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Introduction

To identify and introduce cultivars with high yield and stability, evaluating the genotype-by-environment interaction in
multi-environment trials is of paramountimportance. One of the most significant challengesfor lentil breeders is selecting
genotypes with high yield across diverse environments. Assessing genotypes in different environments can lead to the
identification of genotype(s) with high yield potential and yield stability. Genotypes exhibiting lower responses to
environmental effects typically have lower genotype x environment interactions and are desirable selections for breeders,
especially if they demonstrate higher yield potential compared to control. Various univariate and multivariate methods
exist for evaluating genotype-environment interactions. This study evaluated the grain yield stability of advanced lentil
genotypes in tropical climates using two methods: univariate (non-parametric statistics) and multivariate (additive main
effects and multiplicative interaction, AMMI).

Materials and Methods

Fifteen selected genotypes along with two check cultivars, Gachsaran and Sephar, were evaluated in a randomized
complete block design with three replications across eight environments (four warm and semi-warm regions: Gachsaran,
Khorramabad, Moghan, and Ilam over two years). Each experimental plot consisted of four rows, 6 meters long, with a
plant density of 200 plants per square meter. Grain yield was measured after harvest. To analyze the data, after ensuring
the homogeneity of error variances across environments using Bartlett's test, a combined analysis of variance was
performed for the eight studied environments. The METAN package in the Rver4.3.2 statistical software was used for
AMMI analysis, calculation of non-parametric statistics, and plotting AMMI1 and AMMI2 biplots.

Results and Discussion

The results of the combined analysis of variance for grain yield (based on the AMMI model) showed that the effects of
environment, genotype and the interaction of genotype x environment were significant at the statistical probability level
of 1%. Considering the significance of the genotype x environment interaction, it is possible to perform stability analyze
on data in order to interpretthis interaction. Stability analysis using the non-parametric TOP statistic, identified genotypes
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12 and 10 as the most stable genotypes. The Kang statistic also ranked genotypes 12 and 13 as the best genotypes. Among
the non-parametric statistics, TOP and Kang placed high-yielding genotypes at the top of the yield stability rankings,
whereas the rankings based on Thennarasu , Nassar and Huehn statistics favored genotypes with lower mean yields.
According to the Thennarasu statistic, genotypes 5, 6, and 2 were identified as the most stable, but all three had low mean
yields. Similarly, genotypes with high yield stability based on the Nassar and Huehn statistics, had low mean yields. By
calculating the SIIG statistic and considering all non-parametric statistics, genotype 12 was found to have the best
combination of yield and yield stability. In addition to this genotype, genotypes 13, 1, and 11 could also be considered
desirable, considering both yield and stability. One of the most widely used multivariate methods for stability analysis is
the additive main effects and multiplicative interaction (AMMI) model. The results of the combined analysis of variance
for grain yield based on the AMMI model showed that the first three principal components of the genotype x environment
interaction were significant, explaining approximately 40.4%, 26.5%, and 19.8% (a total of 86.7% for the first three
components and 67.1% for the first two components) of the genotype x environment interaction, respectively. The
AMMI1 biplot, considering mean grain yield and the value of the first principal component, identified genotypes 10, 11,
and 12 as superior genotypes. The AMMI2 biplot, considering the values of the first and second principal components,
also identified genotype 12 as the most stable in terms of grain yield. The two check cultivars, Gachsaran and Sephar,
showed lower yield stability than the superior genotypes based on both biplots. Genotypes positioned at the center of the
biplot exhibit general stability and are recommended for cultivation across most of the investigated environments. In
contrast, genotypes located farther from the center and closer to specific environments demonstrate stability exclusive to
those environments. In this regard, genotype 3 exhibited specific adaptation to environment 4, while genotypes 13 and 14
showed specific adaptation to environments 2 and 1, respectively.

Conclusions
Based on the obtained results, genotype 12 stands out as the best performer in terms of both high yield and stability.
Therefore, it can be considered a promising candidate for release as a new cultivar in warm and semi-warm regions.
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iRgjy il g9
Homepage: https://ijpr.um.ac.ir

L';‘::ﬁj-}a@;:

g https://doi.org/10.22067/ijpr.2025.90778.1101

9 S yol,LU las,lol 51 aaliiw! U (Lens culinaris) was sLcuwisi; 4ild 3,8kes (5,
AMMI 4325 8 o Xizr (b9,

Ol Slge laiagy 4 pii
WI-VFY .o VP F Jgl dawi o) bylans V5 s

oly 3> sibaao A0 gl e ol FO 4l o ol TO L) s dazmo D590 3y oy O (g5l !

VY AT il s gl
VEPNY g

oS
sl oS eolia slaasl  yo coms slacdan 31 SO YL o Slas 5)l0l 5 (2Kl b olacaig) ol—wli o
OhlesS sals 18 90 ol jon as(Lens culinaris) wae ad iy (¥ V0 ails o Slee (6 Il (iogh nl Ho. bl oo
5 e oba s Ll ailaie Jlez) lams Cotia o 5 LS5 as o skt ol slaSsl ool B s g s
San &y a5 g 0 ol S (9051 g il (55am 53] 8 15 syl 3590 (Sl 5 b ]
5 i gif S 0y e po uiliyly dnie il eluly cdp duplel laore Cein (gl S o duim o il
o)lal 235 513 eolaiul 3 90 s laly i slagbs, (S ey ol 2l slr g 99 sl i Lame
W VY lagesigs 5 S oylel g ol (i boeisil cn sl olsiear 1,V e )Y slacsiy TOP (sl )b
IR 5 e, o 1) ol o Sles (Sike b sloceisil (gt 5 5l o3l glao,lel ol 13 55 slaas; o 1,
aod 38,5 15 50 5 SHG o)lol ae il Loz slai )13 oYL sloas; ;0 o ,Shee p slocaiss) Ligas g aisls
528 @l izeen 28 S 8 0 Slas (g )laly 5 0 Sles Ja 51 bl 0 2 50 VY (g e el Ll slao Lol
Mgl 0S| Jaore § cadgi) (EaS e o0 FY fhemme 10 st adlie g0 a5 ol o L_is AMMI

P 595 55 AMMI2 Sl 5 0908 lulis i slacas s Glpied VY 511 0 ¢ lacess; AMMIL
&5 285 Azl Gl e g opl 5l Jole mll 185 0 Lol pasis o Slee g lol 1l il o e
08 (B 0300 (lareds BilgE so g 9Bl e dils 0 Shae g (6l L 5l i@l e Glarea Ao LY (g

Sgb aid S Ll o wax el

Lens culinaris « 5,5 ;L loul cuigs SHG o,le] ¢, Fans 9 0,5 ouldl 1 goudS sbrojlg

o Y o Shos Ly b lboedsiy lolids 5 23l b
bl il poghe o Slee b (ol (s5luslil 5 (3520 50
bbb o Wilys o Sglate sladasrs ;o lacuigs
Sl g Yo o fo—uiliy (sl)ls a5 092 (2lo)oisi)
(o Ol Sol5ay sla il oo et 3 (S Sl e
0SS slabaze )3 YL o Shee L (plocass) Giuss
heme Sl 4 Cod (6508 STy oS alacadsy ool

i lojlus (ladS (oanb wlio 5 (55,5LS Jbjg0 g lasios 3550 =¥
Olpl M5 (55,9158 g5 9 Lbjgel

985918 Ghjeel 9 Clisig S ye 908 023 (659l Ol dwe —F
Olrl i «s5,5L88 gy g Ghjgel «lidos lojlo ()l amb wlio

95509138 Ghjgal g ClaES S ye )9uiS 023 (659l s dnsge -0

Olel POl (s559liS gy g Ubigel linios lojles @M (ando i

(Aminnamdari61@gmail.com 2 e DM )

dodilo
YN el JL) e 095 liee 9SS 0 o
oL TN g S YONYS ey ol 5o (VF- e
A s ctS ) mhaw )0 @20 CiS pp—w a5 2Bl 0
il J57 5l om0 AY dgu adgi ol 10 g dus o
Oliae a5 Sl oo Cacly 39290 (owe plB )| 0l o Sles
RS @olia iz wils ol j5i5 50 eas 3 Sles

9859iS 90l 9 Clisios 35 1o 65t 23 (65y9liS likios dnsoge =)
@95 9 ohigel Wliios plojlw aeslpg 5 4glSeS (anb mlis
Ol ohleas «sjyslas

955y9LsS Ubjgal g Clidos 35 1o ()9S 023 (659l Clidos Ao =Y
bl o3 (559188 g 9 Ghigel liios lojlas i)} (anb o
!


https://doi.org/10.22067/ijpr.2025.90778.1101
https://ijpr.um.ac.ir/
mailto:Aminnamdari61@gmail.com
https://orcid.org/0009-0008-5738-5673
https://orcid.org/0000-0001-8454-3878
https://orcid.org/0000-0001-6089-8543
https://orcid.org/0000-0001-5937-9789
https://orcid.org/0000-0002-6569-3413
https://orcid.org/0000-0002-8234-7221

Vo F sl o o) 8yl 08 ol eyl 1] Sligas gl iy 4 i YT

Sl e oo bzl ol s O 0l gyl oyl
Jlosal i35 paslb e 9 cobgiy iSeap (b))
o 0,5 ol § aezs 51 aS ccl glo,Lel 55 (SIIG)
S b yho e ol Sl g 95 g0 Juol> (5 el LU sloe L]
(Zalietal., 2011) <ol

anse g oloj by (Byme aild y0 Sl 4 azg L
SSdee Jeliy b placassi (alulid o oo By o0k
iz sl sy 5l esliiwl g, nlil sl g Jlns Sl 9 YL
alg oo g)laly e oo ST slo b, SIS 50 0 prile
S Loy, 5 (S il S50 el e RS )
ol SIS hsy gylonly anies o paite a0 )8
P9y S=Sbos (AMMI) 5s o Jlate SISy pdyaes
S slocaiss oll cgs sl )8 g Ll L S AMMI
Lo 5 iy (200 Jelowd 5 025 sl o 51 oS ol
(Namdari et al., 2022 a; sg—i o oolai .l (GE)
4 AMMI Jos « IS sbas Pezeshkpour et al., 2023)
5 pigeer le el L1, (ANOVA) il s ks
) pdie s ol b (PCA) (Lol aidge Jloxi 5 4525
PBAMMI Jow 0iS oo oS 5 axly Judow g 45500 S j0
S5l s Vb o Shes S0k b plocadsly (olwliod &,
4375 5 095 jsbay AMMI 4525 51 ol o0 az g5 LB
Triticum ) pasS aile 2l)) poe DY gmame o Slos (g Ik
< ,3 (Omrani et al., 2022; Singh et al., 2019) (aestivum
(Glycine max) L s {Katsenios et al., 2021) (Zea mays)
(Senguttuvel et (Oryza sativa) g ,; {Song et al., 2019)
5 (Subedi et al., 2021) (Lens culinaris) o< al., 2021)
sl 00l oolaiwl 0,08

e S8 5 e Sl (g JB (i Sl ez b
SiS sl ol slapd) 0ot oo CiS 3 & j50
slapd) Jold a5 wloa2 (220 (6 e S ol )3 120
ol Baa Ll cpl )5 Wigd oo Hlgms al 5 s (LS
99 9 4 iy Y V0) (woe slacs) 2b)l (Seain
g aily o Slae Cirs p lae flie 1wl (aalls o8,
oo bl 5l oolail b (Jlw g0 50 Laoe o) lase coin

ol al wgnali e WAMMI Jos g (6 il Ll aygos
B2 lapd; plpied (Bre Saz 5 gl olalis

g ol 2

5SS gy x bame (2S00 Ypane wrid o i
Slomgar waol oo o, Sol5as gl (6 e Sl g odjls
(Pour- wws jlis aalds a5 comd 6 ,5Y0 o Sloe Jouily
sle 6kl sloJos g o g, Aboughadareh et al., 2022)
g sa ooliiul barmme x cgs Jlie Ol 51 Jlod g a5
b5 Gl 5 55l b ans o oslal S, Sol5ia 4 o
(eg—az> ol o (Amelework et al., 2023) wus™ oLl 1,
slabs) 5 bbb 5 bl o piie SO ilide sla g,
a5 el sSLsS sla by, oo alll o pate i
Sz o WSle gl o Slas (gunas ) (louly Ll
S ploceis) sl (Bime jlub sloces) olwlid
) e glolioe ;00 Sloe (guiad; Sl (n fteS
s, (Sun et al., 2012) au 5L oo ol cins oo 55
I el sl sy 4 e (S95UsS sbilse sl )bL
0o Jloy 3)90 p3 Slid 8 a5l pae Jol Ll
S5 0 g 45 Censl Wpodls uily g 3 siSy by o Sl
slalhas 5 Sl 4 o (s bl slaghs) b asslie 5o
(Whitley etal., 2002) aily 4l (5 oS ol ool
sleosls polie G cos 6 %Ll sl bs, ool pogdle
9 855 oo 1 Joe ) lacashy o Bl b odg 8l v
daglivo 3o Loy, Cnl el 5 Jelod 5 0325 AT 3 (izpen
g o IS jsbots sl Fosluw s (bl sla, b
wolw Judow g ool losgpae 4y Cowlws pae w )l
Ol P @l a8l ll a1y s bl sla by,
(Zeinalzadeh-Tabrizi et al., 2021) ¢l <l Jos
il sloolel s § sy RS0 i)l St
S rehlilio)lel Jlez atnn) ol jo adoab adl)l SgSUsS
) i3 sl syl sl SIO 5 SIO SI@ Si
53,Ld yeizmen (Nassar & Huenhn, 1987) oo
NP® ol 1) 3%l o Ll ez (Thennarasu, 1995)
Goas, ;oo Ll sl as 55 slyriey NP o NP® NP
gz 5SS 45 ggame o)lel il o gl oozl
olly 4y b (0 Shee ale) Slai 090 b0 a5y (035
Sl 44z g b ogd oo Jol> Mok 520 5l Jol> ()l
Sl s ) o2 5 0 Shos 5:Sileo 4 o2 o)Ll
Frslocis G slp S oo blad 4l o )
gy wWSB Il sleo,lel (Kang, 1993) cewl ael IS
5 S e iass, LOW 4 MID TOP sy a1,
Slacais daidu (nl )0 oS x5 )18 e ys ulul
,lge o (Foxetal, 1990) Wi oo olwlioss jlaly
g abb e S00So Lolas (o (5l iz oo Ll s



WO o yolybb sl Lol 5 soliw! b (Lens culinaris) gwas scwis; ails o yShas glasly ooy Kon g (5 ol

oo 3l ooliiul b lapmme-cuighy (S e el
b bl ) dsles 3o 3 AMMI

(1) obeeYger= L+ g + Be + Zhn Yn Sge + Pye + £ger

2l e o plf gy o Shae Voo )] 50 48
ol Sl e 5 09 (ialejl ;o U5 Sl ol 1SS
Yon el adlie jome sln ofy jlade dn e 5 cSsi)
Lo o5y 5102 Bge N adlio jooe (Sl olg Jlade oy
5|l Wt e sBger g g e Poe o6 alie 5o (sl
i 5 METAN _Loms otz sla i) g 4t
S o il )l 4525 dulzme S Ruensaz s lel ljle 5
= 5 SlIG (a3l 3 5 jay) sl slo a2
(Olivotoetal., o ssliiel AMMI2 3 AMMIL (slalose;
XLSTAT jl oolital Lt 55 oS ,loges o, 2020)
(Haghpanah et al., 2015) o.% slil ver2018

08y 99 9 (Y V0 olasi o Sloe (o)l ((omy 00l 50
aslio 5 .cd 3 13 oblojee laore a0 uas
Jaaz jo dalllas ol jo solwl 5 50 sl s8] 5 o)
iyt S50 Slolams wlilsn glno Lol Censl o0 53 )
s 3,Shec (5 Sile il oo ot tie BB Y Jpar 53 53
Mg jo il lame i )5 () 2 9550 SlogT S
5y B loges cpl o asl 0l @il () USLE) oloS
S5y 5 dazme 0 Gaigiy 0 les g FYL easas i ]
tlor gy 0 Ses (1390 il easmalis 508
53,5 Ly oaoloiing o,lel jlea 1931, gl ylol
4 Bl oo sy o Shoe (5oSle oudizmonal 45 b
slaboms ) Lapl 4 4 locigy &5 iy ol
Splg (5 4y i bl ALl 1) s yieS (55 BsS
NPi(1) o5 polio b slocasssy bl ol 5 cils
43,5 L5 50 5 )lasls sloasisss NPi(4) 5 NPI(3) NPi(2)

Olpear ¥ g 7o 0 glocaisiy doolol (ol agly s oo
S wilosls oyl by i gl bacadsdy op Ik
Logas 53,5 s 52el,l0 slae Lol ulsly Sl slocessis
(Jamshidmoghaddam et aiws )55 5 oYL o Sles 5l
g Leadssy o, Sles 4 e i (Siwoen al., 2013)
e g sl 5,8 Slalae o g5,Ls slae lal 4,

el 00 o, Ll 5.5 (Farshadfar et al., 2014)

B9 9 0lge

S 03 93 9 (e Sty (Y VO Sl GBS (nl o
3 sslizl als 3,5 Los (5l (o i Ol
JoS sloSoh )b <l )3 550 slocassiy () Jgoz)
SV o WFAASAR) el Lo g b LSS an s ol
ol s o1 bl a5 ol en® ailaie Lo Lo (VF4Q
olSil s 5 o Lyl 5 dad S 008 &gy
¥ s 5 alabe ol il s oo basie ol Sl
o i 5 ol sl T sl a0 Lot ensl 0 4l
LT p,5) E4 9 E3 i(pss Sl 5 o Jlo o ,Le$) E2 4 EL
LD E8 5 E7 (55 5 <y Jlow )lie) E6 5 E5 o(55 5 S JLos
il b L s il T oS e (s 5 Ky Sl
om0 @y 0 i Voo oS5 L e i Jsboas
4550 Sz ad (S ol O S e o Slae e (o
Loy o9 Fon 3 el 51 ey dmesls Sl
osloly apas (il gl 5l eslai il b lobaes jo Uas
s olool anlllas 50 dagme ot (lyy oS e

iz gl by, 5l als o See ()l (o) 2 Hslaien
S sl el e cag o ool g el LG
@3kl 5 ganass; w0 Shoe ul—uly lacusois ol YS
oty e G (o 5S4 A, 3 Shee (i) Wad
ool oty uilyly (ol sl 5 dsslone Mg
S il b plogaiss 4 w8 ganas, g s
Sl as) 99 Gl e el )0 (S35 3l (%S 4,
o lol.(Kang, 1993) vl caws 4 YSIi ozl uisi) 2
5Si® 4 SI® SI® SIO Ly e 5 lai 6,2l &l
NPI® NPI® Ll 53,L5 s el bl s baly slos, Lol
&lie ol 5o sasall )l slaalsles 5l oslazl b NPI® 3 NPi®)
(Nassar & Huehn, 1987; Thennarasu, sso—& a4l
ol Gab o esliiul 5 TOP (6 2al Ll asLs 51 1995)
09,5 A & 5yl 5 9 o (ululp locadsl (amld
i b ouis s e S5 LOW s MID ;TOP
P ecis (riesbe 5 (n by (lpeas TOP polis
ol JasLi awle (Fox etal., 1990) wios a8,5 L
Ly oaisasl aoles 3ok SIG _asls) Jlooy) cuisis
EXCEL 2016 Lus ,» (Zali et al., 2011) ol Sen 5 JI;
s all



V¥ ol o o) 6lads I8 als oyl p1| Sligas sl gy ds i 15

w0 oo sU(cui9ig) (Y Lide g 0 2l pli =) Joun
Table 1- Name/pedigree and origin of dry lentil lines (genotypes)

T RSl
number Origin Name/pedigree number Origin Name/pedigree
2009S 96501-5-X2007S61-
Gl ICARDA 2009S 96575-1 G10 ICARDA ILL5883xILL 6458
G2 ICARDA 08S 40111-01 G11 ICARDA ILL 4605-2
08S 41205-13-X2005S140-
G3 ICARDA ILL 5988 G12 ICARDA ILL5883 x ILL7620
G4 ICARDA ILL 4605-1 G13 ICARDA 2009S 96101-4
X2012S-154-X2012S-154-
G5 ICARDA ILL 6183 G14 ICARDA ILL6002XIL WL 118
X2012S-102-X2012S-102-
G6 ICARDA ILL 590 G15 ICARDA (1LL7986 X ILWL
74)X(ILL4605 X ILL5677)
2009S 96505-2-X2007S67-
G7 ICARDA ILL6434 x ILL8199 Gachsaran IRAN Gachsaran
2009S 96518-1-X2007S107-
G8 ICARDA ILL7940 x ILL5883 Sepehr IRAN Sepehr
G9 ICARDA 2009S 96501-1-X2007S61-

ILL5883 x ILL6458
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Table 2 -Climatic conditions at experimental stations during 2019-2020 and 2020-2021 cropping seasons

- . Lo buwgio Lo ZSlas Lo JSlos>
e e e Sl
uu-:“-"‘-’ ol Jle (neeleo) Juad (81,5 5lw) (81,5 silw) (815 5lw)
Experimental Year Rai Season Averageof  Maximumof  Minimum of
ainfall
station (mm) temperature  temperature  temperature
Q) Q) Q)
Autumn 20.17 27.8 13.6
1398-99 .
2019-2020 435.5 Winter 12.63 15.7 1
Ohless Spring 20.85 24.1 17.6
Gachsaran Autumn 20.27 26.3 145
1399-1400 .
2020-2021 591.5 Winter 13.27 15.2 11.5
Spring 23.9 26.7 21.1
1398-99 Autumn 14.53 22.9 1.7
) 2019-2020 524 er?ter 7.8 114 5.6
obl o5 Spring 15.9 18.8 13
Khoramabad 1399-1400 Autumn 15.13 21.6 9
2020-2021 305 er}ter 8.3 10 6.7
Spring 19 221 15.9
1398-99 Autumn 16.13 24.8 9.4
2019-2020 603.6 Wir?ter 8.43 11.8 6.4
& Spring 17.1 20.2 14
Illam 1399-1400 Autumn 16.47 22.7 10
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Table 4- The combined analysis of variance for grain yield based on the AMMI model
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S.0.vV d.f Mean of squares Percentage
ENV 7 10985517.08™
REP(ENV) 16 269469.81"
GEN 16 146351.01™
GENxENV 112 102881.2"
PC1 22 211772.06™ 40.4
PC2 20 152869.68™ 26.5
PC3 18 126724.83™ 19.8
PC4 16 45284.71 6.3
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PC6 12 12387.93 13
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Fig. 3- AMML) Biplot showing the relationship between the first principal component (PC1) and grain yield (YLD kg.ha),
AMMI2) Biplot illustrating the interaction between genotype and environment for the grain yield of 17 lentil genotypes
across eight environments
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