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Extended Abstract

Background: Lentil (Lens culinaris Medikus) is an important staple food crop. It is a rich source
of protein (20— 36%) and contains essential micronutrients and vitamins in a highly bioavailable
form to human body. In addition to its nutritional value, lentils generally have a fast cooking time
compared to other legumes due to their smaller seed size and thin seed coat. Lentil is grown on
5675756 ha with a production over 7068621 tonnes worldwide. Lentil is a highly adaptable plant
that grows under varying climate and soil conditions. It is commonly cultivated in the
Mediterranean and subtropical dryland regions, where synthetic fertilizers are typically not
needed for cultivation due to their ability to fix atmospheric nitrogen (N2) by the lentil crop.
However, global lentil productivity has been reported to decline over the last decades due to
fluctuations in the climate, such as extreme temperatures, flooding, droughts, and a rise in the
prevalence of pests and diseases. Multiple stresses, such as high temperatures and drought during
the seed filling stage, adversely affect lentil productivity. On the other hand, increased heat
intensity and water deficits have a substantial impact on lentil nutritional quality. Several studies
have reported that iron and zinc concentrations in lentil seed were reduced due to high temperature
and drought conditions. Protein content in the seeds was also affected. To attain global food
security under changing climate, lentil breeders face a significant challenge of simultaneously
enhancing both yield and nutritional quality. Genotype x environment interactions (GEIs) play an

important role in the selection of suitable germplasm in breeding programs. In multi-environment
experiments, lentil yield is influenced by the genetic structure, environment, and genotype X
environment interaction. To better interpret the genotype x environment interaction, the additive
main effects and the multiplicative interaction (AMMI) model is one of the most common
methods in the study of multi-environment experiments. The current study aimed to investigate
the genotype and environment interaction on lentil genotypes and to identify stable, high-yielding
genotypes compatible with the climatic conditions of temperate rainfed regions of Iran.
Methods: In this study, 10 promising lentil genotypes, along with “local”, “Kimia”, and
“Bilesavar” cultivars, were cultivated in a randomized complete block design for three
consecutive cropping years (2019-2022) in Lorestan/Khoramabad, Ilam/chardavel, and
Kermanshah/sararood. In the field, each plot consisted of 4-meter planting rows with a distance
of 25 cm and a density of 200 seeds per square meter. Stability analysis was performed using the
AMMI multivariate method and the superiority index. Statistical analyses were performed using
Metan and GGE packages of multi-environment experiments in R software.

Results: The AMMI analysis of variance showed that the effects of environment, genotype, the
genotype X environment, and the first three main components were significant. Therefore, due to
the significance of the genotype x environment interaction, it was possible to perform stability
analysis on these data. According to AMMI analysis, the first and second main components of
the genotype-environment interaction accounted for 33.3 and 27.3% of genotype x environment
interaction variations, respectively. The effect of the first seven main components was significant
and in total explained 99.5% of the genotype x environment interaction variations. The shares of
the environment, genotype, and genotype X environment interaction in the sum of total squares
were 64.04, 4.286, and 31.67 percent, respectively. Among the studied genotypes, Genotype G12
with 715 kg/ha, followed by genotypes G6 and G4 produced the highest grain yield. Based on the
ASYV stability index, genotypes G2, G3 and G5, based on the SIPC index, genotypes G13, G2,
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G3, and G5, based on the EV index, genotypes G2, G3, and G5, based on the Za index, genotypes
G3, G6b, G5, and G2, and based on the WAAS index, genotypes G6, G5, G7, and G9 were the
most stable genotypes. Based on the simultaneous selection index of SSIASV, genotypes G3, G6,
G35, and G2, based on the SSISIPC index, genotypes G3, G6, G5, and G2, based on the SSIEV
index, genotypes G3, G6, G5, and G2, based on the SSIZA index, genotypes G3, G6, G5, and G2,
and based on the SSIWAAS index, genotypes G6, G5, G7, and G9 were the best genotypes in
terms of yield and stability. Based on the AMMII biplot, genotypes G2, G7, G3, and G6 with
mean grain yield higher than the overall average and lowest values of IPCA1 were identified as
stable genotypes with high general compatibility. In the AMMI2 biplot, genotypes G3, G5, and
(7, in addition to high general stability, produced higher grain yield than the overall average. In
addition to the AMMI indices, Lin and Binn's superiority index was also used to identify the best
genotypes, and based on this, genotypes G12, G4, G6, and G3 were the most stable genotypes in
the studied environments. Using AMMI distance parameter, genotypes G2, G3, G5, and G7 were
recognized as genotypes with stable yields.

Conclusion: In general, genotypes 6 (FLIP2012-172L), 4 (FLIP2012-86L), 3 (FLIP2012-48L), 5
(FLIP2012-149L), and 7 (FLIP2012-176L) produced high yields in most of the environments
based on different indices and showed good stability in most methods. Therefore, they could be
candidates for the introduction of new cultivars.
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Table 1. Names of promising lentil cultivars and genotypes used in the experiment

i) S i) pb gy S ) pb gy S 9 pb
Genotype code Genotype name Genotype code Genotype name Genotype code Genotype name
Gl FLIP2014-019L G6 FLIP2012-172L Gl11 Local

G2 FLIP2012-121L G7 FLIP2012-176L G12 Kymia
G3 FLIP2012-48L G8 FLIp2013-53L G13 Bilehsavar
G4 FLIP2012-86L G9 FLIP2013-55L

G5 FLIP2012-149L G10 FLIP2012-54L

Table 2. Geographic characteristics of experimental area

oialejl sl bl oldlyis o Sy —Y Jos>

bl ks (ncshse) S5,k (pSilee i bl Job (20) s> o 3l i) dilaie
(Climatic condition) Average rainfall (mm) Itﬁt"'t ): Longitude Above mean sea level (m) Location
atitude
Moderat cold 445 33°,29'N 48°,18'E 1147 Lorestan/Khoramabad
Moderat warm 350 36°,46' N 47°33'E 975 Ilam/Chardavel
Moderat warm 420 34°20'N 47°20'E 1351 Kermanshah/sararood

V) BAYAA la Lo )3 ely; s Job 3 islesT (elyal sblie 4Vl (S5)b olime Y Joao
Table 3. Annual rainfall of experimental areas during the cropping seasons (2019-2022)

dilaio AAAVSAREY AAREERL O AAEEE L O

Location 2019-2020 2020-2021 2021-2022
Lorestan/Khoramabad 524 (E1) 305 (E2) 307 (E3)
Ilam/Chardavel 520 (E4) 313 (ES) 261 (E6)
Kermanshah/sararood 604 (E7) 301 (E8) 224 (E9)

El to E9 represent environments 1 to 9, respectively.

i AU Y gl onmd Ll iy E9 U EL

! Multi-Environment Trial Analysis
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Table 4. Stability analysis indices

Slub 455 lapadls =¥ Joa

e oyl ol olass

References Formula Index No.
Purchase et al., 2000 ASV = [i;:;]gpmyz + (IPC2)? AMMI Stability Value (ASV) 1
Sneller et al., 1997 SIPC=¥N_, 295 yin Sum of IPCs Scores (SIPC) 2
Zobel et al., 1988 EV=3N_1|y&|/n Eigenvalue (EV) stability parameters of AMMI 3
Z0= 32 d6 Absolu o o e rlaive comebuionof g
Olivoto et al., 2019a WAAS; = w Weighted average of absolute scores (WASS) 5
Farshadfar, 2008 SSI=R(AMMI Stabilnit:; Inﬁices) +RY Simultaneous selection index (SSI) 6
Lin and Binns, 1988 p 2 (KU—MD Superiority index (Pi) 7

“ (o] sadlge o) P o ) = 1 oty o) 10 oo N =1
i=1,..., 15 (Number of genotypes); n = 1, ..., p (Number of principal components)
s AMMI (sla Joo alos | oSS joge Jdo opis o> olaidl e ST s (ASV) oy dlayly 5
> A e ssipcz = ?

g Lo X G pliSenp (owyp lp Mgk GGE
Gauch, 1988; ) Sloss sl (5M0b 9 (5,85l (wyy

(Yan et al., 2007
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4355 pbl gly b plosl AMMI gy 4 (gylb 4500
pkzes Sl ol ool uyle L) AMMI
(shol Gailie 4 & o5 a9 4 duslxe (Z o yile)
S9y S sk s bowsy dln Z gl ) s S
o293 9 (IPCL) gl s plosl alae (gl Z" e lo
i pa case X gl GiiSeay ol adlye (IPC2)
Iy bye X Cuigi} (iiSamy lyuss | dus s YVIY o YY/Y
Caodl (gdn slads > )0 0dilaydl (sladdlie 5 10 )S dn g
OlXimgg ot (b 3l 3 (0 Jgi) amsly )3
Choukri et al., ) (o) YVI¥ o ¥o/A phww 30 (5,500
Pezeshkpour et al.,) a0y YVI¥ 4 ¥Y/A (2025
(Hossaini et al., 2023) sdoys YY/Y 9 £VY 4 (2025
2 b X i liSen )3 1) p9d 9 Jsl kel adlie 9
Al Gl eds slacwiss (b))l

Jil ol 4l as 1 a5 6l oLt peiomed gl oy
DSy Olpsd 5 duopd VIV gooomo 43 5 391 5 size
9 695 e prw W3S 42y | e X cui;
4 J o gonise > lon X i Sty
oL @llas (5.0 Jodn) 90 doyd YV/EY 4 ¥IVAS &/ F
Sl 5 Slupe ggeme > baoee Pl il wrew s
Choukri ) cusl oads (5,155 wie glacais; 4l 5,Sles
(et al., 2025

ol 1) bowgy 3)Sles Cold gy Yoo S
ol 0y (ZulS s op ABlas slady im0 > oS dad o
Iogine Bl sl otalojl dlge (S} dipej sty Sk 5 092

s b &S sl (IPC1) Lol adlio joome (s & 0ud
s (o93) IPC2 Slayjo ggome o IPCL Clayja ggoome
0oL ol sy i e cansty (ol 4il5e
F bl )3 900 plosl Jol (ol adlie 53 (polal y Ladd
Glp oaaly cpl el pln jeme > IPC ady, A9°
Sl L )gl).g N SIPCF LS‘)’. 9 &: L ).3‘).3 N SIPC1
F oV slaalaly 1o wlossle (BL Jao jo &S Cowl SWIPC
(F abaly > N)N g ol jgome (sl dasuia aia) ¥in
L AMMI bl 4500 30 &S canl Lol (sladdhe dlas
Egoome Juoyd O F abaly )3 .ol o o e F 905
i)l IPC joo (yaltt dlwg 4 00 45 Slajo
kol sloadlze plos 4l 2 ¥ LY ladal; b ey
4 o W5 oo gycnl 5l 9 290 00 Ll Jo 53 oailadly
Slp Y (asls Hle il g5 p b ASV asls
s 3,Shae (55 J55 > s ol sloiys alulid
b sy ol polel p g Bgdie w85 K 4
2 Ngdee 4i8)S Jlai )3 5lul dnpadll (ol (i (nieS
L osigy e Clyoi iy (xSke WAAS; @ dlal,
kol adlse yomme el 3 pli Cuigis 0 IPCAL <l
Lisgs 005 4 il ly e EPy g (IPCA) o
sl WAAS o 33 5208 b s it IPCA (el
& dlaly ,5 (Olivoto ef al., 2019) 54 0 48,5 ,la5 3
s 4l oy lews; 4, R(AMMI stability Indices)
oSke 4 RY 5 AMMI (g)lily slagasls ) pls
ol 0l cwl bl plad o bacwg) alb 2 Slas
g 4l 5o Jlai 1 5y sy lolid (lp pasls
3 b @ e i 85 Cunl 6 38kee syl
ol dagi iy 5, Slos (gylL g by 3 Shos Sk ol
AMMIL =TPCAIlvs) Jgl g5 <Ml (sl jlyg0s .l
(AMMI1 =TPCA1 vs IPCA2) p4> ¢4 5 (seed yield
o2l (Zobel et al., 1988) w5uds 04uiS 5 )lsbiwl g, b
Lin and Binns, ) . duolxe (¥ Jeds) Voaaly b (o5,
G335 3,8es Xij el i gy sip Pi el 5 45 (1988
dad lo 53 odel Cuwd & Fwly STas M pl j laso (o pli

St b lasre dlis 1 g plj e 4o plG)]

2 Weighted Average of Absolute Score
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ol 2 Wil Cueal ol eyl s ) b
Caigl il i 9 008 Bls laoe Sl aS sl i 3)lse
Gauch et al., ) 395 8,05 e X Cuig) JiiSady o
(1996

Aol (Saemn p (ool e w3l Gad b e
9rcnl jl g 3l ed¥s (hlel cpl p h'-’“’ 9 w595 el
Ik Siaegh (S cnl Gite OLl gl
iyl 0)gly 5o a8 WS eolawl (g)lul 4o o ola s ls
Lyl id dalze I g gy dlass

Vo0 /Y o)l fpmizn o/ sly; oS oMol 4k jingss

slodlo 5 oialol sla IS glite 35U 5 sl dae
Sy yld gme S48 ol bl &l 5 Slae 2y
5 i b Shy jl essly Nlge & cwl ilej]
@lop 5 Sl Sl ol (i 9 Job S pliend
(Hajivand et al., 2020) 13l ... 5
WSS Sluye ggeme azg b Sl e e
5500 ol s g b Lol 3l 503 S diels odims i
il Wilgs oo cuglas ) s oS sl b lagses oy glas
Pl agle g nJlo Jsb p> (S6b 2581y 5 ol
0)9% ) SNk wlale m5e5 )0 ol (yizmen g Glolejl
G GiiSek y pldin phe Bk olS (g alisee sl
Jolss @ gy wolite gl iy 4 Sl o Lo x
Ows & dagi byl pli g 00l Cond auldl g oLl yan
Psine JriSeny 5 lisee salame )3 bais) o Sles
Pr sleaisy Sl g (g pSamd wuiei) g e
ald 3)las (:0ke dulie § S yo 45 @S wlul
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Table 5. AMMI combined analysis of variance for seed yields of lentil genotypes

4 W Slo el blie 15l il s ao
Sl e d;ji 3:7: :‘i)‘ F )l 5 e ggemme jl o) ey ]4;))) s Sl (r028 b2 )>
The percentage of variation Cumulative
S.0.V df Sum of Mean of F Value Pelrcentag;: of the fl%n‘l the g,genotype—x percentage of
Squares Squares total sum of squares environment interaction changes

ENV 8 25985830 3248229 % 144.441 64.04

REP(ENV) 18 404788 22488 0.841
GEN 12 1376811 114734 ™ 4.291 4.286

GEN:ENV 96 6375502 66411 ™" 2.484 31.67
PCl 19 2123541 111765 ™ 4.18 333 333
PC2 17 1741434 102437 ™ 3.83 27.3 60.6
PC3 15 1056538 70436 ** 2.63 16.6 77.2
PC4 13 592102 45546 ™ 1.7 9.3 86.5
PC5 11 425802 38709 1.45 6.7 93.2
PC6 9 212613 23624 ™ 0.88 33 96.5
PC7 7 131319 18760 ™ 0.7 2.1 98.6
PC8 5 92153 18431 ™ 0.69 1.4 100

Residuals 216 5776015 26741
Total 446 46294448 103799

C.V.(%) 25.7

*

20y ) g0 Jlois! zolaw 3 )b gine g I3 Gxe puf i yidy ek g % (1S

", " and *": Non- significant and significant at 5 % and 1 % probability levels, respectively
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Sglise gy b Jao (ol slaadlge plos 1 ol oyl
byl a8 bl 51 (Olivoto et al., 2019) 5445 o o3liu!
bid Vb layadli by lacaisil (08 p g Loy
Ol sl i o3l Cucal aewg; gyl aus A
o)lod i} (omen Ol 3)Sdes b (b oS 0

Olojod Gl adll g AMMI (g luly s ad s
(Simultaneous selection index, SSI)
0505 sl AMMI Galiseo (sl ol )b 5l ool b
Sab gbyl e X gl JiSemy 1 Sb Ol
ok alae plas jd lacwisss jl plas o 5, Slee ks
VAD) VY ojled Cuigis 0 aiby 5, Slos oy by aS” ABd o
Vo oled sl 3 ol (2 5 (S 3 oSk
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o3ls Gl 3 S slagiagh 3 s Wwis
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Pezeshkpour et al., 2025; ) cul odd oxlitwl wie
(Tadesse et al., 2021; Bale, 2020
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Table 6. Stability indices, ranks of genotypes, and the simultaneous selection index (SSI)

Code (Eﬁlg) IPCAI IPCA2 IPCA3 ASV SIPC EV ZA Y rASV ISIPC
G 678 7533 5943 3755 7.04 43 0038 0134 9 3 3
G2 634 263 3048 3048 442 107 0.021 0.095 8 1 2
G3 674 375 2304 4892 512 10.9 0.021 009 4 2 3
G4 691 6556 17.06 2,678 13.6 203 0075 0203 3 {0 8
G5 658 477 0.4771 6.061 5.84 113 0030 0101 5 3 4
G6 703 4538 4.898 4898 7.39 149 0036 0138 2 6 6
G7 639 1204 5799 5799 508 1702 0074  0.141 7 4 13
G8 622 5274 10.13 10.13 i2 2.1 0089 0213 10 8 9
GO 653 147 210.49 29732 17.5 313 0150 029 6 11 11
Glo 617 1442 0.6678 12.65 17.6 277 0172 0258 11 12 10
Gl 484 2614 12.53 154 12.9 16.7 0073 0164 13 9 7
GI2 715 18.68 9.782 4532 248 33 0192 0342 i 13 12
G13 520 -0.0778 8.123 13909 8.12 10.1 0.031 0094 12 7 i

DiiSonyy 3 IPC s o (3llas j48 :ZA AMMI (g )lub olyl 039 jlade :EV dadlie (slaygome (slaoyes ga00me :SIPC (ol (o )lul 55, :ASV
ASV: AMMI stability value, SIPC: Sum of IPCs scores, EV: Eigenvalue stability parameter of AMMI, ZA: Absolute value of the relative contribution

of IPCs to the interaction
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Table 6 Continued. Stability indices, ranks of genotypes, and the simultaneous selection index (SSI)

Code rEV 1Za SSIASV SSISIPC SSIEV SS1Za WAAS rWAAS SSIWAAS AMMI distance
Gl 6 5 14 14 15 14 4.68 5 14 6.7
G2 1 2 9 10 9 10 9.17 11 19 4.03
G3 2 3 6 7 6 7 5.89 8 12 4.4
G4 9 9 13 11 12 12 12.49 13 16 12.9
G5 3 4 8 9 8 9 3.32 2 7 4.8
G6 5 6 8 8 7 8 3.29 1 3 6.68
G7 8 7 11 20 15 14 3.48 3 10 5.92
G8 10 10 18 19 20 20 7.32 9 19 11.4
G9 11 12 17 17 17 18 3.53 4 10 15.5
G10 12 11 23 21 23 22 4.87 7 18 14.4
Gl11 7 8 22 20 20 21 4.76 6 19 12.8
G12 13 13 14 13 14 14 7.51 10 11 21.1
G13 4 1 19 13 16 13 10.67 12 24 8.12

a9 o Gy padld Pina (lojen bkl asls [SSIslhe Gl (Sig (ke :WAAS
WASS: Weighted average of absolute scores, SSI: Simultaneous selection index, Pi-a: Superiority index Lin & Binns

AMMI g, buwg e o B0l cdgy -V Jo>

Table 7. Selected genotypes in each environment based on the AMMI method

by (b 53 pySokS) 3, dos &) Jsl 4, £9° 45) Py &) ez 45,

Environment Yield (kg/ha) Score First rank Second rank Third rank Forth rank
El 1315.42 -11.538 3 7 4 2
E2 690.4 -1.05273 10 7 2 4
E3 615.31 22.1826 9 3 4 8
E4 655.9 5.3784 5 11 13 6
ES 614.29 6.37369 7 3 12 4
E6 601.41 -2.92933 7 12 11 6
E7 566.15 -2.60407 7 12 1 4
ES8 299.81 -9.50611 10 5 7 1
E9 350.77 -6.30364 4 6 2 12

ollasl g Collas (slalas g alaa JS' )3 (650 padld b (wis Sy Glacads ololid —A Jgio
Table 8. Identification the superior lentil genotypes by the superiority index in all and favorable and unfavorable

environments
Code Yield Pi-a R pi Pi f R-f Piu R-u
(kg/ha) = u
Gl 628 513365 7 38884.7 7 575624 9
G2 634 48689.62 5 61936.0 7 42066.4 3
G3 674 47257.76 4 47639.2 5 47067.1 4
G4 691 41206.66 2 14806.2 1 54406.9 8
G5 658 48801.26 6 49804.8 6 48299.5 6
G6 703 42097.51 3 65987.4 8 30152.6 1
G7 639 5923132 9 82181.7 10 47756.2 5
G8 622 70514.15 11 68746.1 9 71398.2 10
G9 653 58615.39 8 22263.4 2 76791.4 1
G10 617 60433.2 10 82374.7 11 49462.4 7
Gll 484 118876.24 13 177309.1 13 89659.8 13
Gl12 715 30816.97 1 27175.9 3 32637.5 2
G13 529 9571731 12 124674.8 12 81238.6 12

ool gl )3 (650 (adld Pi-u gl sl )5 (g5 (adls Pl -f dalaoe S )3 (6,50 s ls Pi-a

Pi-a: Superiority index in all environments, Pi-f: Superiority index in favorable environments, Pi-u: Superiority index in unfavorable environments
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Figure 1. The AMMI1 biplot to identify the superior lentil genotype based on mean grain yield and PC1. The names
of genotypes and environments are based on Tables 1 and 3, respectively.
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genotypes and environments are based on Tables 1 and 3, respectively.
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