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Comprehensive abstract

Introduction

In the field of cereal breeding, understanding the genotype xenvironment interaction (GEI) and the
stability of various traits is recognized as the key to successfully producing high-quality agricultural
products. GEI complicates the optimal selection of genotypes for target environments, making it
essential to use appropriate statistical methods for analyzing and identifying stable and high-
performing genotypes. Multivariate statistical methods are powerful tools for analyzing complex
multi-environment trial (MET) data. Statistical methods such as cluster analysis (CA), principal
component analysis (PCA), principal coordinate analysis (PCoA), factor analysis (FA), as well as
additive main effects and multiplicative interaction (AMMI), genotype main effects and genotype x
environment interaction biplot (GGE-Biplot), shifted multiplicative model (SHMM), and best linear
unbiased prediction (BLUP) have been well used with high accuracy in analyzing MET data. In this
study, multivariate statistical methods used in the analysis of GEI and genotypes stability from MET
data and their advantages and disadvantages are reviewed. Moreover, the application of genome-wide
association studies (GWAS), quantitative trait locus (QTL) analysis and QTL-environment interaction
(QEI), and genomic prediction (GP) in the genetic analysis of stability, as well as the softwares used
for calculating various multivariate stability methods, are introduced.

Research findings

The results of this study showed that the AMMI model, which combines analysis of variance and
principal component analysis, has a high capability to evaluate main effects and interactions. Also, the
GGE-Biplot method and various diagrams presented in this method effectively displays the main
effects of genotype and its interaction with the environment. QTL analysis and the study of QEI in
MET data also lead to the identification of linked markers to stability that can be used in molecular
breeding of crop plants.
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Conclusion

In the current study, multivariate methods used in GEI analysis were comprehensively and
practically reviewed and introduced with the aim of better understanding GE interactions and
identifying genotypes with broad adaptability and stable performance. The results of this study based
on comprehensive studies showed that to make better decisions in selecting genotypes, it is necessary
to consider all stability statistics, both univariate and multivariate, in the analysis of MET data. Recent
advances in genomic technologies, including whole genome sequencing and GWAS, can significantly
aid in understanding the complexities of GE and genetic of stability.
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Table 1. Stability analysis table using the AMMI model
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Figure 1. Showing the PC1 scores of genotypes and/or environments versus mean yield
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Figure 2. Plotting the PC1 versus PC2 scores for genotypes or environments. H, high; L, low.
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Figure 3. The which-won-where view of the GGE biplot to show which genotypes performed bets in which
environments. Genotypes located on the vertices of the polygon performed either the best or the poorest in one or
more environments. The equality line between G18 and G8 indicates that G18 was better in E7 and E5, whereas
G8 was better in the other environments. The equality line between G18 and G7 indicates that G18 was better
than G7 in all environments. Note that G3 and G1 are located on the line that connects G18 and G7. This means
that the rank G18>G3>G1>G7 was true in all environments. The equality lines divide the biplot into sectors, and
the winning genotype for each sector is the one located on the respective vertex. In this example, the nine
environments fall into two sectors. This pattern suggests that the target environment may consist of two different

mega-environments and that different cultivars should be selected and deployed for each. G18 was the winner in
environments E7 and E5, and G8 was the winner for the other environments (Yan & Tinker, 2006).
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Figure 4. The average-environment coordination (AEC) view to rank genotypes relative to an ideal genotype (the
center of the concentric circles). The genotypes G4, G10 and G16 which are closer to the ‘ideal genotype’ are
more desirable than others. Also, G12 is known as the poorest genotype. G4 was more stable and desirable than
G8 even though G8 had higher average yield. According to this figure, G12 is highly stable. This does not mean
G12 was any good; it only means that the relative performance of G12 was consistent. G12 was even poorer than
the highly variable, least stable genotype G13, because G13 performed reasonably well in at least some
environments (Yan & Tinker, 2006).
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Figure 5. The environment-vector view of the GGE biplot to show similarities among test environments in
discriminating the genotypes. E7 and ES were positively correlated (an acute angle), E7 and E8 were slightly
negatively correlated (an obtuse angle), and ES and E8 were not correlated (a right angle). Here the largest angle
is slightly larger than 90° (between E7 and E8), implying that the GE is moderately large. The distance between
two environments measures their dissimilarity in discriminating the genotypes. Thus, the nine environments fell
into two apparent groups: E7 and E5 formed one group, and the remaining environments formed another. The
concentric circles on the biplot help to visualize the length of the environment vectors, which is proportional to
the standard deviation within the respective environments and is a measure of the discriminating ability of the
environments. Therefore, among the nine environments, E7 and E5 were most discriminating (informative) and
ES8 least discriminating (Yan & Tinker, 2006).

S e R Jlows! (s lo3T (gl banmo (ous 0 #
G 5 gl o P )ik (o Gl Al glls o5 cul (28 ame Jlowy! Lamee
b ol e 9Sles bl alesT sladae 9y 4t ol e a1l 6,50k 5 ples ol
S 9 Sam g Joged lae 4 Sgdige Ol 3518 518 Sl S pepa 2l S50 ;5 AEA
wslid g seme ol 4 bas (A JS8) 3,305 o0 Lo 5l lagl alols f oslaal L ladae Covsllas
Dy bl G sl o lalams ganas 5 9980 S0 a8 ladazme (V JSL2) 955 00 oz Jlonyl
) eSS ey dges b3 S logel onl o sl gy Jsb oy witee Jlooyl lime 4
@lalize 53,5 lax wgee b opl jl Baa 09 codbe glabie plped lyiee | )l 6555
3 Foml QB iy oslee lagl o o Yan &) e85 ki o 5y glacadsl (S cuz
(Yan, 2001) cwl .55l .(Tinker, 2006

Y



V¥ Gl fpgd o )leds [pao 3y 090 Dl Slindow ohHlSe 5 o

PC1=59%, PC2 =19%, Sum = 78%
Transform = 0, Scaling = 0, Centering =;,SV¢E’2’7ﬁ' S

/ ~

-2.4 -1.6 -0.8 0.0 0.8 1.6 24 32
PC1
Discrimitiveness vs. representativenss of test environments
L1y asly 02 3Szss B ctalojl slalams (loisly 5 les (llys ool i (61, GOE odlysl (alaiily 5 ules sles -7 S
w2 5 0uisS plaie o2 aS Bl &8ls 10 i)l 1) Sledsl o505 B8 g E7 a5 Jb> o ccoul lazes 0 5 S obled cpl ol g o)l AEA
Sl Ll oaiiS loze ool glalams ol sagas 5,55k b slacaisiy il gl 255 staloj] Lo coal S obled
O slabzme 4 Gy ) Bus lalamme oS ()90 0 (pogad G5l Gl slagais; SLdl sl (B8 ET Jle plgica)
(Yan & Tinker, 2000) aiws dubo S ppmdds

Figure 6. The discrimination and representativeness view of the GGE biplot to show the discriminating ability
and representativeness the test environments. E1 has a smaller angle with the AEA. Thus, E1 is most
representative whereas E7 and ES8 least representative. Test environments that are both discriminating and
representative (e.g., E1) are good test environments for selecting generally adapted genotypes. Discriminating
but non-representative test environments (e.g., E7 and E8) are useful for selecting specifically adapted genotypes
if the target environments can be divided into mega-environments (Yan & Tinker, 2006).
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Figure 7. The discrimination and representativeness view of the GGE biplot to rank test environments relative to
an ideal test environment (represented by center of the concentric circles). It is a point on the AEA in the positive
direction (“most representative”’) with a distance to the biplot origin equal to the longest vector of all

environments (“most informative”). E1 is closest to this point and is, therefore, best, whereas E7 and E§ were
poorest for selecting cultivars adapted to the whole region (Yan & Tinker, 2006).
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Figure 8. Ranking test environments for the relative performance of a genotype (G8). G8 has lower than average
yield in E7, near-average yield in ES, and higher than average yield in other environments (Yan & Tinker, 2006).
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Figure 9. Ranking genotypes based on performance in a specific environment (ES). Genotypes G12, G14, G13,
G7, and G17 have lower than average yield, G1 and G8 have near average yield, and all others have higher than
average yields. The highest yielder in ES is G18 and the lowest yielder is G12 (Yan & Tinker, 2006).

el dliwgdy zrzeal) dd)bgs ould moral slaosls
S Sl Jols lois g 958 o0 oo 5 (Lazme 5 o5
G) gy chol Spl a5 me ol & ool GE

(Ebadi et al., 2022) syis o 435, osy0l

ol alblbarwg 5 luly Judod sbapslis
0 papdie Wz slaay joxi
FAI-BLUP a5l -
Jelo Gl poad (b o piieninr (sl S
ol Gy 5l gy o alols Gulul a8 el ke
Olen 5 Lrg) lawg 5 9B o0 drubre (Gudgi)
FAI-BLUP .. sleio, (Rocha et al., 2018)
L1, FA sbJos (iSen, BLUP Ll Llx)
donge 1, GXE g5l Jow b oS o <S5 BLUP
S5 sl eslial b (Semy ol aisy
Best Linear Unbiased Prediction ) BLUP/REML

o (Restricted Maximum  Likelihood

35 o Aol il e o Wb

Y&

2 S pas Jesas GGE bl g, «Jlie p

4 borpe Dlpds 5 005 (0 oaol 1) Jule cnl cdars
ol S e Jelos 1) e b o iSen 5 oS e
P Fr sbods el Glp e jsba Jos
J GGE sl sl oids b dilies (glalagms
(Gabriel, 1971) L8 <Ml loges slo S5
hol sloadlie ar aysos by, wlol 2 a5 3500 05t
ofles 5l srar slos Al ] Bas g ouls Ak
Ol sl boges ol bl 4y o lagadss
P S g s e BB 2>y Ysess GGE
sloasliy 5 (2l slapd, bl aiile los slao )8
Ol @S 1) 5,8 o0 )8 eolaiul 550 2T S5
Ll b Glaasie 5 l555liS Gl el Hsbay
el gosls wlul 5 GGE &Myl ol 5 ogdle
Jold a5 398 0 5 (apzee) i bl oad
b oMl ol ol el GHGE jl sleslLl
s |y ele 93 2 Sl3B b ans e o3l ol Kagsy
S5y AMMIE Oyl a5 J> 0 0isS (o) 2 Olojo



VEF lanls (g0 o )l o033l 0,0 [0 liios

o patadizr 5led,S55, - (o ks 4y sla by, 2 ()90

g als o Slae polio ol jay Wi g Gi el oals iy yo5
ol od 4 Twi s TGi 5 el cudis sl WAASB
5 ofhes lp (Vo U jhe ) ond anebie
WAASBY i  polie oiies WAASB
e a5 el st ol slecadsi samalid
5 SSla> e g WAASB 4 ails o Slee sl polis
5 OVF) Ly, b jolie o wiies polie il

«(Olivoto et al., 2019b) 545 o plosl (10)

100-0

rG; = X (Gi — Gay) + 100 (OF)
Gmax—Gmin
0-100
Wi =g — X Wi=Wma) +0 - 00)

MTSI) o vz gyl p5ls -Y
Sflas oo (elyy Wz 03, S (PG sl
S aFe B ae 5 R laThy s
ofkae by oy b oVl (Freman a5 5l
5 Fodsl (alo Sy oz 5l )l e e sl s al
pbay  oasls (Olivoto et al.,, 2019a) )l Sen
MTSI; Multi-Trait ) céoxs glub a5l
A50,5 Byre b Jele 4y 4y 520 4l 4 (Stability Index
Slas gl g alo o Slae lojen jobas ¢ p3ll ul o
ol Nsbioe 2Lyl sl b ooles sl (g S o3Il

0.5
MTSI; = [¥f_, (Fy; — F)?] (%)

o piiadiz (6 Il saims olis MTSL (] o a5
pli oyes By g pll cudgis sln el ope Fij el ulsis
@ 0, 5505 MTSI oS 595 conl cudgnul slp
3)9n e 4 Cosl ine nl & 5 S35 gl
(3,50oe) dgei odd (w)p Sbaprie oaled o LS
(Olivoto et al., 2019b) s |l 5 e
ool b o8l 0gl asise aS Lo ol 4 icuigianl
! 5o syl g 9 Skee GeSilee lp bagjs Geens Y
s 5Slas 4 55k 0 Ysere (P jsbay >y
WAASBY jaxli ailxe ¥ ol o olaisl (GY)

Cod metan diw o waasb U 5l g e el

Yy

Jil 4 g dnle (Gudgioyl —cuiss) dold) cosginl

Dgd ol lacaisly o, Bkl b sgd e ole
55 g0 dalome (1) aba ) | FALBLUP _asLs

x

dij
i=n;j=m_1_
z:i=1;]'=1 dij

gl b pll gy cpline Jlox I Pij )] 50 o8
alols dij 4 (=1, 2, ..., n; j=1, 2, ..., m) pfj

3wl Slee (bl 5 pli cudgnl Sl el sl

ool p oydes 5 Gylul Fi9 eKle ¥
(WAASBY) o ,Slos oy 5t

(©Olivoto et al., 2019a) |, Kes 5 g55dgl 1,5
2 a8 dilesls &l lacwi g s ll Db, slp el
Olypeds oLy ol el Jlsiwl BLUP s AMMI 4l
WAASB; Weighted ) Glhe &lad Gy oSleo
4 435 5| Jol> (Average of Absolute Scores
X gy Sesn BLUP (uple 09d e iy pos
dlone 35800 g bolie (s oo (] Lasoee
9o plml 5 Ojgoh (a3 )l
¥h_ [IPCAj XEPy|

k=1 EPk

5 el (lawse L) 5955 0,05 IPCAG calasl ) ol jo

WAASB = QAD)

oals ools zudgi il yly jlade EPx g IPCA WK
cormls pl G aeo o plid | IPCA WK Lawgs
Wil azils |, WAASB uie 5505 45 ondss)
ol pogdle ad oo ASLS Cudgi) (Il Olyea
Ol ol 9 Y o Shos b slocisy alubid ln
s WAASB il 5 a5 Biplot) som g0 jloges
oerls o8 colatul wad oo ey dls o Sles
als o Shee bl p Hlojen Gl sl WAASBY
dwle (VY) alasl, 35,6 51 (WAASB) 5,lb 4 (Y)

«(Olivoto et al., 2019a) s5i »

WAASBY,; = {EXODHENE)
YTYUs

Oy 5 pll 555 55 les WAASBY, ()] 0 a8
(WAASB) )lnl 5 9,8kee sbogjs oo Os
51 Gk, (Olivoto et al., 2019b) siien

w3 3 00 sslee 5 LSS g cnl el

\Y)

6[.@0)5 L: IVEN ML:).: AR ‘u-“ 5 05315 ..\.:5..»64
Ol e /30 DA /Y ) O 5 Oy (gl i



VFoF il fpgo oo Ipao3ly 0599 /23 lisios

OhlSes 5 gous

fop ol o a8 canl px1 onile Bb o € 5 S yiiee
odbardleaSs S i Julse g o Shig olass ol pay
o o le oy slajls 5 o5y polie it
o9 polie b alge (28,5 (L5 o b adgl sla )b 41X
Sl oyl oyl ly anl e casoas SO 5 Gt
Sgd oo oolaisl (Kaiser, 1958) [uSlay )y (s = 5
g oo sl (V3) abal 51 oslinl by _Lele & o
F=7ZATR™T (0%

S Z ool oo b gxf e le SO F o7 5 a8
65 olidie) 00 bl slarSilos L gXP s yile
SR 5 Gle gl 5l pXT e yile oA (ous
fg sl o ol Slao o PXP (SKiiod o 5lo
oxlledl lahsle dacoigy olass coSia p oy
slagals 5 (o5l Sk oy Jlade b (alafsle)
s oo lad |y ool dle

abal; iy pni Gob (egal) Jloss) iy iy
il e joeis obe oW sl sl (1)
rlpl sl gy )00 Slio dea 6ln (Ve0)
Gy Px ) Sl LT sy oSy S b Wy gl
Lopln T aS gysbay 05
Rgdige 035 ee3S (1) alay (lol 2 55 T gl Ol

AL L il b bgeiss alol anubxe

VPR L P T

5 oo plogl (V+) ala b o5 el MGIDI

0.5
MGIDI; = [¥_; (vij — v))?]

pli Jole o gy omali slitl i (o] 5o &S
595 el 0003 Vi 9 (=12, ..., t;j=1,2, ..., )

AR9)

b dele 5 lacosgs olaws cusga gt .cenl Jlows!
4 MGIDI Jlade 0 565 b (olageis waes oo olad
bl polie nlply 5wt 505 Jlowsl sl
LS o L s Apeslims Slio dan gl |

el Jleslcwsgsls, MGIDI asls 5l coge
s g 568 bla Sl di) pff Jele b ool azg
1500 dline n) G50t 5 ol b jlesllac el

2

Dij
- f 2
Zj:l Dij

3955 omall Sl el gy alold Dy ool o &8
o s lis Jole oS i o S el JTons]

Sy eegal a4 dele o e clis a5 cul

R

YA

30 ool sty Jaw e 0,5 oolawl R 15806 5
oobeol 1 by @ yes F Losd o eolaw] MTSI &b
PS5 Gdgnl 4 &S bl e ieeTs

g oo 2ol cainsn

Hhosz cigul —cwiy dol asli -F
MGIDI)

Multi-Trait Genotype-) MGIDI a5Ls (5,5
S e ol 5, le= ,» ddeotype Distance Index
3o Sl dan a5 (g sbay Dlas (ubde s ) ol
o fole 45 430 00,5 .Y i8S 13V U Lao asls
Y odrools ol jials 3 S Ll S glp
aols awlxe F (cigdnl) Jloasl Seiy iy,
(Olivoto & Nardino, 2021) 55l b beuiss

1L ad,bgs Jouzr S waloyo (nl )5 s liie ot
Slp ogdion JSi5 Cdo b g ] 5 ies b s,
g o oolatwl (V) abaf, 51 @Xi)) wlibe i
(85 = Noj) + My

5 STl adsl polie s gy Qe g 1 ol o oS

Nnj—Pnj x

VY
Noj—Poj av

rXij =

Saz polie oy Qo g Naj ol cdo slp Bl
9 coobee i Sl uy ol Cio (sl Jlas g ST
Sly el pll sy 5l el cbo sl Shol i B
Sl gy Sygear Qoo 1 polie (bl s
ol glae o] Liolidl a5 sla Sy )y g o
sl eblie 39 500 b plp Qoj g Ve b 2l )
b oy a5l e osllas by Lials a5 Lla S5
ad,bgs Jeuz 0 el e oolaiwl Voo b ol Qg a0
U yao 5l s, olael aels o Xij) oo (5,135 wliie
(LalS b ialal) (5 350 5l pogie 4 el Ve -
ol asgorme (Stavan LSl 5 0500 Sl 0 1,
IS e Lai> | Lo it
Jelos G plmil ol pgo alo o ilafole @y 4525
oty o b ol T 5 o0lizl by 8LazsT Lole
P Sl hele Sl g 0S5 gaatis Jelse o)
slp shole Julos 05500 95910 Glass b @3)) o3
bl Ly, Sl plinul g beols olayl Lials
o5 o ool (VA) b
X=u+Lf+e¢ \A)
RS Ll polie I pX 1 oy X o] 4o oS
L eod o lulinl slo Sl 5l px1 Jlop 1ocodd
Belse SIpXT o folele glajle 51 pXTE s jile



VEF lanls (g0 o )l o033l 0,0 [0 liios

o patadizr 5led,S55, - (o ks 4y sla by, 2 ()90

5o el gy oo o lasliwl Hlade Ty clag, oyl 5o
lie oo ia I 5 17 gl (Cdo) (axls b bl
2L o (gl ciend g Jlosy! glacesgss sadso uslin]
Kws (=1, 2, ..., n;j=1,2, ..., m) pf (Caw)
58 (SHG) Jlows! cusgiy ol aslis awle .0
ol g5 il oL dslos (glyy al po 0y 5]
139 oo olaiwl (YY) abal, 5l coudsis b oY o gl

SIIG, = ->i=12 ..,n0<SIG <1 (YY)

5 Ao e AL (ol Sled Ol o5 ] )

o a0 ol SHG i a5 595 (oplplo el SO
a5 ol 6Vl il gy ol wal 3y
SIG; jlaie 31 blio ,o ol 505 Jloas! cuigss
D5 50 g pnd sl ol Wil i3 ke &
5 O 2By pllid s Bie 4 ezl ()l
S (g0 SeS BeaSei) (n piens

Gl STty 4 s
5 ol okt GEI aalllas sy (K555 5505,
ookl oShee g (e b (my 3l el (25
ab ol3olna wlas pl e ¢l DS o J S
5 @lolid 1) gl &ilyg 0925 g Loy (6,551,585
b ple)lpl (JeSse S5 slacd iy WS s
wolp Lol slaghy, 5 Js¥se sl Siles
Slao p Ji5 50 g (Hly olelid 4 a5 Wles,S
5 P ol S e SIS o Sles aile o5
QTL; ) o5 Slaw ossS 8 55 sloylKe olgieas
oS Jloj .aigd oo a5l (Quantitative Trait Loci
ol ol Hebay alite slalaze ;o LQTL )
QEL QTL-) lae L QTL iiSen p 4 o 5l caigd
oolul &S 545 o0 oL (Environment Interaction
@ b uSes p ol e S0 e oo S5 |, GEI
Py e sleaisl a5 wes e | Gl cpl lakre
dn g wS bl Gl e Ll
3509y Gasye lie wlul p aiise Segy axws
Slp a5 )bl slaJoe g sy, «(Rodrigues, 2018)
A)‘;_;)L..C s;b}u‘so oalaow! QEI 9 GEI J)o 9 @L»Lu.o
;.;LC)LB‘ ud.)[?uf —&ALC UW;) Y so)iﬁ ﬁéLQA
2 mhS ol Joo ¥ i Joe )0 sl 5 e

Y4

SIIG p5Llis -0

(Selection Index of Ideal Genotype) SIIG
sl slp &S Sl (Phoniz) o psieniny (Ll S
sshateas Zali et al., 2015) o San 5 5 Losg b
2D (e (Sis 4y Jood it sla Sl pledl
» alize sboasls b dlbse olas (asls o
bl 2 lgiss 9 Wb S 5 Wiz o)lel SG I
o975 0,5 @l lacuisiy Qi) Gl i sy o
el i 2 rba ALl dpulre

D) kosls juwple rosls wyile LSas A
bowisss comile orl )3 wedoe S5 n) Ojpon
Ny oo 8 s o Slao g lacays, o

X1 X Xim
D= X21 :Xzz Xzzm v
an XHZ Xnm

Gl pll Cigs jo plf Chao jlaie Xij )] o a8
a4=1,2,...,n;j=1,2, ..., m)

owple o a4 D) adgl sleools o ple fos Y

axly 9) 9,5 o lailiwl gl (R sle) o, lailsl

g o 0laiwl (YY) alal, 5l Waosls (0,5

n 2
/ i=1 Xjj

Dgdse i yal g e R G gleccus § onl

rii = Y

;i T2 Fim
Iy1 Iz Tom

= : : %)
Ip1 I'n2 'nm

Jlossl el Gigis 5 (atlae) Jlons) sy (8L ¥
g9 & azg by onl o ilhe ol (nd)
L) Yl e LT 85 050 s o 3ime 5 5 Sk
ogh as S ks Jlenl Glsiea cao S (b
oo Shes Jlade 2SIz e Shos 590 50 (Jle Glyicay
38bes jlake ool 5 Jlessl Jake plsieas culsis
ydige 435 A0y () Jloyl e plsieay

dirs 9 (i) Jlows! slacussss 5l abols awlxe ¥
Sl 5 gy o alol alsye ol 5o wdi)
b e @) ds slogesss 5 @D Jlow
1394 g0 Aol (Y8) 4 (YO) Laily, 5l ool

d;:m i=12,.,n
— m -2
di = |22, (ry —17)

o)

i=12,..,n (%



VFoF il fpgo oo Ipao3ly 0599 /23 lisios

OhlSes 5 gous

bl 3 Loy ooy S Cuzr (295 Skl o
Shiri et al., ) ;Ko 5 5y 25,15 5 lub 50, Slae
s WAASBY (cla_asls o5 wiols olis 50 (2024
p Oy 5y slea e ol s auly o MTSI
Fio e cilire Lyly5 5o sl 5 o Slae ol
Cobls a5 o asls ol 51 oslisal dil, ol 4o il
@ Wilgoe o 1) il g o Shee losen L)
b slogassy bl 5 golia gladly LS (38l
S by, (aiS SwS (5,5l 5o sl g Vb o Shee
loliss gl MGIDI 5 MTSI wils opicionia dyocr
L5k 5 ousie sla Sy L jlul glacesigul
(=) 92 a5l Al (LS o bt slalass
ol as el ools las b wilaid, JSay puss )3
GRS P WSS RNEER SRR IO
slaceis) Gas g Db blE wilgiee daasls
Olivoto & Nardino, 2021; ) aS b, 1, calise

Yue et al., 2022; Shirzad et al., 2022; Al-
5 Gy bawg o5 (glaslllae o (Ashkar et al., 2023

Sy sl b sl (Zali et al., 2022) o Sen
B alise ul;w‘ 6Lmua.>l.w )| sslazu L: 9>
MGIDI 4§ FAI-BLUP SIG aks> | cao s
SrS B a5 ol lad udsw cpl bt il b,
5 MGIDI FAI-BLUP aile oS cne slosis,
Slao b 5 033k sloceisi lolid 4 Wy oo SIIG
MGIDI 4 FAI-BLUP SIHG sl asls 5 oo
shb Ko asls o0 FAI-BLUP >4 a5 ol lis
(5 jebas aisg wls o Slee b (g)lo e (Ko
Sy90 dulps o a5 0g ol 51 Sk o] adllas =l
P s JB g alie o Slee b atlh ass (ow)n
» GEI jI a5 Ko aab o L awli.
Gl slaghy, Wil bome el; slagiagy
S sla gl zl el gl gauie il o juaenis
s oo b bbeudsss
O s sl opsiedn> gl gbg, | eolazul
lize GlS o Glades 4 5 dol sledalie
2 Jarte Slociss 5 e, ol jslaios; el
Abd El-Mohsen ) cul oals (5,155 (goasie Dlslllas

et al., 2015; Oliveira et al., 2020; Aswidinnoor
Karimizadeh ) ;),San 4 ool; oy ,S et al., 2023

Qe Yo g 50 was W & (et al, 2006

vY.

& sy Slae F dmosls ol ly il 5,5 1
S 2 oy p OBl Ll ! SG59d g 5895 928
LS5 6l 4 Wilese pal |, Lme s QTL

(Rodrigues, 2018) ol asbe

O )8 5yl @ i Glallae

o s 30,8, BLUP g AMMI sl Jow
Pl al0S Ll g so 4 lis g Il a3
ul)Lic.m 9 9.15.J5| WMo (‘_é) 6|).> .».\J)b ‘) és:'>
Iy Joe g0 0 o S5 (Olivoto et al., 2019a)
plar 98 4 jamie glul bl Soos Sy
Sppdaz &l o Jow cpl s S ol WAASB
OS5 4 lawg pglas jsbay ol QLS 5 sl Jas
Santos & Marza, ) |j)l 5 esile 0gd 00 2U3)
20,8 S5 g eolaul (sladsle 9>l g Jyamay
Sl o Jlos! Ladls & lgicas WAASBY a5
Sl Shemesizr glogiall o |y gy o Slee
Pour-Aboughadareh et ) . |,Kan 4 0,ladgl g 0S5
55l slcwss olulis e 5o @l 2021, 2022
g Q0,5 oolatw! WAASB sl 3l e Jeaste
warls Glgeay wlg o asls cpl a5 wols lis
LgLﬁu.wLo)] O Sy LgLﬁA..u)‘e @LML.M: Lg‘)) J—‘od.:‘
Al-Ashkar, ) Sl -l (yuzen S Joe MET
Sl slecwss ol ¢y sasle ol 5l (2024
Dy 0y (S i g S ey ]l Cod paiS

Iy o,8lee b ag e o pair laie a5 Sloj
Gl (e b aisS g uSojll goliiay gl o
Slio ol dsgeze lol 2 Fn g b slacess)
MTSD hoxs syl jals siwe azlee
ol 2 5y Glacaisiy Sl (sl seelcudba jsboay
Singamsetti ef al., ) cesl ool solatn! Chn pois

2021; Farhad et al., 2022; Lima et al., 2022;
o 65 sl iegs o .(Padmaja et al., 2022

Slao 5 Sjgdnsdsd e Slio oS 5 bl Sl
plonil (i 5 aige) ilizee Llyd o 0 Slae b L 1o
(Balbaa et al., 2022: Yue et al., 2022) el ooy
L5 (Sharifi et al., 2020) .,Kea ¢ 3,5
&l |, MTSI s WAASBY WAASB sla asls
»Er by Jeamen ey olulis
ol &5 wo ST B8 g o)l amesiz slagiales]



VEF lanls (g0 o )l o033l 0,0 [0 liios

o patadizr 5led,S55, - (o ks 4y sla by, 2 ()90

@ a5l eolatul b laze VY 0 1) o> cudeif VA
Ao diidlyy g soly I3 dalllas 0y90 Lol Olaee
sl ) cdgy Sog 0ol o lakae lp 1) i
5 9920 Syl crmizat S yae 03l (slolas
o Sles (5l (Aswidinnoor et al., 2023) Ko
e L YW s e od) 0 ails cotS 5 o)
» e caie jo 1) New Plant Type) asu> oLS
Slaie 4 a5ps dex 5l goll ) (i ool
Sl loges ol 53 S 45 olaeasss) 5 oy bl
S ol slacais) plpea | wid 518 alol>
Oy 5 b gy bl nl 2 egdle oS
G4 G3 sl sy (Finlay & Wilkinson, 1963)
bi) oS, coe &5 G12 4 G11 G8 G7 G5
oanaib b lacais) plpea wansls So L
Eberhart ) Jul, 5 &jla ol iy, 50 a5 Jl> 50 winds
Sl slecwsgss G119 G5 lais (& Russell, 1966
(Aswidinnoor et al., 2023) sse
s, 5 (Oliveira et al., 2020) o, Kan 5 155!
Lelrs lajos 3l Jol> GEI Lujsle Lle Jlo
o et 05l absle o Slos (5l 5 GEI (s 2 (62
solital il sl 5 bolSe 5 ladsle oS oms
4355 40 5 ab easlie YU GEI las! adllas jo 035,5
Sy s 51 oy VA 51 e ol el 4 Jlile
Sy dod ( S ae sla e ols musgi |
(Upame 08, a3, 5 el audys> Wb ol
s wols plas ele slajl b awgie (Sion
oSy Jados g GEI ol ,5b sasmslas
So L oas 1y slew e (Latent Regression) acags
@ &S ) plos s uizmen 5 W3 5l ohg Lo
5 0,8 ololis wog FEwl bl jl slacgase
Sele Jelw oo o 0 (gpF e adlhs ()l
» GEL o oo Jame oS Julge j5e jobas
Ohles g (Sgpm ai0)S (Qlulid | (sladgle o5 )0m
@ pslie slocpY Gl Gaa L (Sruthi ef al., 2024)
h@r oeis) 00 (Sei) g9 Vb oSlee b g (559
O YL E55 5 (o) et Ll pd oS Jad an o
& 5 eslanad b gl 58 G155 1, Loy
S WS gleles Lol ailge aw (Lol slaadlse
IS 65 51 sy FEIAY 5 VXY VYN s e
W0)S azg (sl Jad an o Coiia ) gy

asy S olowd ddigs jo dils o515 ig o ails o Sles

v

S8 2Ll 050 adlaie Jlez o Jle g0 Doy 1) walls
5 Jsl sloae slasgs 4520 aS ols lis by assls
bwgioad dll o)l 5 pgo Gladoe uizen 5 pow
g aliw Ly,as (Lin & Buthler, 1990) 5L 4 .
Slasgs a0 51 lgs oo a5 aiils bl ydaxe oyl
5 o el p oS oolital 1 Ll (saeg S sl
5 alols ol s syl (Lin & Buthler, 1990) ,LL
Jssz 0 F 03] ©yg0 nolie pgo 5 Jgl slodoe
Aol mpe oz 5 pew slodae 3 9 Gsew S,
op Yy LgLﬁu,.i)L.o 6‘)‘. 0dd pusual sosls wm‘
Tahmasebi ef ) | )Son 5 cwlogh aslllas jo .ol
ob pasS jo bl gamey S g (i 4 Jeod cilise
oolitul sloadlie & i g lades @i by,
W0,S azgi |y S Ol 3o, AUV ggaze jo g
095 5 Jol heol adlie 9o I Jol> Sl @bl
)l)ﬁ og;M)O ‘) Nm&mmsuwb
s GMP YI HM (glo ozl a5 ols olas mls ¢ ol
90, o aly o Slee b1y Sion o 5 i STI
OLlen 5 L (olo; aasls s e 5 25 el
Slasgs 4l eslaw! L (Rezaeinia et al., 2022)
0, Slos g dig ;o ails slaws a5 wols lis code &y 300 4
Sfkes rizmen 5 gl )kl Ll o s
5 game sylol luld o caily atle 5 i
G A A &l o Slee p Jige Sl (S
5 wolbe il Lulpd g0 sa 0 1) el oz ol
Aoy YAAY 5 A XY o s a5 o )5 ololis sgame
Sl glyea Jg Jole s azs 1y Sleis
Glﬁwé) M sl )105&3 u*’L*’| 29 Lg)Lb"nU o, Slas
T o9 )k 4 aed) Gladss 45 b (nizmen a0l
Cewdds 6[26&.».)05; L: Q] @Lu FLER RN M.) 09;
eils cillae S sb loges 5l ool
ol Dlaite 4w by, Ll L oazg L
sl (g Il (Swliys) (25 pogin b Lo o PCOA)
bl ;o Ay cul 5l eolanal (BpnS Galple
Slp st e Wi ol SYpame ol
Sz omlie gy (omizren 0ed b olei Sl
Pl slobze 4k 5 oslhe Glacass) elats]
&l Ramzi et al., 2020) o, Ken 5 530, Sl



VFoF il fpgo oo Ipao3ly 0599 /23 lisios

OhlSes 5 gous

aS wis,S lee (Sabaghnia, 2012) Ligleo

AMMI L5 joauzn syl slasg, 5l eslaul
O s iSee,y Jl= l, GGE 4 SHMM
» sheeniz slagilel 3 (GED luzs 5 coisi)
Sy & b s weel ail il 3l sla Lo
Jud=s g PCA) Lol sloadlge 4 455zl ale Foolu
Joe las 3 18 colaul 0,90 S FA) e
ble golul @320 10 Gaome 5)l5l lseas AMMI
) GE Jolss 5 Lomo sonisi) Slyeais it S5
G955 shol Sl oMsl GGE (g, 5o (flie yo o)l
SeS& @2 51 (GED Lo 5 gy jioSen 5 (G)
5 aS cal siee (Kang, 2020) KI5 .ol oo
(=) OV¥same (BaiSadsy 5 g o Solia JBays
S oo 2le5a GE L 5 G bl » bacssy (S
Pl Dygots b 190 ol (gmyp cnlpln 5 o
Yan & Kang, ) S5 g oL « Judo cpedds 0,5 & )00
S5l oMl GGE iy, a5 iyl olaxel (2003
AMMI (g, 5l bame )5 iy lvosls a3
s=an ® Sk GOE mls Grzmes ol 53550
Slobme 5 ooy ol glul 5 @ik
(SHS @l e 0 Sdgge Jdoa il
5 ¢l (Kang, 2020) cusl Somls o jsosl,lS
&y by 90wl 5l Enyew et al., 2021) ,Sen
2 55y 0355 YV ol ol slacalieh (s
b oeiss mn caled o g oslital (gol )3 Laore an
bl 5 Jyamen 5 b slocwss olyea
s 5 bl adlle o wis,S Byme oiales]
bize g gy S il (Bhyaei et al., 2022)
b adlaie @ )3 b paS gy Ve alls o Sles 5
sl @l @izs Gl 0 b pwyp Jl g0
ASV; AMMI ) AMMI ,lul a3l AMMI
GSL ) <95 ylml asls «Stability Value
3,90 GGE-Biplot 4 (Genotype Selection Index
;o oles a5 ol plid b s S 18 angles
bl wites cwlie 5,8kee b)) ly boasls
et M8 5 STl sl ol GGE o3bsl
2 baadsy o Shee gilul 5 6,5l b Gln
Joa ip nl egdoe St it slalae
Iy by Dbl a5 ol S35 gl ot g
Gauch et ) o,Ken 5 255 S0 (o 3| B o0 &5l
Judoay GGE oMy sl Lzl ) slawl & (al., 2008

YYyY

Loyl g Cute (St 9l slodzsy slass
ol a8 assls o, il >l jo gl (Lol adlge
lowisy ole (S35 55 azy o |y gl Sl
o Al de ie g Ades Job @i glas )l ole las
ad ald gel p o Fhe (ol alse Glyew
Gl Swon pglas jsbay PCA (gony g0 (slajlogas
O by Job wile (Slae 5 ails o Sles o Cute
(LS sk oy las 1) Siamiy ol g alls we
oolatul cg PCA ulul o YU o Slee b slacasss
W ololid mp golia gl p o

5 blaze sonaiws ;0 SHMM Joe oYL SUlys
ool ol Bl Slidss 5 gk 5o Lo
Esmaeilzadeh-Moghaddam et al., 2018; Barati )
Najafi Mirak ) |,Seo ¢ S 0 iz (et al., 2020
aly oSl ylul b, jekaieas (et al., 2024
Fedbe 93 (b g bawms gy 50 pg)90 puiS slacassi
3,900 ol g solaul GGE 4 SHMM sla g,
b5 oS sankies e 05,5 55 & 1, asllls
SHMM oo (bl p lalase gamdiws a5 sl lis
s Hyan sl GGE Jua gl b JalS jsbosy
Sl byl ez eoyS jsbay GGE ol
ool ad 8 (Say ez 2l)) lS o il las
&olub Jdss 51, GGE @b sl 5l ciges sly .ol
Farshadfar ) ,lsgl> asle el)5 LS o als 5 Slee
> «Zhang et al., 2016) ;)| «et al., 2012
o b paS «(Maniruzzaman et al., 2019)
«(Ram et al., 2020) YL gles 5 Sis o5 bylyl
Karimizadeh ef al., ) mo layls cod pg,90 pasS
= «da Silva et al., 2021) 55 )5 2020, 2021
Roostaei ) o,ly; po5 (Senguttuvel et al., 2021)
«(Kebede et al., 2023) ,ug0 o> et al., 2021
58 slews e (Jokarfard et al., 2024) |8
2 4 i usen 9 (Gongalves et al., 2025)
oo oolatwl «(Gerema et al., 2024) pg,50 puiS
O e Gl 050 slacuis) g blass sl ol
b codgih 9 baoms diz 5l g 039 goite Lo cOlalllas
Iy ey oo g o6 od b oo mus sla sl
dooialy olasd o 00,0uS £o (pl gl e Jeli
gy YL s pddlasl das )5 5 Gloal delese
5 w555 SepiSeey Jubs s 1, GGE-Biplot
Ao oo lid (65,0l Al Loyl o lass



VEF lanls (g0 o )l o033l 0,0 [0 liios

o patadizr 5led,S55, - (o ks 4y sla by, 2 ()90

g bl pl (pizen W3S (Brme g plolid b
Ma ) o Kos 5 Lo o o s 3 yme Jlony] agmo
Lo Ve 50 &8 W VY o Slee (et al., 2024
IR emap e VVY 5 VoV Jlo 9o (b il
sl s AMMI Jus o ol olis gl cd )3
syl sl JeSe glajlnl Glyear iy o GGE
Sl Sl b g, sl aiiS as &8 o Shas pal>
5 Sysls @l 1 olel 5 YU CoiS b glaoy e
5 Bl wld w5 sola Jped 0wl

WS SeS o slaed) sy oeires

Sl sloo,lol amlxe

(o pitolin Slagls g Joeels pole jo Sépi0 b
4 a5 WlaBl drwg e oo Sul g b lisle
Srm <8 L1 GEI jI L oS o SaS o Sol5ia
WS bl $ @8 jebay |y baaiei o e 5 oo
GGE Biplot 4 g o bjlble,s opl alax
GEA-R SAS JIRRISTAT GenStat GENES
ces metan 3 STABILITYSOFT .AMMISOFT
sl 3l 5 slaco s 5l glaods .5 5 o Lsl R l5ale 5
sl 0ol ST Jgaz j0 00l )53

sooly  Jdos gl a5 R g)l58le 5 glaaiuy
&olb Lg[;bo)h;‘ dwlo @b‘y iloads cf‘)’o MET
3 Glaegazme i wyiwd 4o K]S ey g wyls )
oppriodiz 5wl Jelod 5 w3 sln oS b ()l
sQ.i‘ » oj)l.c Ll 0l 4\3‘)‘ Y Jgsz o csloads ‘5>|J.]o
https://CRAN.R-) agricolae osle R glaaies
Al eied g (project.org/package =agricolae
http://plantbreeding.r-forge.r-)
MET > slp oy ,5b 4 45 (project.org
lolel dule gl Gouie wily wloads cwgial

plantbreeding

Sl Grigres wied oo bl 62l LU g sl )k
G ,a8 (g Il metan (g )l38le 3 ay a5 5 S o L
5 Sl Ghimaniz lagile;] glaesls Jolo jslaeay
5 bl sl sty Sl sl s b
> asly plo )0 a8 olagts,; abex 5l syl )l e
5 Y5 T EC S B R V-XCOUP Y | B PP VS SR VL oA
w25 o0 A1) (s giaS Gloj S (oo ool | odzey
o8 adsisl BB sl b L olen hs) Sl

(Olivoto & Liicio, 2020) oS

Yyy

aS wo,S el Jo e jo Ll wizsls y G+GE 4 320
$FE&Ss JSaa |, G+ GE wilg oo odsl o
A8 ol 5 025 AMMI o &
Slp Gleo s 3bas GGE-Biplot sla >
Ot g bl pl GLolid dacassl) (ganas) (ow)»
JE eolatul 950 alisee slalase jo Sanled g ples
Sy &S J> o (Verma et al., 2015) el a8 5
GEI odbeles cewl ;o8 AMMI o (gormais e
a Ml ) sl Ly ol 5 wis loles gy
sk ;5 AMMI 5 GGE Joo 55 52 . 0285 pgas
slagiolesl o iiSeny slagSll cuyp slp Dlallle
wilizee O b slacsss plobid 5 aesis
Singh et al., ) wloass colaiwl Cyidge b pais alex
2019; Hilmarsson et al., 2021; Khan et al.,
Tanin et al., ) o,Ken o 5 Geiss o (2021

Shacs | pusS slacuiss o lul 5 o, Slee (2022
Sz 0 K Slas g dils yuiSgn (slaiore il o Slos
g 0 eSS 6 bl sla o ) sslitul b calie e
Al oy GGE oMb s AMMI ails o pusiosi
Soll sl iz glo Jdow a7 ol lis ol
a5l Ll casols &l sealine gl ool
Oz g Dgliie 6390 U bl iy slacadss)
GGE oMyl a5 Jl> o 0,8 @l cglaie glaigSa
slciss @lobs GEL Ll o0 g5t 2Uly
S50 lp aregi)l sylel by, Ko plsieas | GGE
L0,5 Byme aenis sl bl ;o GEI e
51 Rahmati et al., 2024) ) Ken 5 o>,
A sly ol GGE 3 AMMI gl s,
o ab s Ske 5 GED b= 5 gy el
ol YL ol sl Cawsay s i ,S sslaul ol 5
sloacly o i )bl Glaylnl lesa 1) oo,
g 08 55> a5 gladllas o ol lis g ol 2ol
o Sloe wisls plxil (Jokarfard et al., 2024) | |Son
o g0 bl g0 0 1) leaS Calizes Coigiy o wls
9 AMMI Lg[mu»ﬁ) )l oolaw! L: (\\‘~Y 9 \f’\)
2 Oeibe (pl 285 L8 b5l 0550 bl GGE



VFoF il fpgo oo Ipao3ly 0599 /23 lisios

OhlSes 5 gous

oy slooylol alons (g ilies (slafiile 3 o blE -V Jpur
Table 2. The capability of different software for computing the stability statistics

Software Software capabilities Reference
GGE Biplot AMMI model, GGE, PCOA (Yan, 2001)
GENES Wricke’s ecovalence, Regression coefficient, (Cruz, 2013)
Deviation from regression, Environmental
variance, Tai’s stability statistics, Shukla’s
stability variance, Superiority index, AMMI model,
GGE
GenStat AMMI model, GGE, PCOA (http://www.vsni.co.uk) (GENSTAT,
2008)
IRRISTAT Regression coefficient, Deviation from regression, (https://international-rice-
Pinthus’s coefficient of determination, AMMI researchinstitute.software.informer.com)
model, GGE (IRRISTAT for Windows, 2021)
AMMISOFT AMMI model, GGE (Gauch & Moran, 2019)
GEA-R Wricke’s ecovalence, Regression coefficient, (Pacheco et al., 2015)
Deviation from regression, Tai’s stability
statistics, Shukla’s stability, Pinthus’s coefficient
of determination, Coefficient of variance, Nassar
and Huhn’s and Huhn’s statistics, Superiority
index, AMMI model, GGE
STABILITYSOFT  Mean variance component, GE variance (Pour-Aboughadareh et al., 2019)
component, Wricke’s ecovalence, Regression
coefficient, Deviation from, Shukla’s stability
variance, Coefficient of variance, Nassar and
Huhn’s and Huhn’s statistics, Kang’s rank-sum,
Thennarasu’s non-parametric statistics,
SAS Mean variance component, GE variance (Piepho, 1999; Hussein et al., 2000;

component, Wricke’s ecovalence, Regression
coefficient, Deviation from regression, Shukla’s
stability variance, Coefficient of variance, Nassar
and Huhn’s and Huhn’s statistics, Yield stability
index , Superiority index , Thennarasu’s non-
parametric statistics, AMMI model, GGE, PCOA,
SHMM, Correspondence Analysis, PCA, FA, CA
Most Stability Statistics with Different Packages

Akbarpour et al., 2016; Dia et al., 2016)

(Olivoto & Lucio, 2020)
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Table 3. A summary of R packages for analyzing MET data and the types of calculated parametric statistics

Package name URL Description
stability (https://CRAN.R-project.org/package=stability) Calculation of AMMI-based stability
parameters
ammistability  (https://CRAN.R-project.org/package=ammistability)  Calculation of AMMI and GGE-Biplot
methods
gge (https://CRAN.R-project.org/package=gge) Calculation of GGE-Biplot
GGEBiplots (https://CRAN.R-project.org/package=GGEBiplots) Calculation of GGE-Biplot
ggplot2 (https://CRAN.R- Calculation of GGE-Biplot, PCoA and
project.org/package=CAinterprTools) genotypic response analysis
factoextra (https://CRAN.R-project.org/package=factoextra) Calculation of principal component
analysis (PCA) and consistency analysis
rYWAASB (https://CRAN.R-project.org/package=rY WAASB) Calculation of two-dimensional
YxWAASB graph
metan (https://CRAN.R-project.org/package= metan) Calculation of WAASB, WAASBY,

MTSI and MGDI and facilitating the
calculation of FAI-BLUP and SIIG
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