenotypic 

variation of recorded traits, along with broad sense heritability (H2) estimates and the coefficient of 

determination (R2). 

Phenotypic traits Gen Env rep GEI e H2 R2 

First flower* 3.34 95.40 0.08 0.89 0.30 0.81 0.77 

First pod* 2.41 95.00 0.19 0.81 1.62 0.68 0.71 

Canopy height 12.80 14.60 3.57 22.20 46.80 0.50 0.83 

Plant height 6.67 69.90 1.15 6.56 15.70 0.45 0.61 

First pod height 26.70 23.10 4.97 14.40 30.80 0.70 0.96 

Yield 18.39 21.77 3.37 35.38 21.07 0.66 0.82 

Seed weight 64.80 6.09 0.17 12.40 16.60 0.87 0.97 

*Nera and Pantelleria genotypes were tested only once (autumn sowing season) and were omitted from this 

analysis. 

 

To estimate the genetic merit or genotypic value of the 46 lentil genotypes, we used best linear 

unbiased predictor (BLUP) methodology (Fig. 1; Supplementary Table S2). The lines with the tallest 

plants were mostly from Italy (five landraces: Palazzo San Gervaso, Onano, IGP Altamura, 

Pantelleria and Rossa Tricarico) and Europe (the French cultivars Flora and Anicia, and one landrace 

from North Macedonia), with only two landraces from Iran (PI 432002 LSP AGL and PI 432033 LSP 

AGL) (Fig. 1a). For the same trait, 10 lines showed BLUP confidence intervals beyond the population 

mean, four of which were Iranian landraces (PI 431710 LSP AGL, PI 431717 LSP AGL, PI 431753 

LSP AGL, and PI 432145 LSP AGL), whereas the other six were represented by diverse materials 

from different geographic areas (Fig. 1a). Five genotypes had a significantly higher canopy height 

than the population mean, three from Italy (landrace Rossa Tricarico, and cultivars Itaca and Elsa) 

and two cultivated materials from Mexico, whereas the lowest canopy heights were observed for six 

Iranian landraces and a cultivated material from Argentina (Fig. 1a). 

We also recorded the first pod height trait, which is important for the mechanical harvesting of legume 

crops to minimize the loss of seeds. Fourteen lines achieved the highest genotypic values for this trait, 

10 of which were Italian landraces, all except one (Ustica landrace) present in the initial set of 

materials. The other four lines were represented by three cultivars (Elsa from Italy, and Anicia and 

Flora from France) and the North Macedonian landrace ILL 624 AGL (Fig. 1a). Eighteen lines, all 

from outside Europe, showed BLUP confidence intervals significantly lower that the population 

mean, the majority of which were Iranian landraces (Fig. 1a). 

We observed wide variation for flowering and fruit setting time, with ranges of 28 and 25 days, 

respectively (Fig. 1b). The earliest flowering and fruit setting lines were ILL 11557 AGL and ILL 

4605 AGL, the first from India and the second a cultivar from Argentina named Precoz. Further lines 
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with intervals below the population means for these traits included two domesticated genotypes from 

Mexico, three cultivars (Elsa, Itaca and Crimson), two breeding lines (PI612875 AGL and W6 27760 

LSP AGL) and an Italian landrace (Ustica) (Fig. 1b). Late-flowering genotypes (BLUP confidence 

intervals beyond the population mean) included all the landraces from Iran except PI431739 LSP, 

seven landraces from Italy, one landrace each from North Macedonia, Ethiopia, Lebanon and 

Pakistan, a domesticated line from Chile, and two cultivars. Most of them also showed a late fruit-

setting phenotype (Fig. 1b).   

Eight lines achieved the best genetic value for yield: four landraces (IG 1959 AGL from Ethiopia as 

well as PI 431622 LSP AGL, PI 431663 LSP AGL and PI 432033 LSP AGL from Iran), ILL 4605 

AGL and ILL 11557 AGL (cultivated material from Argentina and India, respectively), and breeding 

lines from Syria (PI 612875 AGL) and the USA (W6 27760 AGL) (Fig. 1c). Seven Italian landraces 

showed the worst genetic value for yield, along with the lines Itaca, ILL 213 AGL and PI 432002 

LSP AGL (Fig. 1c).  

Seed weight data confirmed the distinction between macrosperma and microsperma types. The 

highest seed weight was observed for lines ILL 4605 AGL, PI 432245 LSP AGL, ILL 11557 AGL 

and Elsa (Fig. 1c). Five additional lines showed confidence intervals beyond the mean of the 

population, three from Italy (landraces Pantelleria and Rossa Tricarico, and cultivar Elsa), and one 

domesticated line each from India and Argentina. The seed weight of most Italian landraces was 

significantly below the population mean (Fig. 1c). 

 

3.3 Phenotypic trait correlations and GEI effects 

To evaluate genetic trait correlations and dissect the specific components of GEI variance component, 

we used the fully balanced dataset comprising 16 genotypes assessed across all seven field trials. 

To obtain an overview of genotypes across the multivariate agronomic space, we performed a 

PCA considering the estimated BLUP for all traits based on trait–environment combinations. 

Principal component 1 (PC1) and PC2 explained 33.4% and 23.6% of the total variance, respectively, 

and showed a clear separation between genotypes based on biological status (Fig. 2). Specifically, 

the score plot showed that landraces, mostly from Iran, were characterized by late flowering (FirstF, 

FirstP) and exhibited higher productivity under spring sowing. In contrast local cultivars showed 

higher values for architectural traits (Fig. 2), while breeding materials were early flowering and 

showed greater productivity under autumn sowing (Fig. 2). 

A significant positive genetic correlation (r = 0.99; P < 0.001) was observed between flowering 

(FirstF) and fruit setting (FirstP), and both of these traits showed a significant negative genetic 

correlation with canopy height (r = –0.66 and –0.68 for canopy height/FirstF and canopy 
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height/FirstP, respectively; P < 0.001) (Supplementary Fig. S3). First pod height was significantly 

positively correlated with canopy height (r = 0.70; P < 0.01) and plant height (r = 0.83 P < 0.001). 

Finally, seed weight showed a significant negative genetic correlation with first pod height (r = –0.59; 

P < 0.05) (Supplementary Fig. S4).   

For architectural and production traits, significant genotype, environment and GEI effects were found 

by analysis of variance (ANOVA; Supplementary Table S3). The GEI effect was analyzed in detail 

using additive main effects and multiplicative interaction (AMMI) modeling, which allows GEI 

variance to be dissected into different interaction principal components (IPCs; Supplementary Table 

S4). Focusing on yield, a significant GEI effect was found accounting for 33.8% of total phenotypic 

variance with the first two IPCs explaining 79.7% of the relative GEI variance. To investigate the 

genotypic and environmental profiles that generate this interaction, we used AMMI biplots to show 

the adaptability and stability of genotypes in the tested environments (Fig. 3). In the AMMI1 and 

AMMI2 biplots, genotypes that cluster together are characterized by similar performance, and 

environments represented by vectors that form an acute angle are positively correlated.    

The AMMI1 biplot represents the IPC score against the mean grain yield for all the environments and 

genotypes (Fig. 3). IPC1 retained 45% of the total GEI variance and mainly separated the spring and 

autumn sowing seasons, with landraces tending to perform better in the spring whereas cultivars and 

breeding lines performed better in the autumn. The breeding lines PI 612875 AGL and W6 27760 

LSP AGL performed better in the autumn sowing seasons, with yield exceeding the population 

average, whereas landraces PI 4316163 LSP AGL, PI 432033 LSP AGL and IG 1959 AGL achieved 

a higher yield in the spring sowing seasons. This reflects a differential response to the primary 

environmental contrasts between autumn and spring sowing. Specifically, autumn sowing is 

characterized by slower thermal accumulation during the vegetative phase (mean daily temperature 

~7.5°C) under short-day photoperiods, whereas spring sowing is associated with more rapid thermal 

accumulation (mean daily temperature ~15°C) combined with long-day photoperiods (Fig.S1). 

In AMMI2, the scores for IPC1 and IPC2 explained 45.0% and 34.7% of the total GEI variance, 

respectively (Fig. 3). IPC1 separated environments according to the two sowing seasons, whereas 

IPC2 tended to separate environments according to localities (Osimo vs Metaponto). As for AMMI1, 

the AMMI2 results confirmed a positive interaction between landraces and the spring sowing season, 

whereas cultivars performed best in the Metaponto locality. Strong positive interaction was also 

observed for the breeding lines P612875 in Osimo autumn trials, particularly Osimo_2019_A and 

Osimo_2021_A. 

To determine the total genetic variation attributable to the joint effect of genotype and GEI, we 

applied genotype plus genotype–environment interaction (GGE) analysis (Yan et al., 2000). The so-
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called “which-won-where” view of the GGE biplot is shown for yield in Fig. 4. The partitioning of 

GEI in the GGE biplot showed that PC1 and PC2 accounted for 54.6% and 27.7% of the GGE sum 

of squares, respectively, explaining 82.3% of the total variation. Seven environments, given by the 

combination of locations and sowing seasons, fell into two distinct sectors, one including the autumn 

trials carried out in both Osimo and Metaponto (Osimo_2019_A, Osimo_2021_A, 

Metaponto_2019_A and Metaponto_2020_A) and the other mainly the spring trials (Osimo_2020_S 

and Osimo_2021_S), along with Osimo_2020_A (Fig. 4). The winning genotypes in the sector 

containing the autumn sowing season environments were the breeding lines PI612875 AGL followed 

by W6 27760 LSP AGL, whereas the winning genotypes in the sector containing the spring sowing 

season trials were the Iranian landraces PI 431663 LSP AGL, followed by PI 432033 LSP AGL and 

IG 1959 AGL. These results agreed with the AMMI analysis. In the section characterized by the 

presence of three out of four cultivars (Itaca, Flora and PI 533693), any test environment was present, 

suggesting that these cultivars were less productive in all the environments we considered. 

To investigate genotypic stability across environments, we used the weighted average of absolute 

scores (WAASB) stability index. The scatter plot with yield in the abscissa and the WAASB stability 

index in the ordinate allowed us to derive a joint interpretation between yield performance and 

stability (Fig. 5). Genotypes and environments fall in four different quadrants. For breeding purposes, 

the focus is the second (II) and fourth (IV) quadrants, because they group genotypes with yields above 

the population average. The second quadrant (II) represents highly productive but unstable genotypes, 

characterized by strong performance in the environments included in the quadrant, whereas the fourth 

quadrant (IV) contains genotypes with yields above the total average that are broadly adapted (low 

WAASB index) to all the tested environments. 

Among the 16 genotypes characterized in all the seven environments, five showed the highest yield, 

as previously suggested by BLUPs estimates (Figure 1). Three of them (PI 432033 LSP AGL, PI 

431663 LSP AGL and PI 612875 AGL) fell within the second (II) quadrant along with the autumn 

sowing trials carried out in 2019 in Metaponto and Osimo and in 2021 in Osimo. They were 

characterized by the highest WAASB scores, indicating they are not stable in all the environments 

but more adapted to autumn sowing seasons, especially PI 612875 AGL and PI 432033 LSP AGL 

(Figure 5). The W6 27760 LSP AGL genotype fell between quadrants II and IV and the IG 1959 

AGL genotype fell within quadrant IV. Among genotypes with a higher yield than the population 

average, IG 1959 AGL showed the lowest WAASB score meaning a good and stable performance 

across all different environments (Fig. 5). 

Finally, we partitioned the environmental (E) effect by distinguishing the contributions of location 

(L) and sowing season (S) using an ANOVA-based linear model (Supplementary Table S5).We found 
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that lines IG 1959 AGL and PI 431663 LSP AGL were the best performing and most stable genotypes 

across locations and sowing seasons (Fig. 6). Comparing sowing seasons and locations, we found that 

the yield was significantly higher in autumn trials and the Osimo locality compared to spring sowing 

and Metaponto, respectively. We also found a significant genotype interaction with locality effect 

particularly for the PI 612875 AGL breeding line, which achieved a significantly higher yield in 

Osimo than in Metaponto. Considering the differences between sowing  seasons, almost all the 

genotypes showed a significantly higher yield in autumn compared to spring sowing trials, 

particularly the breeding lines PI 612875 AGL and W6 27760 LSP AGL, whereas almost all of the 

Iranian landraces achieved a stable performance across both sowing seasons. 

 

4. Discussion 

Lentil is one of the oldest cultivated grain legumes and is strongly linked to European and 

Mediterranean food cultures. This species can therefore play a key role in supporting the transition 

toward a largely plant-based diet for European consumers. However, little effort has been dedicated 

to lentil breeding in Europe, and few lentil cultivars have been released. Research on the 

characterization of diverse lentil genetic resources in European and Mediterranean agro-ecosystems 

is also limited, with examples mainly involving the evaluation of local germplasm (Lázaro et al., 

2001; Bacchi et al., 2010; Zaccardelli et al., 2012; Cristóbal et al., 2014; Ruisi et al., 2015; Gaad et 

al., 2018; Sellami et al., 2021; Baxevanos et al., 2024). There is increasing interest in the development 

of legume varieties adapted to European and Mediterranean environments, leading to funding for the 

characterization of diversity in legume collections, as seen in the INCREASE project (Bellucci et al., 

2021; https://www.pulsesincrease.eu/), and initial publications testing a wide set of materials in 

Mediterranean environments (Preiti et al., 2024; Zeroual et al., 2024).   

We set out to develop a diverse set of lentil materials for agronomic characterization and GEI analysis 

in Italian Mediterranean environments and to identify adapted germplasm for breeding purposes. We 

exploited an earlier field trial carried out in the south of Italy (Metaponto, Basilicata region) based on 

the characterization of a wide and geographically diverse panel of 324 genotypes developed in the 

AGILE project (Wright et al., 2021). To target new germplasm potentially adapted to Mediterranean 

environments, we selected the 30 best-yielding AGILE genotypes. This allowed us to maintain a 

geographically diverse set of genotypes, including lines based on materials originally from different 

geographic areas such as the Mediterranean Basin, Middle East, central Asia, the Indian subcontinent 

and Ethiopia. We added another 16 genotypes representing local Italian landraces and varieties that 
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are mainly grown by farmers in Italy to ultimately compare the AGILE resources with materials 

already cultivated in the Italian Mediterranean region.  

Phenotypic characterization, across seven environments derived by combinations of localities, 

sowing seasons and years, allowed us to dissect the phenotypic variance of agronomic traits in terms 

of genotypic, environmental and GEI components. The large collection of 46 genotypes allowed to 

evaluate a large portion of the genetic variance, however it was not equally replicated among the 

seven environments, making the use of the standard ratio of variances: Ɵ2
G/(Ɵ2

G + Ɵ2
GEI + Ɵ2

e) 

inappropriate. Instead, we calculated the regression of genotypic values on phenotypic values using 

genotypic BLUPs (estimates of specific genotypic values), to estimate broad-sense heritability as 

previously described (Falconer and Mackay, 1996).  

Flowering time is an important adaptive trait and is therefore of significant interest for breeding. 

Varieties that mature faster could reduce yield losses due to water and heat stress during the 

reproductive and grain-filling stages (Naik et al., 2024). Considering that lentil is a long-day species 

with different photoperiod sensitivity across genotypes, we did not only test the material in different 

locations, but we also targeted two different sowing  seasons: autumn, characterized by short-day 

conditions in the early phases and long-day conditions in the reproductive phases, and spring, 

characterized by long-day conditions since the early phases. For this reason, we detected a strong 

environmental component for flowering and fruit-setting time, mainly reflecting day length 

differences between the two sowing seasons (Summerfield et al., 1985). By estimating the genetic 

merit of the different genotypes, we identified those potentially superior for earliness, such as ILL 

11557 AGL and ILL 4605 AGL, which are domesticated materials from India and Argentina, 

respectively. Among the 16 genotypes with complete datasets for all seven environments, the 

breeding lines PI 612875 AGL and W6 27760 LSP AGL showed the shortest cycles for flowering 

and fruit setting (Figure 2).  

Architectural traits are important because they affect plant management and yield (Holland, 

2007; Teichmann and Muhr, 2015) as well as disease control by regulating the extent of contact with 

pathogens, or by creating barriers or unfavorable microclimates for pathogen growth and 

development (Ando et al., 2007; Costes et al., 2013). Several studies have pointed out the importance 

of such traits in lentil, especially to improve harvesting and reduce seed losses (Erskine and 

Goodrich,1991; Kuzbakova et al., 2022) but also by enhancing yields (Silva-Perez et al., 2022). 

Phenotypic variance partitioning differed for the three architectural traits. The residual component 

was lowest for plant height (15%), but higher for canopy height and first pod height, probably because 

these latter traits are more influenced by lodging, which can create statistical noise that increases the 

residual component. Canopy height and first pod height also showed a relatively high genotypic 
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effect. From genetic merit estimates, our results indicated that European materials (Italian 

cultivars/landraces and French cultivars) achieved the best results. Almost all the Italian landraces, 

with the exception of the Ustica landrace, achieved the highest values for the first pod height, which 

is valuable for mechanical harvesting and reducing seed loss. We observed a relatively high 

heritability for yield (66%) indicating an overall potential for selection at the population level for 

adaptation in Mediterranean environments. The best-yielding genotypes were IG 1959, PI 612875, 

PI 431663 LSP and PI 432033 LSP, based on landraces and breeding material originating from 

Ethiopia, Syria, and Iran. We did not find any local germplasm with better performance. Similar 

experiments of multi-location field trials conducted in Iran confirms that improved lentil cultivars 

developed from material originated mainly from these geographic regions can combine high yield 

with stability across diverse, rainfed sites (Shobeiri et al., 2024a, 2024b; Pezeshkpour et al., 2025). 

Among the overall population of 46 genotypes, a subset of 16 lines (Table 3) was fully replicated 

across all tested environments. This common set included AGILE germplasm, comprising landraces 

and breeding materials capable of producing sufficient seed for all trials, as well as European cultivars 

used as controls. This subset enabled a detailed analysis of phenotypic trait correlations and allowed 

for the dissection of genotype-by-environment interaction (GEI) effects.  

Principal Component Analysis (PCA), performed using all trait-by-environment combinations, 

revealed clear agronomic differentiation between the local European cultivars and the AGILE 

germplasm. While European cultivars clustered together based on higher values for architectural 

traits, the breeding materials and landraces displayed distinct agronomic patterns, particularly in 

terms of yield performance across both sowing seasons. These results indicate that the target of the 

former breeding efforts was to improve architectural traits, thus facilitating mechanical harvesting 

but also increasing yield (Silva-Perez et al., 2022). 

 Analyzing in detail the specific environmental effect we observed overall higher yield in autumn 

compared to spring sowing trials and in central rather than southern Italy. In central Italy,  lentils are 

usually sown in spring (February to March), whereas we found that, due to rising winter temperatures 

and unpredictable spring drought in this area, higher yields can be achieved by sowing lentil in 

autumn. This was previously reported in the Mediterranean-type environments of southern Australia, 

where early sowing allowed a longer period of vegetative and reproductive growth, faster canopy 

development, more absorption of photosynthetically active radiation, higher seed yields, and better 

water use efficiency (Siddique et al., 1998). 

Considering the relatively mild temperatures typical of the local autumn-winter growing season 

(7-8°C) and their projected increase under future climate scenarios (Khodayar Pardo et al., 2023), 

along with initially short-day photoperiods during the vegetative stage, this sowing window is likely 
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to favor early-flowering genotypes. Due to their photoperiod sensitivity, these genotypes can 

complete vegetative development and initiate flowering before the onset of potential spring drought 

stress. 

The GEI structure of yield was analyzed using AMMI and related GGE models, revealing that the 

main driver of GEI is the environmental difference between the autumn and spring sowing seasons. 

In autumn sowing, the best performing lines were the breeding material PI 612875 and W6 27760 

LSP that were also included among the significant early group of genotypes. These two genotypes 

are differentiated for architectural traits, with PI 612875 AGL featuring a significantly lower plant 

height and first pod height. In this case, intercropping with cereals such as wheat or barley may be a 

useful strategy to increase the first pod height and facilitate stand harvesting (Carr et al., 1995). 

On the other hand, we found two landraces from Iran PI 431663 and PI 432033 LSP and one 

from Ethiopia IG 1959, that beside well performing in autumn sowing, also had outstanding 

production in spring sowing, where higher temperatures and reduced rainfall occurred during the 

growing season  We investigated the stability of the genotypes by estimating the WAASB index, 

which considers all IPCAs derived from the BLUP GEI variance decomposition, allowing an 

unbiased interpretation of genotype stability across environments (Olivotto et al., 2019). We found 

that the Ethiopian line IG 1959 AGL was the most stable among the best-yielding genotypes. This 

line represents a valuable genetic resource for the development of improved cultivars adapted to 

Mediterranean environments. It holds potential as a broadly adapted parental line in breeding 

programs. 

The identified materials can be valuable sources of new diversity and can be crossed with 

cultivars already grown in the same areas, such as for example the Itaca variety, to combine desirable 

traits and address specific agronomic, farmer, and market demands. 

 

5. Conclusions 

Here, we exploited the availability of a wide and diverse lentil panel representing the worldwide 

geographic distribution of the species to select a set of materials targeting high-production and 

adaptation to Mediterranean agro-environments. Agronomic analysis in multiple environments 

revealed promising new genotypes suitable for adaptation to the Mediterranean region, and GEI 

analysis identified genotypes adapted either to autumn or spring sowing seasons as well as lines stable 

across different environmental conditions. These genotypes can be used in breeding to develop new 

varieties able to promote the cultivation of legumes in Europe and to contribute to sustainable 

development of agriculture. 
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Figure legends 

Figure 1. Best linear unbiased prediction (BLUP) of 46 lentil lines for a) architectural traits, b) 

flowering and fruit-setting times, and c) yield and yield components. Lines with BLUPs above and 

below the population mean are highlighted in blue and red, respectively. Horizontal bars represent 

genotype 95% confidence intervals (CI). 

Figure 2. Principal component analysis carried out using the BLUPs for all trait-environment 

combinations. a) Score plot of the genotypes highlighted with different colors based on biological 

status: landrace (green), breeding material (red) and cultivar (orange). b) The loading plot for all trait–

environment combinations, with flowering, architectural and yield or yield component traits 

highlighted in orange, blue and green, respectively. 

Figure 3. AMMI biplots for yield data from 16 lentil genotypes grown in seven environments based 

on genotypic and environmental scores. a) AMMI1 biplot in the abscissa the genotype and 

environmental yield and in the ordinates the PC1 scores. b) AMMI2 biplot (PC1 vs PC2) for plot 

yield data. Dots represent the 16 genotypes while the arrows the seven different environments. 

Figure 4. “Which-won-where” GGE biplot based on yield data for 16 genotypes. Circles are colored 

based on biological status in seven environments (blue diamonds). Vertex genotypes are connected 

with solid lines and the remaining genotypes fall within the polygon. A set of lines starting from the 

origin intersects each side of the polygon. The perpendicular lines to the polygon sides divide the 

biplot into sectors where environments that share similar ranks of the genotypes within a specific 

sector are grouped together and the winning genotype for a sector is the vertex genotype.   

Figure 5. Score plot of grain yield vs weighted average of absolute scores for the best linear unbiased 

predictions of the genotype–environment interaction (WAASB). Genotypes are represented by 

colored circles based on biological status, whereas blue diamonds indicate the seven different 

environments. Horizontal and vertical black lines indicate the average stability and population yield, 

respectively. 

Figure 6. Linear model with genotype, location and season effects and interactions for the yield trait. 
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