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Abstract: Lentil (Lens culinaris Medik.) is a popular legume crop in the Mediterranean region, widely
grown for its nutritious seeds and improving soil fertility. Lentil yield is a critical and challenging
trait for crop genetic improvement because it is influenced by various factors that have detrimental
effects on seed yields and seed quality traits. This research was carried out in Italy between 2017
and 2019 to identify high-performing stable genotypes presenting multiple desirable traits and to
assess the seed quality of 13 lentil accessions in the field. According to the results of the multi-trait
stability index (MTSI), (1) only three accessions (Altamura, Easton, and Caltagirone) fared better in
various environmental conditions, and (2) the selected accessions had strength toward seed yield
(SY), above-ground biomass (AGB), and 1000-seed weight (THS). The genotype x environment in-
teraction (GEI) effects were highly significant for all traits. During the third growing season, most
lentil accessions were sensitive to frost. There was no correlation between lentil seed yield and pro-
tein concentration. The MTSI is a useful tool for breeders interested in selecting accessions based on
their mean performance and stability, as well as desirable traits and minimum multicollinearity
issues.
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1. Introduction

Lentil (Lens culinaris Medik.) is an annual leguminous plant and one of the oldest
edible crops [1]. Lentil is indigenous to the Middle East [2]. The crop is best adapted for
production in temperate climates but is now produced in many regions of the world [3].
Canada, India, and Australia are the primary producers of lentil, with the three countries
producing approximately 68% of global lentil production in 2019 [4]. The cultivation of
this legume has gradually increased in Italy during the last 20 years, from more than 1000
hectares to more than 5600 hectares [5,6]. In 2020, more than 5612 hectares were cultivated
in Italy for a total production of 4.98 thousand tons, with an average of around 0.89 tons
per hectare [5]. The interest in grain legumes, which are a major alternative source of pro-
tein to meat for the future, is increasing at present [7-9].

The lentil suffers considerable yield losses, similar to other crops, because of various
biotic and/or abiotic stresses [10]. The lentil is a species that is generally grown in dry
conditions and often faces water deficit during key growth stages [6]. Furthermore, lentil
is sensitive to salinity that is magnified in arid and semiarid regions [11]. The salinity
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tolerance limits are between 8.4 and 13.1 mS cm [6]. Lentil also faces temperature ex-
tremes during its life cycle, particularly heat stress [12], and is severely affected by long
and intense frosts during reproductive growth [6].

Lentil plays a significant role in human nutrition and the environment, to reduce re-
liance on non-renewable resources and chemicals [13] and improves the soil fertility [14].
Because of its symbiotic relationship with rhizobium, it can fix atmospheric nitrogen (N2),
minimizing the demand for synthetic nitrogen fertilizers.

Lentil is a high-nutritional food. It has a protein content that can reach up to 30%; the
presence of vitamins is also appreciable, particularly of the B group. Iron is present to a
greater extent than in wheat and rice kernels [15]. Lentil seeds represent a low-cost source
of protein and starch, with the advantage of being resistant to starch when compared to
cereal, root, and tuber starch [16].

Currently, in Italy, this legume is mainly cultivated in the central and southern mar-
ginal areas and on a few small islands [17]. One of the primary causes of the decline of
lentil cultivation in the twentieth century in Italy is the lack of improved cultivars [18].
The genetic activity improvement in this species was not particularly prominent and was
related to the assessment of the genetic variability in the Italian and foreign germplasms
only after the mid-1980s [18]. Another reason for the limitations to the expansion of lentil
cultivation in Italy is represented by the difficulty in finding the seeds of local ecotypes
and their poor stability in different environmental conditions. Lentil landraces are gener-
ally being maintained in traditional farming systems by obtaining traditional seeds from
generation to generation [15].

The main goals of lentil genetic improvement are production stability, seed quality,
and higher nitrogen fixation efficiency. A rigorous genetic selection activity has recently
been developed to select lentil varieties rich in protein and appropriate for mechanization
[18]. Breeding plans for multiple trait improvement projects in lentils must take into ac-
count more than one trait [19]. However, these lentil breeding programs based on gather-
ing multiple traits together in one new genotype are limited by the choice of germplasm
and the genetics and genetic relationships among the traits under selection [19,20].

This led to the development of a vast number of statistical procedures to select supe-
rior genotypes such as the Smith-Hazel index [21], multi-trait genotype-ideotype distance
index [20], multi-trait index based on ideotype design [22], and multi-trait stability index
(MTSI) [23].

The MTSI is a selection index that utilizes the mean performance and stability of the
genotype for multiple trait selection [24]. It is based on factor analysis, with each ideo-
type’s factorial scores designed according to desirable and undesirable factors. Then, de-
pending on the accession-ideotype distance, a spatial probability is computed, enabling
accession ranking. The accession with the lowest MTSI is hence closer to the ideotype and
exhibits greater mean performance and stability across all variables analyzed [23].

Based on this context, the current study intends to (1) identify the stable accession of
lentil for cultivation in South Italy under varied environmental conditions using MTSI
indices and (2) evaluate the quality parameters of 13 lentil accessions over 3 consecutive
years.

2. Materials and Methods
2.1. Experimental Site

A field screening experiment was conducted between 2017 and 2019 at the experi-
mental research station of CNR-ISAFoM in Vitulazio (Caserta, Italy) (41°12" N and 14°20’
E, 23 m above the sea level).

The climate is Mediterranean and subhumid, with an average annual rainfall of 897
mm over 43 years, with the majority of rain falling in the autumn and winter (October—
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March). Between 1976 and 2019, the average annual reference evapotranspiration esti-
mated by the Penman-Monteith equation [25] in the region was 1074 mm. The soil type
was Mollic Haplaquept [26] clay-loam.

2.2. Agronomic Management and Experimental Design

During the three growing seasons, the lentil accessions widely cultivated in Italy’s
marginal areas (Table 1) were sown on November 29, December 11, and November 26,
respectively. For all growing seasons, harvesting occurred in June and July. The plot was
3 m? (with 0.4 m row spacing and 0.10 m between two plants) and sown at a rate of 25
plants m=2. The sowing was carried out involving a randomized complete block design
(RCBD) with three replicates. All accessions were grown under field conditions. Seeds
were prepared prior to sowing by light soil cultivation followed by arrowing at the end
of summer.

Table 1. The study’s accessions and their origins.

Code Accession Name Purveyor Country
Gl Itaca ISEA Italy
G2 Altamura Western Regional P1 Station United States
G3 Gaia ISEA Italy
G4 ESTON LSF Western Regional P1 Station United States
G5 TIPO CASTELLUCCIO PICCOLE “ “
G6 Mountain Lentil #1 “ “
G7 ILL 508 “ “
G8 Castelluccio Lentil “ “
G9 Mountain Lentil #2 “ “
G10  ESTON “ “
Gl11  W619546 “ “
G12  Caltagirone ISAFoM-Sicilia Italy
G13  di Colliano IBBR-CNR .

Quotation marks (") indicate repeated purveyor or country.

2.3. Measurements

At maturity, a 1 m? subplot in the center of each plot was hand-harvested to deter-
mine seed yield (SY), 1000-seed weight (THS), and above-ground biomass (AGB). The
harvest index (HI) was computed as the ratio of SY to AGB. The hierarchical cluster anal-
ysis (HCA) for seed samples (200 g) from subplots harvested in 2017 was chemically ana-
lyzed. The Kjeldahl method was used to determine the crude protein concentration
(AOAC 920.152). The Jones factor was used to convert it to protein (6.25) [27]. Then, by
multiplying the protein concentration by the harvested yield, the protein yield was deter-
mined (g m=2). Raw fat was determined using the AOAC 922.06 method [28]. Additionally,
the ash content was evaluated using the AOAC 900.02 method (international). The Ewers
polarimetric method (ISO 10520:1997(E)) was used to determine the starch content.

2.4. Statistical Analysis

The data obtained during the course of the three-year study period were analyzed
using an RCBD. The normal distribution of each dependent variable was determined us-
ing the Shapiro-Wilk test. If the assumption of normality was violated, we transformed
the data using the Box—Cox transformation [29].

Yield and morphologic parameters data were evaluated using a mixed model via re-
stricted residual maximum likelihood/best linear unbiased prediction (REML/BLUP), ac-
cording to Henderson [30]. Conversely, the weighted average of absolute scores (WA ASB)
obtained from the singular value decomposition of the matrix of BLUP for GEI effects [31]
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generated by a linear mixed-effect model was used to measure the stability of 13 lentil
accessions conducted in 3 growing seasons.

The WAASBY index [23] that provides for the weighting between mean performance
(i.e., SY) and stability (WAASB) of individual traits was then computed.

The MTSI is used to rank and select accessions. In the current work, the accession
selection aimed at selecting accessions with higher values (positive gains) for SY, THS,
AGB, and HI. The software package metan-MET analysis [32] in the RStudio software [33]
was used to carry out these approaches. Both environment (growing seasons) and acces-
sion were regarded as random effect.

The yield and morphologic parameters were subjected to principal component anal-
ysis (PCA) in order to determine the patterns of variation among the factors and to choose
the best-adapted accessions. The PCA outputs incorporated variable loading for each se-
lected component as well as component scores. This analysis was conducted using the
software package FactoMineR [34] within the RStudio software [33].

The Spearman correlation has been used to determine the correlation between yield,
morphologic parameters, and seed quality factors. This analysis was conducted using the
software package Corrplot [35] within the RStudio software [33].

Using the package clValid [36] in the RStudio software [33], the HCA was conducted
using a single linkage approach that utilized Euclidean distances to determine seed qual-
ity parameters (fat, ashes, starch, protein concentration, and protein yield).

3. Results
3.1. Climatic Conditions

Figure 1 illustrates the variation in climatic parameters over years. Seasonal precipi-
tation ranged from 388 to 810 mm in the first and third growth seasons, respectively, while
in the second year, 770 mm was recorded. Gibbs and Maher [37] classified, using their
decile index (DI), the second and third growing seasons as normal (DI = 9 and 9, respec-
tively) and the first season as weak dry (DI = 4).
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Figure 1. Rainfall, air temperature (Tmin and Tmax), and solar radiation distribution during the
three experimental years.

During the third growing season, the average maximum temperature (Tmax) was
similar to the 43-year (1976-2019) average value (18.92 °C). However, in the first and sec-
ond growing seasons it was 0.28 and 1.19 greater, respectively.

When compared to the two previous growing seasons, the winter season (December—
February) of 2018-2019 was colder than usual. It was 1.50 °C and 1.27 °C cooler than the
same period in 2017 and 2018, respectively. For 10, 8, and 12 days in 2017, 2018, and 2019,
respectively, the total average minimum temperature (Tmin) was below 0 °C. Further-
more, during flowering (March), the minimum temperature fell below 0 °C for one day in
the first and third growing seasons.

This was evident in January 2019 (Vegetative stage), when the mean air temperature
was 3.3 °C, approximately 0.43 and 3.88 °C lower than in January 2017 and 2018, respec-
tively. The overall average maximum temperature in March 2017 (Flowering stage) was
18.97 °C, approximately 4.07 and 1.13 degrees higher than in March 2018 and 2019, respec-
tively.

During the first growth season, the overall average solar radiation was 0.942 and 2.74
M]/m2/day greater than 2018 and 2019 growing seasons, respectively.
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Proportion of phenotypic variance

3.2. Likelihood-Ratio Tests and Variance Components

The likelihood-ratio test revealed that only SY, HI, and THS had a significant geno-
type and environmental effect (Figure 2). The GEI effects were highly significant for all
variables (Figure 2). The SY, HI, and THS values varied significantly between years (Table
2), with the maximum values of SY and HI being reported in the second season, while
those of THS were recorded in the first season, and the third season reported the lowest
values for all of them. The year’s impact was also visible in the AGB, which reached its
highest values in 2019. (Table 2). The average SY of the three growing seasons was 104 +
69 g/m?(Table 2), and the SY declined by 13.95% and 44.96 %, when compared to the first
and third seasons, respectively. The AGB decreased by 21.53% and 24.53% in the first and
second seasons, respectively, when compared to the third season (Table 2). Both genotype
(47.99%) and environmental (33.97%) effects accounted for the largest proportion of vari-
ance in THS (Figure 2). Genotype and GEI had larger effects on SY, accounting for 36.54%
and 46.54% of the total variation, respectively (Figure 2). The GEI variance (oge?) was
greater than the genotypic (0g?) and residual variance (or? Figure 2) for all traits, except
for THS and HI.

Table 2. Four lentil traits (SY, AGB, HI, and THS); mean of 13 lentil accessions assessed for three
growing seasons.

Growing Season

Source of Variation Mean
2017 2018 2019
SY (g m?) 111+59Db 129+ 64 a 71+72c¢ 104 + 69
AGB (g m?) 627 +265 b 603 +224b 799 +410 a 676 + 320
HI (%) 18.09+8.14 b 21.73+8.36 a 753 +5.36 ¢ 15.78 +9.52
THS (g) 3776 +12.61a 3456+10.32b 2257+9.14c 31.63+12.55

0.75

0.5

0.25

SY = seed yield; AGB = above-ground biomass; HI = harvest index; THS = 1000-seed weight.
Means followed by the same letter in each row are not significantly different according to the
Tukey’s test (p = 0.05).

# ns kgt s
% ns * Rt
Eiaad L ] Easss

SY Al

GB HI THS
Traits Eor2 Eoge2 Wogl2 Hoel

Figure 2. The proportion of the phenotypical variation examined over three growth seasons for four lentil traits (SY, AGB,
HI, and THS). ce2 = environment variance; 0g2 = genotype variance; oge2 = interaction g x e variance; or2 = residual
variance. Asterisks indicate significant effect of environment (upper position), genotype (middle position), or interaction
g x e (lower position) at p <0.05 (*), or p <0.0001 (****), while ns indicates no significant effect according to likelihood-ratio

test.
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3.3. Principal Component Analysis

Principal component analysis (PCA) was used to determine lentil yield, yield com-
ponents, and weather parameters across three consecutive growing seasons. With eigen-
values greater than one, the first two principal components (PCs) explained 82.47% of the
total variance, with PC1 accounting for 53.98% and PC2 accounting for 28.49% (Figure 3).
PC1 was correlated positively (>0.6) with SY, THS, and HI. Increased AGB was revealed
to have a positive correlation with PC2 (Figure 3). The study asserts that 2019’s disastrous
agricultural production was primarily caused by frost, both in the winter and spring (only
high AGB was recorded during this season). The three worst performing lentil accessions,
according to productivity, were the G5 (TIPO CASTELLUCCIO PICCOLE), G9 (Mountain
Lentil #2), and G13 (di Colliano) (Figure 3).

E Year

m

= ® Y17
@

3.8 Y18
O

o | Y19

PC1 (53.98%)

Figure 3. Principal component analysis (PCA) biplot on lentil yield and morphologic parameters as
a function of growing seasons and accessions. The principal variables are denoted by red arrows.
The auxiliary variables are represented by dotted blue arrows (weather parameters). Please see Ta-
ble 1 for the different accessions’ abbreviations. Each ellipse represents a 95% confidence interval
around each group. The weather abbreviations can be found in Supplementary Table S1.

3.4. Productivity Performance and Stability

Figure 4 represents the SY performance and stability of 13 lentil accessions evaluated
during three consecutive growing seasons. The WAASBY index (WAASB/GY ratio) ena-
bles the analysis of how genotype rankings vary in response to the weights assigned to
performance (SY) and stability (WAASB index). The ranks obtained with a ratio of 100/0
exclusively consider the stability for genotype ranking. Conversely, a ratio of 0/100 exclu-
sively considers the productivity for genotype ranking [31]. The accessions were classified
into four groups with similar stability and productivity performance.

Group 1 included G1 and G11, which are poorly productive and unstable genotypes.
Group 2 included unstable genotypes with high SY, being well ranked when the
WAASB/GY ratio was low (greater weight for productivity). The accessions G3, G4, and
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G6 were included in this group. Group 3 contained three accessions, G2, G10, and G12,
which are extremely productive and adaptable accessions. Accessions within group 4 (G5,
G7, G8, G9, and G13) were stable but low-productive genotypes because they were well
ranked when the WAASB/GY ratio was high (greater weight for stability; Figure 4).

- = ==
Gl Gl G3 G4 Gs G0 Gi2

G GF GB G GI3 9

Figure 4. The rank of 13 accessions based on various weightings of stability (WAASB) and grain
yield performance (SY) evaluated during three consecutive growing seasons. Please see Table 1 for
the different accessions” abbreviations.

3.5. Multiple Trait Mean Performance and Stability

Table 3 represents the factor analysis performed with the WAASBY index. The first
two factor components (FA) had eigenvalues greater than one and accounted for 75.51%
of the total variance among the traits. FA1 clustered three traits, including SY, AGB, and
THS, while FA2 grouped the HI trait (Tables 3 and 4). Figure 5a shows the ranking of the
13 lentil accessions according to the MSTI. The three selected accessions were G12, G10,
and G2, and they were utilized to determine selection differentials (SDs). SDs quantify the
change in a population’s mean trait value between pre- and post-selection. The MTSI pro-
vides a positive SD for four studied traits. The top three accessions across the environment
showed desired values for all lentil traits. The SD percentage for traits ranged between
18.8% for THS and 53.6% for AGB (Table 4).

Table 3. Eigenvalues, relative and cumulative percentages of total variance, factorial loadings after
varimax rotation, and communalities for lentil traits obtained by factor analysis.

Factor Components FA1l FA2 Communality Uniquenesses
Eigenvalue 1.96 1.06 - -
Relative variance (%) 49.10 26.41 - -
Cumulative variance (%) 49.10 75.51 - -
Eigenvectors

SY -0.80 0.47 0.87 0.13

AGB -0.87 0.11 0.77 0.23

THS -0.66 -0.28 0.52 0.48

HI -0.02 0.93 0.87 0.13

Eigenvectors: SY: seed yield; AGB: dry biomass; HI: harvest index; and THS: 1000-seed weight.
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Table 4. Lentil traits and selection differential for the WAASBY index in 13 lentil genotypes.
Variables Factor Xo Xs SD SDperc
SY FA1 54.2 80.8 26.6 49.0
AGB FA1 45.4 69.7 24.3 53.6
HS FA1 54.4 64.6 10.2 18.8
HI FA 2 57.6 73.1 15.5 26.9

(a)

w

G2

~

Multitrait stability index
)
=

G6

G10

Xo: original value; Xs: selected value; SD: selection differential; Sdperc: selection differential in
percentage.
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Figure 5. (a) Genotype ranking based on the MTSI considering a selection intensity of 20% (red circle). Selected genotypes
are highlighted in red. (b) Strengths and weaknesses view of the stable genotypes identified across three consecutive
growing seasons, shown as the proportion of each factor on the computed MTSI index. Smaller proportions explained by
a factor (closer to the external edge) indicate that the trait within that factor is closer to the ideotype. The dashed line shows
the theoretical value if all the factors contributed equally. FA1: SY, AGB, and THS, and FA2: HI.

Figure 5b depicts the strengths and weaknesses view of the stable accessions identi-
fied across three consecutive growing seasons. The factors that contributed the most were
placed towards the center, while those that contributed less were drawn near the plot
edge. The strengths and weaknesses of accessions showed that the first factor (FA1) had
the highest contribution for accessions G2 and G10, while FA2 had the highest contribu-
tion for accession G12. The weakness of G12, however, is related to FA1.

3.6. Yield Quality

The seed quality of the 13 lentil accessions was analyzed throughout the 2017 grow-
ing season. The purpose of quality analysis is to determine how the yield quality of lentil
accessions varies throughout a specific cropping season. Figure 6 depicts the HCA of dis-
similarities across lentil accessions based on their Euclidean distances for the seed quality
parameters (fat, ashes, starch, protein concentration, and protein yield). The HCA re-
vealed four major lentil groups (Figure 6).
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Figure 6. Hierarchical cluster analysis of dissimilarities across lentil accessions on their Euclidean
distances. Please see Table 1 for the different accessions’ abbreviations.

Due to the similar responses of the five lentil accessions (G4, G5, G6, G9, and G11) to
seed quality parameters, they were bunched together in a single cluster: Group 1. G10 and
G12 were two lentil accessions included in Group 2. Group 3 included two lentil acces-
sions, G1 and G2. Group 4 clustered four lentil accessions together, including G3, G7, G8,
and G13 (Figure 6).

Table 5 shows that Group 1 had a greater starch value but a lower protein yield value.
In the midst of the accessions in Group 1, G11 is the central object for this group. On the
other hand, Group 2 lentil accessions had the highest protein yield, and accession G12 is
the central object for this group.

Table 5. Mean quality parameters of four major lentil groups during the 2017 growing season.

Starch (g/100 Protein Con- Protein Yield (
Dry Wfi/ght)g Ashes (%) centration (%) Fat (%) m-?) °
Group 1 47.08+1.73 5.19+1.85 23.84+13 2.19+0.07 15.96 + 7.64
Group 2 46.45+035 501264 229x212 247+0.23 41.59+4.21
Group 3 41.05+0.35 757+3.19 222+141 1.47+0.2 23.833 +1.99

Group 4 36.8+333 429+125 2493+0.77 2.57+042 16.60+7.11

Values reported as mean + standard deviation.

The largest concentration of ashes and the lowest protein concentration and fat were
found in Group 3, and the accession G2 is the central object for this group. Group 4 had a
higher value for protein concentration and fat and a lower value for starch and ashes, and
the accession G7 is the central object for this group.

The results of the Spearman correlation (n = 13) of yield, morphologic parameters,
and seed quality during the first growing season are shown in Supplementary Table S2.
There is no significant association between quality measures and yield or morphologic
parameters, according to Supplementary Table S2, with the exception of protein yield,
which has a positive significant correlation with AGB (r = 0.57 and p= 0.005). In this study,
the yield and the HI were shown to have a strong positive correlation (r = 0.79).
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4. Discussion

The sowing and cultivation of lentils is an ancient agricultural practice. This plant is
a classic grain legume that has always been used in human nutrition. This legume adapts
well to even the poorest soils, enriches them with nutrients and organic matter, and needs
very little care. In general, lentils and legumes are more environmentally sustainable be-
cause they require fewer natural resources to grow, so much so that 2016 was the interna-
tional year dedicated to them [38]. This urges a need for improving lentil genetic activity
for high-quality nutrition and optimum yield potential under different environmental
conditions. In this context, it is critical to examine the quantity and nature of genotypes
resulting from environmental interaction in order to generate stable genotypes in MET
[39].

In this study, the yield and morphologic parameters of 13 lentil accessions were gath-
ered over three growing seasons in South Italy. The likelihood-ratio test indicated a sig-
nificant effect of GEI for all traits, proving that the performance of all traits of accessions
was strongly affected by different environmental conditions. Lentil is generally cultivated
without supplemental irrigation in areas with rainfall between 300 and 450 mm, and the
water requirements in the semi-arid zone are estimated at 364-391 mm [40]. For this, the
quantity of rain received during the first season (388 mm) is the minimum rainfall re-
quired for lentil in Mediterranean regions. The significant annual climate change is mainly
due to an unprecedented amount of frost days (0 °C) in winter and spring 2019, rather
than the drought effect caused during the first growing seasons. Frost nights during the
third season would result in an additional reduction in yield for the majority of accessions
[41-44]. The average maximum temperature in March (Flowering stage) was about 18.97,
14.9, and 17.83 °C for 2017, 2018, and 2019, respectively. According Foti and Abbate [6],
the optimal temperature for flowering is between 14 and 22 °C. Lentils are moderately
resistant to high temperatures and to dryness [6]. Lentils would also tolerate lower tem-
peratures than chickpea (10-15 °C) but are severely affected by long and intense frosts [6].
In comparison to the first (2017) and third (2019) growing seasons, the lentil accessions
benefited from perfect environmental conditions during the second growing season
(2018). The presence of this GEI significance in lentil was reported by various authors such
as Sabaghnia et al. [45] and Dehghani et al. [46].

The majority of plant breeders applied classic stability indices such the mean, regres-
sion, and deviation from regression parameters to choose the stable genotype [47]. How-
ever, these statistical tools are insufficient for identifying genotype strengths and weak-
nesses and selecting those with desired mean performance and stability [48]. The MTSI is
a sophisticated quantitative genetic technique for the exploitation of suitable genotypes
across all crop species [47] and free from the multicollinearity problem [24].

According to the MTSI results, the lentil accessions G2 (Altamura), G10 (Eston), and
G12 (Caltagirone) gather the desired mean performance and stability of several traits such
as SY, ABG, THS, and HI.

In terms of seed quality traits, the protein concentration ranged from 21.2% to 26.0%
(datanot shown). Very comparable findings were reported by Zaccardelli et al. [18]. Lentil
protein concentrations were significantly greater than those of other leguminous species
such as grass peas [43] and chickpea [44], reaching up to 28% [18]. Our study established
that there is no relationship between SY and lentil protein concentration (LPC). The rela-
tionship between seed yield and protein concentration for lentil is consistent with previ-
ous studies [44,49,50]. The absence of a correlation between these two parameters (SY and
LPC) could be related to some lentil accession capacity for biological nitrogen fixation.
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5. Conclusions

Using a multi-trait stability index to select suitable lentil accessions under rainfed
conditions in South Italy demonstrated that the multi-trait stability index is a good tech-
nique to develop high-performance and stable accessions in lentil breeding programs. In
the present study, the lentil accessions selected by the multi-trait stability index
(Altamura, ESTON, and Caltagirone) indicated the significance of improving morpholog-
ical quantitative traits such as ABG and THS to obtain an optimum accession.

The results show that all traits were significantly influenced by GEI effects. In the
third growing season, when there were some night frost incidents, the majority of lentil
accessions were shown to be frost sensitive.

According to the qualitative results, four lentils (Gaia, ILL 508, Castelluccio Lentil,
and di Colliano) had high protein concentration and fat, while five lentils (ESTON LSF,
TIPO CASTELLUCCIO PICCOLE, Mountain Lentil #1, Mountain Lentil 42, and W6 19546)
had a larger starch percentage.

Yield stability, yield potential, and seed quality are three selection indices that can
aid in choosing the most suitable lentil accessions for South Italy’s marginal zones. The
challenge for future research will be determining an appropriate weight for the mean per-
formance and stability, as well as the desired gains of each trait according to lentil breed-
ing programs.

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4395/11/9/1807/s1, Table S1: Nomenclature of Weather parameters, Table S2: Correlations coeffi-
cients among yield, yield components (THS, AGB, and HI), and seed quality (protein concentration,
fat, starch, protein yield, and ashes) variables for 13 lentil accessions during the 2017 growing sea-
son.
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