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Introduction

Lentil (Lens culinaris Medik) is considered one of the most important legumes due to its protein content and high
nutritional value. Its yield, like that of other crops, is an important and challenging trait for genetic improvement, because
it is influenced by various factors that have detrimental effects on seed yield and traits related to seed quality. One of the
key aspects in plant breeding studies is the understanding of the interaction between genotypes and different
environments. The existence of genotype-by-environment interaction (GEI) in field trials of many crop plants indicates
that yield stability, along with high average yield, should be considered as an important aspect of yield comparison trials.
The aim of the present study was to determine stable and high-yielding lentil genotypes across different environments
using various stability indices.

Materials and Methods

In this study, fourteen advanced lentil genotypes along with two check cultivars (Gachsaran and Sepehr) were evaluated
based on a randomized complete blocks design with three replications at Khorramabad, Gachsaran, and llam Agricultural
Research Stations for two cropping seasons (2020-2022), and at the Mughan Station for one crop year (2020-2021). Seeds
were sown with a Wintersteiger research seeder in four rows, each 4 m long, with 25 cm spacing between rows (plot area
of 4 m2). Weed control was carried out using a hand cultivator in two stages during the vegetative growth period. Before
harvesting, the two outer rows and 0.5 m from both ends of the two central rows were discarded, and the remaining area
of each plot (1.5 m2) was harvested manually and grain yield was calculated. Grain yield, 100 seed weight, plant height,
days to flowering, days to maturity, kernel filling period, kernel filling rate, rain water productivity, seed yield formation
rate, and weight of single seed were measured in all seven environments for each genotype. All statistical analyses were
performed using GGE and the multi-environmental analysis package “metan” in R software.

Results and Discussion

The mosaic diagram showed that the contribution of the sum of squares of genotype and the genotype-by-environment
interaction (GEI) in the total sum of squares was 2.2 and 43.19%, respectively. The likelihood ratio test showed that the
genotype by environment interaction was significant on grain yield, 100-grain weight, plant height, days to flowering,
kernel filling rate, rain water productivity, and weight of single seed. The Scree test showed that the first two principal
components had a significant contribution to the GEI matrix derived from BLUP, as the first and second principal
components explained 44.4% and 32.2% of the GEI variation, respectively. The predicted grain yield means using BLUP
method indicated that the highest predicted yield using BLUP method was for genotype 2, followed by genotypes 7, 14,
6, 10, 12, 1 and 4, all of which showed predicted yields higher than the overall mean. Genotypes 12, 1 and 4 had predicted
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yield very close to the average, and the lowest predicted yield with a large distance from the total average was related to
genotypes 15, 3 and 9 (Gachsaran). Factor analysis based on the traits measured in the studied genotypes showed that
four main components remained in the model, and the cumulative variance of these four components was 91.85%. For
grain yield, the genotype-by-environment interaction (GEI) coefficient of explanation and average genotypic heritability
were 0.4319 and 0.2065, respectively. The accuracy of genotype selection and the correlation between genotype values
across environments were 0.454 and 0.442, respectively. Also, the genotypic coefficient of variation, the residual
coefficient of variation, and the ratio of these two coefficients of variation were 4.48%, 21.9%, and 0.204, respectively.
The traits of grain yield formation rate, rain water productivity, and plant height showed the greatest contribution to seed
yield.

Conclusions

In general, the results showed that the genotype-by-environment interaction was significant on grain yield, 100-seed
weight, plant height, days to flowering, days to maturity, grain filling period, grain filling rate, grain yield formation rate,
rain water productivity, and single grain weight. Overall, based on the results of all methods and simultaneous selection
for grain yield stability and associated traits, genotypes 4, 2, 13, 14, 1, 7, and 10 were identified as stable and superior to
the average of all genotypes. Notably, genotype 2 outperformed the others, with a grain yield of 969 kg ha™, plant height
of 46.6 cm, seed yield formation rate of 63.6 kg ha™ day™, and rainwater productivity of 82.2 kg mm™, exceeding the
average values across all measured traits in this study.
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Table 1- Names of advanced lentil cultivars and genotypes

5 g Lo 5 g [
Code Genotype Origin Code Genotype Origin
Gl X02011S97-17 IRAN G9 ILL7685 ICARDA
G2 X02011S-163-15 IRAN G10 BARI MASUR-6XLIRL ICARDA
G3 ILL4605 ICARDA G11 ILL 10750x 1LL1982 ICARDA
G4 X2011S-172-34 IRAN G12 ILL10800 % 3310 ICARDA
G5 X2011S-183-16 IRAN G13 ILL4605x1LL6024 ICARDA
G6 X2011S-119-26 IRAN Gl4 1LL6002 ICARDA
G7 X2011S-192-45 IRAN G15 Gachsaran IRAN
G8 ILL4605x1LL5597 ICARDA  Gl6 Sepehr IRAN
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Table 2- Geographical characteristics and annual rainfall of the experimental environments
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Figure 1- (a) Ratio of variance components for studied traits in lentil genotypes in multi-environment experiments (Gen:
genotype, Env: environment) and (b) Estimated phenotypic variance for grain yield
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GY: grain yield, HSW: 100 seed weight, PH: plant height, DF: days to flowering, DM: days to maturity, KFP: kernel filling period,
KFR: kernel filling rate, WP: rain water productivity, SYFR: seed yield formation rate, and WS: weight of single seed
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Figure 2- Genotype-by-environment interaction (GEI): a) Heatmap of the distribution of genotype performance across
environments based on the color difference and diversity of genotypes and environments; b) Mosaic plot to show the
contribution of components to the G+GE variance; and c) The characteristic root of the GEI matrix
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Table 3- Assessing the significance of factors in the mixed model and estimating variance components using the restricted
maximum likelihood method for the studied traits
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Likelihood ratio test
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Statistics Grain yield 100-seed weight Plant height Days to maturity Days to flowering
Gen x Gen x Gen x Gen x Gen x
Gen Env Gen Env Gen Env Gen Env Gen Env
Pl s

02 0.363™ 51.943™ 1.409™ 58.966™ 0.0001"™ 57.416™ 0.8259™ 2.593m 0.7115™ 3.9766"
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Table 3- Assessing the significance of factors in the mixed model and estimating variance components using the restricted
maximum likelihood method for the studied traits, Continued

2w ;> S (59031
Likelihood ratio test

3, 5os JuSld Cus g

o,k . . 5L Ay (S5 e

> W15 Gl 2 8,90 Ay i g s gt &y o3k 5l Sago e & S5 0
Statistics A e Rain water Weight of single

Kernel filling period  Kernel filling rate  geed vield formation -
Yy : productivity seed
rate
Gen GenxEnv ~ Gen GenxEnv GenxEnv Gen GenxEnv  Gen GenxEnv

q | L;lf
”s(;z) 0.00001™  0.6281"  0.792"  68.454™ 0.0001"  51.971™  7.336"™  39.93"  1.409™ 58.966™
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ns, and **: Non significant, significant at the p <0.01 and p < 0.05, respectively.
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Table 4- Parameters estimated using the REML

5 Sos Yoo Oj9 W, U 395 U 395
S s el &l &l &g VR 2S5
Genetic parameters Grain 100-seed Plant Days to Days to
yield weight height maturity flowering
w555 o)l 1239 0.0436 0.405 1.002 0.2775
Genotypic variance (2.281)* (4.911) (0.43) (2.286) (2.187)
bae 0 cuwiei)  wib)l
$%0 2 TP UL 2.281 0.396 5.20 4.196 1511
Genotype-by- (43.19) (44.6) (45.54) (9.569) (11.91)
environment variance
oila Bl polie oLy 29622 0.4483 6.29 38.65 109
Variance of residual (54.53) (50.49) (54.03) (88.14) (85.9)
values
seh sl |
s ool 53325 0.8879 11.83 43.84 12.69
Phenotypic variance
iyl
P7oE SR 0.02281 0.04911 0.0001 0.02286 0.02187
Broad heritability
GEl 4o jl jasets copo
Detection coefficient of 0.4319 0.446 0.4567 0.09569 0.1191
GEl effects
95 ke s piycilyg
Average genotypic 0.2065 0.3588 0.001 0.2912 0.2741
heritability
gy bl cés
Genotype selection 0.4544 0.599 0.0001 0.5397 0.5236
accuracy
2 955 gl (o (Sausen
bl le
Correlation between 0.4420 0.469 04567  0.09793 0.1218
genotypic values among
environments
) Sl o ps
Genotypic coefficient of 4.482 4.414 0.0001 0.6957 0.4978
variation (CVQg)
AJJLQUELg )g.)lio u‘).:.uu SRV
Residual coefficient of 21.92 14.15 7.606 4.32 3.12
variation (CVr)
2 @95 Sy oy £
oblo 3l yolis Clpis yps  0.2045 0.3119 0.0001 11.16 0.1596
CVg/CVr ratio
il o
oo Sl 479.34 1.48 10.69 0.92 18.82
Standard deviation
1wl 3
Sl (st 26.19 0.08 0.58 0.05 1.03

Standard error

A3l e il g 2oy el Sl slasl

* Numbers in parentheses are percentage variance.



Y ... pwlwly (Lens culinaris Medik) o aid i sWoaiais dild o Shos g5laul (2655 (ol )02 g jeusio 3y

REML + 20w dgamme (o1 lodCum yd (w9, ouud 35913 (sl sial )by —€ Jgua aold]
Table 4- Parameters estimated using the REML, Continued

&y oyl ,.o 8,90 » S i s 3 a9 Al ST 439
355 e gl b © e ETNE . s (%)
G;i:: Cort . Kemelfiling S0 ails 3,5l ot Weight of
p period Kernel Seed yield Rain water single seed
filling rate formation rate productivity
w95 by 0.00000001323 0.00345 0.0000000025 0.009595 40.36
Genotypic variance (000000002647)* (3684) (016) (207) (491)
b 2 5 by 2.263 0.04529 1.281 0.177 39.6
Genotype-by- (4.527) (48.37) (43.30) (38.17) (44.6)
environment variance
la Bl polie by 47.72 0.04489 1.654 0.2771 44.83
Variance of residual (95.47) (47.94) (56.3) (59.76) (50.49)
values
5eb yuily )|
5D LS 4.999 0.09364 2.935 0.4633 88.79
Phenotypic variance
s
s ‘5’”'\) "9 0.0000002647 0.03684 0.0000000000767 0.0207 0.0491
Broad heritability
CEl il pl pareis oy
Detection coefficient of 0.0452 0.4837 0.4364 0.3817 0.4934
GEI effects
595 Ske (s phcdly
Average genotypic 0.000000005098 0.2861 0.0000000008605 0.1996 0.6121
heritability
gy bl cés
Genotype selection 0.0000715 0.5349 0.00002933 0.4468 0.7821
accuracy
2 ) ol (Siunsen
blao ole
0.04527 0.5022 0.436 0.3898 0.7011

Correlation between
genotypic values among
environments

Genotypic coefficient of 0.0003020 4.391 0.000762 4.308 6.039

variation (CVg)

osilo Bl polie ol s
Residual coefficient of 1.814 15.84 2.367 23.15 5.088
variation (CVr)

2 Ot cups gy

083lo Bl pdlie ol pds o 0.00001665 0.2772 0.00001167 0.1861 1.187
CVg/CVr ratio
Slme Sl
o 17.6 0.45 3.14 1.11 14.79
Standard deviation
lbiwl llas
N 0.96 0.02 3.14 0.06 0.81

Standard error

sl e wilylg o yd 5l S8 slael
* Numbers in parentheses are percentage of variance.
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Figure 3- Predicted grain yield of lentil genotypes based on best linear unbiased prediction (BLUP)
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Table 5- The values of each of the measured traits in the first four factors of factor analysis
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Figure 6- Pearson's linear correlation estimates for characters evaluated in 16 lentil genotypes in seven different
environments
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GY: grain yield, HSW: 100 seed weight, PH: plant height, DF: days to flowering, DM: days to maturity, KFP: kernel filling period,
KFR: kernel filling rate, WP: rain water productivity, SYFR: seed yield formation rate, and WS: weight of single seed
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