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Extended Abstract

Background: Barley (Hordeum vulgare L.) is one of the important cereal crops, which is ranked
fourth globally after wheat, rice, and maize. Superior genotypes must be accurately identified in
any breeding program. Improvement of some traits, such as grain yield, may be efficient through
indirect selection pathways due to their high correlations with other traits. Therefore, this study
aimed to select the best barley genotypes with desirable agronomic traits by using and finally
comparing a combination of different selection indices.

Methods: To evaluate some superior barley genotypes using multi-trait selection indices, an
experiment was conducted at the Darab Agricultural and Natural Resources Research Station,
Darab, Iran, in the 2020-2021 cropping year. The plant genetic materials consisted of 51 barley
genotypes, along with nine check genotypes. The experiment was carried out based on a
randomized complete block design with three replications. The studied genotypes were planted
in six lines of 5 m long and 15 cm space between them. Seed density was determined as 300 seeds
per square meter, and seeds were sown using an experimental plot planter (Wintersteiger, Austria).
Before seed sowing, the fertilizer composition was 150 kg ha' nitrogen (twice), and di-
ammonium phosphate and potassium sulfate were 100 and 50 kg ha”, respectively. After
removing the border effect, all experimental plots were harvested using an experimental combine
(Wintersteiger, Austria). Three selection indices, including selection of ideal genotype (SIIG),
multi-trait genotype-ideotype distance index (MGIDI), ideotype design via best linear unbiased
prediction (FAI-BLUP), and Smith-Hazel (SH), were estimated based on 12 morpho-phenological
traits to select superior genotypes. The measured traits included grain yield, the number of spikes
per square meter, the number of grains per spike, weight of spike, thousand-grain weight, grain
filling period, spike length, plant height, the number of days to heading, the number of days to
maturity, grain filling rate, and the spike type.

Results: The results of the likelihood ratio test (LRT) showed that the genotype effect was
significant for all measured traits at the 1% probability level. The results of restricted maximum
likelihood (REML) showed that the lowest heritability was recorded for the grain filling period
(0.505), grain yield (0.611), and grain filling rate (0.649), while the highest values were observed
for thousand-grain weight (0.884) and the number of days to heading (0.877). The results of
comparing the adjusted mean using the REML-BLUP model revealed that the highest grain yield
belonged to genotypes 3, 1, 50, and 30, respectively. The grain yields of these genotypes were
higher than all the check genotypes. Based on the MGIDI index, genotypes 39, 14, 43, 49, 6, 35,
19, 32, 41, 50, 55 (Auxin), 38, 44, 60 (Nimrooz), 28, 42, 40, and 34 with the lowest values were
identified as superior genotypes. Genotypes 39, 35, 43, 14, 32, 6, 41, 44, 50, and 42 with the
highest FAI-BLUP values were selected as the best genotypes. The results of the Smith-Hazel
index showed that the genotypes 30, 55, 1, 2, 3, 40, 38, 12, 10, and 13 with the highest values
were identified as superior genotypes. Moreover, genotypes 3, 50, 30, 1, 55, 10, 13, 2, 11, 39, 12,
38, 31, 35, 36, and 44 with the highest SIIG index were superior genotypes in terms of most
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measured traits. The results of the correlation analysis showed that grain yield was positively and
significantly correlated with the number of days to maturity (0.35%), plant height (0.37%), grain
filling period (0.26*), the number of spikes per square meter (0.61**), and grain filling rate
(0.96**). All selection indices were significantly correlated with grain yield, and the highest
correlation value was found between grain yield and the SIIG (0.92**) and Smith-Hazel (0.78**)
indices. FAI-BLUP and MGIDI indices were significantly associated with all traits, except for
thousand-grain weight, length of ripening period, spike length, and the number of spikes per
square meter traits. Only the thousand-grain weight and spike length traits did not show significant
correlations with any of the selection indices.

Conclusion: In conclusion, genotypes 3, 50, 30, 1, 55, 10, 13, 2, 11, 12, and 38 were identified
as superior genotypes using both SIIG and Smith-Hazel indices, and genotypes 39, 35, 50, 38,
and 44 were identified as superior genotypes by FAI-BLUP and MGIDI indices. Finally, our
results revealed that SIIG and Smith-Hazel indices were better than FAI-BLUP and MGIDI
indices to identify superior genotypes.

Keywords: FAI-BLUP index, Genetic parameters, MGIDI index, SIIG index, Smith-Hazel index

How to Cite This Article: Jafari Zare, M., Asghari, A., Zali, H., Sofalian, M., & Pour-Aboughadareh, A. (2025).
Comparison of Multiple-Trait Selection Indices for Promising Barley Genotypes. J Crop Breed, 17(3), 1-15.
DOI: 10.61882/jcb.2024.1552




A\

¥ WF /¥ olad femsin Jlo [ ely; ool gol asbipsing
ol (b Blie 5 (55,5L3S pgle olutils

9 el Scuwiglj GLRE! 5l Cho W (e (B pad L du e

"0ylu85ul 99 Lo pale o % s ol T I o T g0l (e Mgl 5 han i

Oyl eyl ((dod)l Bives oKl ¢ grub mlio 5 (65)9liS oSl ¢ 2LS K55 g Mgy qwiige 09,5 ((BLS (P g SUF (658> ool —)
Olrl eyl isdod)) 3o bl o lio 9 (55)9liS 0Kl (LS K] g W5 (ige 095 ol =Y
b e5)slS gy g Ghjsel «laios (lojlo ¢ )b (b qulio 9 5)5lS JBigel 5 Sliiod 350 ¢l g (55 psle Sladod i (gl st -Y
(hzali90@yahoo.com : Jggume 6kimmg3) ¢yl
Olnl eyl isdod)) 3o olSiild (b i 9 (65)9liS 03Kl (oL S) g Wi (e 095 il =¥
Ol @S «si9liS @ 9 Ghjoel «laiiod Glojlu ol g Job 4t g gl ClaoS dunwge ((olnghy skl =0

V¥ : iy fu)b VEFLNINE 2l g g )b

VOB Y cdxio

VERNNY/F el do s

byua 2350

01 e Y guams plad (e (3 1y )l 4 09 yel 45 ol M 0315 oo Y guas I (S (Hordeum vulgare L.) g 1Bad g doddo
Wl Glho gl wes Bl 2Vb €L b bowis] gin slaguis) CLl glp (Mol Glaasin )3 205 ©)3 5 g @S | ey lex
G5 cpl 3l Gan opl sl Yoy 5 osllee LIS 1Sy 5 ) Slas b oYL Siien a5 Slas plo 3k 5l suiitue pé bl ily 5,Slee
D9 e b bpadli (ol duglie coled 3 g (S 5 Gl slaasld jl el b osllae (o5 Clao 115555 9 92 Jp Sbesss S

9 ipliS Sl ol 3 ilejl (hovn 125 sluasls jl ediel b g i Slacaiss Sl @l sl slaien I Rg) 9 dlge
a b 5ol WIS ool 2o B 1> sl i 4 oamer g2 iy O) b ialeg] 5 o] VE- ¥ (el5 Lo > O o ol
@y e sk Ver (Bpan jhy i 20d B S 5l e Bl 10 dlolh 4y g 0 F Jgb & b B )3 () 2)90 o] A 12l 1SS
Jlade & 09l 365" Jols (6058 oS 5 b plosl (Wintersteiger, Austria) oMe  dolojl )50 olKwd jl oolitul b cussls o 0 cpund cadgif o (gl
Bl | g 52 (3l L) S 3 p S5bS Be 5 Vee ol b iy aslty Slilges 5 Sland porigel 63 5 (Cags 9) JSa o p S5l V0
(STIG) Jlows! g wlowsl (asls .ab plosl (Wintersteiger, Austria) oMe  iolojl plaS” 5l odliiwl b (zoye yio ) &)S dod cuild p capdls
il (bl 3 (FALBLUP) (o o s s it e 3 i (b a3l {MGIDI) (o s i) iy ahls ol
xye o yd dliw dlaw il 3, Slos Jols Slas pl B0 duslre 5998 =58 y50 o VYl edlainl b i slacuwie bl 4l (SH) Jjun
Sy B gy Gl calivn yoalo U o) dlass ey gyl ealitas Jobo oSl Jobo calld (305 093 Jgbo il Jljm (g el (g el )3 &l sl
W3 Ciydy dlaad g &ild Ay Cas yu

el g 5 bme o )d S Jlotnl praw )3 wyp 390 Slio ded cly Cuigiy Sl 4 Lol i (LRT) (pledcwyd Cond (yg05) ol (Al
(+1040) &l as p 0yed Jsb Slas & baye cudpts Slas (6 phcdlys i (e 45" Lol lis (REML) oddsgiome  olescawyd yuSlis
(+/AVY) Al yoods B 59, 3lass o (</AAY) &l 5o 50 0 bgyye 3 (s pducdlyg jlade oy iy gy (+/5FR) &by (0l y ey 5 (+/5VY) il 5o
N ¥ ojlads sldeassss 4 by i gy aild 3 Sloe oy iy 48" 030> Wis REML-BLUP Juo 3l sl b sddigusuas 1ke duslio golis g
AL XD & LS NF N ojled slocass; MGIDT (a3l glue g sYL dald clacadis den 5l bcwie) opl aild 3 Sles gy Y+ g 0+
SY X0 M sl e 5 e g (padli opl lade pyiaS dId LYY 9 Fe FY VA (j5500) 5o FF FA (punST) B0 B+ FY XY
swig; &8 Wols (L SH [adls guls .wud Cbl beasssd cpyip oleisd FAT-BLUP lage oy yidio b cuiyidy Y 5 0+ FF F) & FY OF
Feode X oojlad s} (cminpd e iy lacwie] g (asld opl e e b e g W g Ve AV YA S XY ) D0 X o)l
b5 S3gr gyt 3ye Slho yii a5 ) gy slacais) 53 STIG Lasls Jade opymie L FF 5 Y5 DY FA OY FR ) F OF e 00 o
Al Dl o+ 1YF*) @ils ady 093 Jsbo o(+/YY*) oy glasyl o+ /YD*) ( Sy U joy sl Clao b ails 5)Slas a8 wiahy )l Glho (y (Snsen
995 J3cgine b 3 Shos b Q! padls Jog o (Stused (Cutly (53 sne g Cute (Suon (+/AFT) &l (Al S 5 (V) @poie 3
FAI-BLUP (sla jadlis .54 (=+/YA*) SH o (+/2Y**) SIIG (slajadls 4 baypo s ydy ails 3 Slos b (Siwad jlade oy yidn b yad s oy
A3 e Clao s il mye yie ) dliw dlis g dliws Job ((Sduo) 050 Job iy Jlin 59 3 ar Olaw ded b (g3 gz (Siuwer MGIDI 4
ol L gyl dme (Siumed Ll gla sl pliSzn b aliw Job g 4l

YA XD slacwis) o 159 S yiko SH g SIIG [adlid g3 ,o 15 a5 00 g0« FA X AV AV WY Ve &V &) slacais] cggasme 1 15 g5 dels
el asls woles > wiad Sl Lol ol bulyd )3 i losiss] olsisa MGIDI g FAIBLUP (gla asls laws sl 0+ 5 FF ¥4
S plolis aslegl ol Lalyd 5 1, YU &y 5,8k b 5y (slaesr) Aiuslss MGIDI 5 FAI-BLUP a3l 43 5| 5240 SH 5 STIG

SIG (a3l MGIDI jasls FAI-BLUP [adls ¢ )b ool (adls ( K655 sloyiel )b 1 glS slaojlg

u9~l~° OY/0 » éJL Y.V JL» 5 Lss P> CuiS 25 Cja.w
Jlo B olnl 53 9 o5 oskes VOV/D 1 &l o] Wy g 1S
O oodee YIE ol W g e yedse V/F dgas YAV
(FAOSTAT, 2020) cuul o5 )55
Fp slacwy; bl lp (Aol gladdly
3ok S5 51890 Ol oYL cds b b lacSs)
5 i ot Ol il 3 ) Sloe wile  Slaw (gl i

dodie
2o b dumlin )3 it Sl 590 (5136 s 55 e
Hordeum ) o .5, (hiy cuenl ol); LS
Ulp & cawl oM wdlgls I ely; olS S pulgare. L
Olgisds 2 355 00 )18 03litul )90 y5ebo 5 ol ¢yl 4335
IS g 29den a3lid Gl Cuenl p Ald (o)
Gl dilide sble ) Jol g 0dd ol); OV gae


https://doaj.org/toc/2676-4628
mailto:hzali90@yahoo.com
https://orcid.org/0009-0003-9202-1465

Shirzad et al.,, 2022a; ) cuwl odds ()55 0 Clisiss
(Zali et al., 2023

& Gl S5 g hodn et S SIHG e ls
b odsl sl (Zali et al., 2015) )\ Sen  JIj bawss
e (S 4 Jed Gl (slaaili el ki
obd 2 ) gn slacss) SHG (asls &y ) s
gy J) alols i g Jlonl cuigi) 5l adlold a8
b calisee Glaw Gadls opl o a8 o plols o) e
Bgudso cuS 5 e 0yl S LB s alisee (lapadls
locwiss syl sl 1y it B9y o ool 1 Olso g
2 » SIIG sl jl (Zali ef al, 2015) s> &)
Ols)igl:.ﬂ «(Barati et al., 2021; Zali & Barati, 2020)
Emami ) pg,s> pu5 (Haghighatnia & Alhani, 2020)
Zali) ;IS 4 (et al., 2019; Najafi Mirak et al., 2018
Sl o odlazwl (et al., 2017

bl 5y MGIDI ja3ls a5l FAI-BLUP a5l
loGaisiy | plas s dlold (cline &S sl o bole & 35
0ald G Ao Db 3p9ly Jlon) i
Sy i il el b ) Soy ol shos
olisul b (S35 polio dplone (Byb jl g WS o (S
&ly ol 5,55, (Resende, 2016) REML/BLUP |
oxlazwl ol)8".(Rocha ez al., 2018) cuwl o uis; bl
Botelho et al., 2022; ) po5 yow ;> FAI-BLUP 23.L5 |
pAS (da Silva et al., 2018; Oliveira et al., 2019
@) o (Casagrande et al., 2022; Meier et al., 2021)
5 (Rocha et al., 2019) Lus) (Peixoto et al., 2021)
ol 0ad iyl (Woyann et al., 2019) g

Uhgy 5l oolatwl daosld 4y (gl pre (sl by, 5l (S
o=l » sl (REML) sidngiome  gleicus)y (Sl
Slape (0 yieS 09y A il)ly 435 Cudgione b,
dgdige by piloial (izen 9 Jolial slaosls
&y REML wile bglse (sla Jue (Holland, 2006)
Calb oo ot s ooy il oyl cussey
slizl g (S8 polie o35 lp (BLUP) (Jlas
(Resende, 2016) Wsd o odlawl byl
sy ooy jl S REML-BLUP sl
A in) ool laailye e Jold s
Olyed) (595 plie ot g (oMbdgdome (ploicuw >
Bernardo, 2020; Piepho et al., ) cuwl (BLUP (ko
Sygo 5> REML-BLUP ,; e (sbad,Sy5, (2008
el gy yo as( Joleiel (gbvodly g Slaw  ivlidl ue cunle
2 o sy b duglis > SBLS 2ol o ialojl )
(Hu, 2015) stud (¢ 00 bl wins o ¢ ANOVA
P 595 sbpiSeay bl ¢l BLUPGLGSGSS
Sboays Cbal 5 Jhoe s glapill cov o
Ahakpaz et al.,) slas S 15 eolasl dy90 o> Hlub
.(2021; Verma et al., 2022

o)l 895 Lo ple 5 Wlaws el JIj yu s pmel (e )5 i ygate

9> Uisudel glacaig) Obl gl cho s e slapasls alie

Jesih 3Sles b @Vl (Sor & Slao plo G5k
Y sexo (Rabiei et al., 2004) cusl jl5,65 35 oelleo o)
e o 2y sl Vo S L s ol
39wl Sl Slea by Jlsdy Glojes
Olojee bl gly a3ls o4l (Shayan ef al., 2020)
Mol j3 o (Smith, 1936) Coewl bwgs wbls 2ol )
2 oadls ol b slgasy (Hazel, 1943) Jila lawgs pl
o3l ¢yl bl Cawl a3 lsl  So5 polie Glesl ol
s sl (SeB) sleosllysS 9 aed dlie
Oy Sl 4 jolateds (3jg 5y S LI (g
g slaghyyl 9 LIl (Sof polie (Sien
oasls Jba U (Hazel ef al, 1994) cuwl (sy9p
)3 eslawl 3yge Cudtge b (SH) Jjud —Cavous] oS
ol ) eslatel oML jl S5 Jbepl bl 4B S
Cunnl b Clio 4 o iy slp gy s adle
Ceron-Rojas et al., 2006; Stephens et ) ol (golasdl
(al., 2012

al oS i Sl slopmSs sl L
Slas 5 4l 0,Sles | odlaiol b 5y sy ol
dlos> ‘_’JT Sl aS Bload Bymo cdisiuds ylojon jobdy Calisw
Zali et ) (SIIG) Jlow! cusigss wlsail jadls 4 ol o
(MTSI) sao tn gylub a3l s {al, 2015
L cgb] cuwig) dold (asli (Olivoto e al., 2019)
ua>lis ¢ (Olivoto & Nardino, 2020) (MGIDI) _zaw
ke o Gub Jl wegul (b 5 oo Jlos
(Olivoto & Nardino, 2021) (FAI-BLUP) I3 o )lU
2,8 oLl

Iy OB uS e Mol el &S Lol gl il o s ls oy
Ol Jold g 2S00 29300 cades oy bl 5
s & gl s 5 Slio 655 ol okl o3
Bizari et al., ) Sjlw o By 1) ditwn 2bly (g3laidl
ol Gl odd e el daasls ol > (2017
3 8bes 55 ) 5 ey bl pslaieds wpe Sliw
L)) (Stunod &2 4257 (9 ()2 3)90 Clao b 5 &>
b asls cpl 5l Gan xly 10 0gd oolatwl aily 5Sles
Baa aSd s b o Slas gl paiiue e Gl
o 5 U s 38kae a5 J) Jlon) cslacaiyy (ool
Zali & Pour-) caol el da 3 wyp 3j50 Slaw
(Aboughadareh, 2023

o=l (Olivoto & Nardino, 2020) 505,U 5 g5l
Sllacwss dols g b fole & 4508 olwl 1, MGIDI
Sl pasls ol S (e Sl g
Slodds (g 5503l daxie Slas oyl 3 &S 5 ey
sodix> b 2sls 51 S5 MGIDI 23l o)l 5 e
Loy clic jl @l lojer pbar Mlgie & ol
il g g LB oiaes 5 20Kl |y padls
Olivoto &) 1S obj)l 1) Llejl )50 slacuisss
b ;> MGIDI 25l jl eslawwl .(Nardino, 2020
rle p Sigdshige Clic liey > Sp slecdy)


https://onlinelibrary.wiley.com/doi/full/10.1111/gcbb.12443#gcbb12443-bib-0014
https://onlinelibrary.wiley.com/doi/full/10.1111/gcbb.12443#gcbb12443-bib-0005
https://onlinelibrary.wiley.com/doi/full/10.1111/gcbb.12443#gcbb12443-bib-0039

od gy Ll 5 i el o syl o 5 8y

&S Slas ylp &S Jb jo bas ad )3 a5 Ve b oply
Mnj 9 Voo by P sl 53590 (s o gl 5o
oolie S ad)bogd Joa 3.5l 48 i )3 jao L gl
poto &S Cuwl Voo b dgam0 (gl 5wy (1X) adly
3 oS 5 o 1y (Ll b Gl 5 e ol
S o baas 1y b yusie Lol degeore ( Sies Hlis Lo
sl (FA) ole: 1o cdoy Aoy 3 o Jole s 4555 =Y
ool b pll balgy Jdle 5 odly slal ialS dvwloe
F=Z(ATR™HT (V) byl
Z‘cwllmdal;x:uﬁngfw;b@FO])baf
oobe o) oadd bl (1 SSke b g X P Guple S
)J09M9w|uLmouupxpMdu):Ln;§;R9
oledly glofole dacuig) das cuiia p oo g ()l
5 (Cusl i o5l gl ofyy ke &5 alaele)
Lad o s 1y ol Ao (sla sl
S gl (1) dsles iy 3 gl oy Y
Syge Slio den gly (Vo) ol jusi jlade (0 5VL
Dby S b glge ) cagul nl » bl (o)
Voo o Voo New )JI)J | 66)9]04) ¢3)§ L_O.i).w [IXp]
.)91&‘_;0 0} O"‘m (Y) 4\]a.s|) u»l.wl 2w 1 C’JI)« ML:
o8l alols (31 als o 13 MGIDI el awlxe =¥
L MGIDI (asls glyieas gl 5 oadsis clyes o
105 dwbxe ¥ dlaly 5l oalal

0.5
MGIDI = XL, [(vy; — v)?]

i=12,...t) cuwl plj 1556 5 gl el 5biel vy
b ole 5 bacwis) oliw cwpa f ot oS (j=1,2,...F
S b lacads) sl cuiginl pli oyed 1) 5 i
2olde Cplply 5l 3SO05 il 4 MGIDI jlaie
S o Uil oddduslee (sla yadli den (gl 1y igllao
b (8,5 b b Glas des gly Gl il iy
.(Olivoto & Nardino, 2020) . plosl dusys Ve bl
FAI-BLUP a5Wi
» e shods asls S FAI-BLUP asls
Focegs jl pls e alols olul g cusl Jole Jlow
2 Jolsd cipnl pus 5l o 2950 sl gl
9 09l (coiplcsis) dobd) gl bl p cy
L bauis gaiad) 5 Ngdie i Tpols Jlonl &
dlally 5| FAI-BLUP s L duwlocs (gl .03 oo iy Sl

(V) sl

0 ool ¥
1
ai;
PL" = i:n;j=]m 1 (\:) dh,l)
Lim1jj=1 a@j;

U

(i=1,2,...,n) plicsss; e alio Jlozs! Py QT »as
cdulcuig dold dij o =1, 2,..., m) plj il b

V¥ /Y o)l [ ptan Jlo /Gcb)' oLlS #Mol dol yings

5 9> Sr legusy G bl ) Gdes ol S

sl asls jl eolawl b Gollas ely; wlas 1 lyyes

P oSy Gz sl edls duwlie colps D g S5
Dg pp ey Gbl

g 9 319

o9 A olpeady g2 pald gl OV (abj)l Hsated;
PSS b padl glaSeh g5l B ) odolojl als
o 0 Gl g5y5lis” cliass o] JSladss dac)ie
VO 3 sy 390 Slaguisiy b pbsl Ve e VLY el 5
ialof] &8 o Colus) 20 b Jobo ay L (5 )3 ol 3]
Fodisl g @ye o y3 &l Yoo o515 L g (e 320 #
cuiS (Wintersteiger, Austria) oMe iabejl 5,5
5 oalitl () (5)lg5 sl ad s S| (5Ll (gl 2505
P bewe) Glasuie o V USG5 0 wlidley oleMb
5 Oland pasgeled (cladgs .mlons ooy olis v Jous
SR 53 2 ohS B g Ve 3lie b e sl Slilgus
09l 358 .S adlsl S &y cuslS 3l (i 5 4l &g
9 Siemy sl Cagi 93 5 9 ,lSe 13 0S5l VDY laded,
slacale bojle b a8lsl S8 &y 18, a8l al> o sl
Slo Sl odisal i S Sl 5 Sy 50
plsl LS p3 yd VB e & JLuST 5 (039895 (bl
bl o oly; cudlye yogMe Wby 0y50 Job p> A
Sty U 5oy oo cdlius jords U g ol las 51 (g lo
Wby by 0yed Job iy ad 5 Cogw g glis)
059 et 33 Iy dlas (rpo yie ) Al dlas il 5 Slos
) s g Sy Jobo el Jobo il jl5m 59 el
JS cuslsy ails 5,Sles 3y9lp sly )5 Gygo Al
Wintersteiger, ) &Me iolojl cpleS 5 oalil b )
b plodl (Austria

o dy9e Slao il 5y Sacais) QL] jslateds
Zali et al., 2015; Zali et al, ) SIIG sl o5l jl
FAI- (Olivoto & Nardino, 2020) MGIDI (2023
Hazel, 1943;) SH 4 (Rocha et al., 2018) BLUP
A edlawl (Smith, 1936
MGIDI a5 Wi
Loy 1L Xj adlo g5 Joar 10l (pulide yuid )
Wl (ol oSyl g JoSul o b (9 ] 9 G5
b dpole | abaly ©yg0 (1XG) J opgiw 91 <23y <l

o=
rXj = 22— X (8 = Noj) + Ny

V) dlayl
Noj—®Poj ( ) -

Slr Sl g Blas Lol polie s o) 5 Poj

9 e wae polie cuipa Myjg Ppj Aien j Cudo
Mo ;g ditud wlide i | w j Cho lp Slas
oolie s sl ol pll gyl Pl cho gl Lol
Sl gl 18l b 5 Gygoh Ppjog Nyl
Mnjg sise b ply @nj sl aisy0 Yl ylade bnl )5 &S

! Canonical loadings

2 Spatial probability



i=1, ) Pli Gl o.\.«.’.’m)].\ﬂ;‘.wl )L\b;o rij & ) A ]a.gls) »
(=1,2,..m) pli (caus) Hyasls b akaly 5 (2, ...
slacwgs ons Dbl polie cuipa 1 ¢t cul
Pl (o) pasl o ly chns (slacgs 5 Jlos
S (j= 1,2, ... m)

3 3 (SHG) Jlons) cuigiy ol jas s dnwle -0
2 dl)-.’ Jio.\il Ceigs ol 025l dwbre dl)-.’ al> o
il olazwl Ve dlall) Sl Gy b udgi)

(V) k],

n

dj
SIIG; = o2

0<SIG <1

i=1,2..,n,

WS axpm g S e il S B i o SHIGH e
4 oI SIG; jlde sl 505 Jlonl caigis 4 jlain g
GBS e by cnl el g el SSop S
Insngs o Jonl locssl 4 oyl S
(Zali et al., 2015) cuwl Capzs (slacusss

(Hazel, 1943) 5 o (Smith, 1936) cuemwl asls
15 dsoloee VY by 4 angi b

I=Zbipi (\\)dla.gl)

ooy Cao o 4 &S dd ol 59 Labi o)) AIQ{J))J
ool Cdio ya (598 (05 Pi g Nsd e 03 L] 5]
205 oalatwl VY alaly b oy dcwloee (4ly

b= P Ga (1Y) oy,

ollgsS — by rapile gSan PTAY dlaly
» Slio (S5 GiblasS —bily puple G aisid
Wt Slawo aus (3baiBl o3, Jgiw 4o a g jasld
b b3 a5 So b gl s ol 0 oS
META-R l58ls 5 il oolawl b Wodly uslly 350
33 005 ApS ML)J )I SIIG ua.>lw dw.ubm d‘)) W rnbul
A.M.ul?u dl).g 9 (Zah et al., 2023) R L;uwydwb).: Lo

Siwsen 5 SH _asls FATI-BLUP MGIDI asls
oty (sl ialejl 455 a1 padls § Sl
Olivoto & ) s edlawsl R s gideli yy lauxo 5o (metan)

.(Nardino, 2020

45

40

35

30

25

20

15

10 I

5

. ol ol ot

T T T S

SR T - S
oy : &
W@

mMin J8las W Max Sl Mean oSl

Precipitation (mm) (o Jse) (S5,b

o)l 89y Lo ple 5 Wlaw el 5y gyl (o )l i spate

9> Uisudel glacaig) Obl gl cho s e slapasls alie

*

ol 2l (S0l bl 1 ol il Bl i
{(Rocha et al., 2018) swa  awisl
SHG Lasls

Slas jl eolawl b gy lacws; bl jslaied
ol 055 o8 15 3lazal STIG s, 1 Saslyisshge
il ) g b & padlS ol

aayly Gygods odld g yilo tbaodly o ylo LS5 —)
(D wyle) i JoSis 0

X111 X12 X1m
X21 X22 X2m

D= : : (8) akal,
Xn1  Xn2 Xnm

PA=1,2,...01) pl i i Xij g plo opl o
S0 anledy cwl (=1, 2, ..m) plf Cio b alal,
ol S Slas 1y ba g 9 bacad el 1) lacas,

o & (D b)) gl sloosly uple Joas Y
d)libisl (gl & alaly 1 (R s yilo) o 3 lailil o il
05 ookl (Lodly 53,5 dsl as) Waoaly 13,8
() e

ri. =
: in:1XiZj
oyl adsgl slmodls 355 3ylkl jl dmy o dlaly jo
12 I1m
T2

I
R = o (V) e
rr}l p2 - I'm!1
(exs) Jlons] e gy g Jlons] Gudgiy (19,8 g =¥
2lie b cis S gV ik aS dads o asuiie Bitre
A Jloa! o ool
Sy o (diF) Jlow] clagus; il alold anuloe —F
Sl aob s o gly dsge oyl » (di) s
b ey (di) ciums slacaiss) o (di) Jlotsl slacas s
A dowloe A g A Lailgy 1 eolatwl

(A) dlasl,

(1) aka

7.1 3, o 0o 0o

0 53 0

0“' o\)\ &0\\' 5;\029- &bya(\» «\a\\

20 CIEe S s
A o et

Temperature (°C) (s])5 ilo 4> 3) Lo

Ve F) Linlesl (gl oo olidlgn cleMbl - Ss
Figure 1. Meteorological information of the experiment site (2021-2022)
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Table 1. Pedigrees of the studied barley genotypes in the 2020-2021 cropping season

aslio oxs by
Pedigree Genotypes
Kavir/Badia/3/Torsh//9cr.279-07/Bgs/4/Karoon/Kavir/5/ Rojo/3/LB.IRAN/Una8271//Gloria"S"/Com"S" 1
Triton/Yazd-5//Bereke-54 2
Yousef/3/Legia//Rhn/Lignee 527 3
GOB/ALELI//CANELA/3/ARUPO*2/JET/4/ARUPO/K8755//MORA/5/Lignee527/NK1272//JLB70-063/3/Barjouj/ 4
GOB/ALELI//CANELA/3/ARUPO*2/JET/4/ARUPO/K8755//MORA/5/Rojo/3/LB.IRAN/Una8271//Gloria"S"/Com"S"/ 5
GOB/ALELI//CANELA/3/ARUPO*2/JET/4/ARUPO/K8755//MORA/5/Nimrooz 6
GOB/ALELI//CANELA/3/ARUPO*2/JET/4/ARUPO/K8755//MORA/5/Bgs/Dujia//L.1242 7
Anoidium/Arbayan-01/3/Lignee527/NK1272//JLB70-63/4/MBD-82-9(D10) 8
GOB/ALELI//CANELA/3/ARUPO*2/JET/4/ARUPO/K8755//MORA/5/Rojo/3/LB.IRAN/Una8271//Gloria"S"/Com"S" 9
GOB/ALELI//CANELA/3/ARUPO*2/JET/4/ARUPO/K8755//MORA/5/Rojo/3/LB.IRAN/Una8271//Gloria"S"/Com"S" 10
26216/4/Arar/3/Mari/Aths*2//M-Att-73-337-1/5/Nik/6/ Rojo/3/LB.IRAN/Una8271//Gloria"S"/Com"S" 11
Kavir/Badia/3/Torsh/9¢cr.279-07//Bgs/4/Karoon/Kavir/5/Nik/6/ Rojo/3/LB.IRAN/Una8271//Gloria"S"/Com"S" 12
Rojo/3/LB.IRAN/Una8271//Gloria"S"/Com"S"/4/Nik/5/Kavir 13
ICNB-105960/Torkman//Nosrat/3/Bda/Rhn-03//ICB-107766 14
Legia//Rhn/Lignee 527/3/Rhn03/4/Rojo/3/LB.IRAN/Una8271//Gloria"S"/Com"S" 15
Zahak/Zarqa//Sahra 16
Rojo/S/LB.IRAN/Una8271//Gloria”S"/Com"S"/4/1—BC—80152/5/Sahra 17
landa/Momtaz 18
Rhn- O3//L1gnee$27/NK1272/3/Aths/L1gnef:686/5/Baca S'/3/AC253//C108887/C105761/4/Cen/Bglo'S‘ 19
SICH84.80/BISON 191 20
SUMBARD400/8/P.STO/3/LBIRAN/UNA80//LIGNEE640/4/BLLU/5/PETUNIA 1/6/M111/7/LEGACY/3/SVANHALS- 21
BAR/MSEL// AZAF/GOB24DH
LEGACY /4-1MBN11 22
P.STO/3/LBIRAN/UNAS80//LIGNEE640/4/BLLU/5/PETUNIA 1/6/BRS180/7/TOCTE 23
Nadawa/Rhn-03/3/Lignee527/Rihane//Arar 24
M104/PFC 88210//DONA JOSEFA 25
LBIRAN/UNAS80//LIGNEE640/3/PUNGSANCHAPSSALBORI 26
Alanda-01 (Arizona5908/Aths//Lignee640) 27
Clipper//W12291*2/W12269/7/Hml-02/5/Cq/Cm//Apm/3/1 2/4 1/0/4/1Giza1 34-2L/6/Clipper/Volla/3/Arr/Esp//Alger/Ceres362-1- 28
1/4/Hm
BISON 218.1/6/P.STO/3/LBIRAN/UNA80//LIGNEE640/4/BLLU/S/PETUNIA 1 29
WABAR2242//LIMON/BICHY 2000 30
P.STO/3/LBIRAN/UNAS80//LIGNEE640/4/BLLU/5/PETUNIA 1/6/CHAMICO/TOCTE//CONGONA 31
Kavir/Badia/3/Torsh//9cr.279-07/Bgs/4/Karoon/Kavir/5/Nosrat 32
Kavir/Badia/3/Torsh//9cr.279-07/Bgs/4/Karoon/Kavir/5/Nosrat 33
ZBL-2640/Nosrat 34
ZBL-2640/Nosrat 35
Beecher/Kavir 36
Manal/Alanda-01//1-BC-80152 37
Rojo/3/LB.IRAN/Una8271//Gloria"S"/Com"S"/4/Sahra 38
Rojo/3/LB.IRAN/Una8271//Gloria"S"/Com"S"/4/Sahra 39
Rojo/3/LB.IRAN/Una8271//Gloria"S"/Com"S"/4/Comp 89-9Cr-79- 40
Rhn-03//L.527/NK1272/4/Viringa'S//W12291/W12269/3/H.spont.38-3/Akrash-01 41
Rhn-03//L.527/NK1272/4/Viringa'S//W12291/W12269/3/H.spont.38-3/Akrash-01 42
Rhn-03//L.527/NK1272/4/Viringa'S//W12291/W12269/3/H.spont.38-3/Akrash-01 43
Rhn-03//L.527/NK1272/4/Viringa'S//W12291/W12269/3/H.spont.38-3/Akrash-01 44
Rhn-03//L.527/NK1272/4/Viringa'S//W12291/W12269/3/H.spont.38-3/Akrash-01 45
Lignee 527/NK1272//JLB 70-63/3/Rhn-03//Lignee527/As45 46
Lignee 527/NK1272//JLB 70-63/3/Rhn-03//Lignee527/As45 47
Bgs/Dajia//L.1242/3/L.B.IRAN/Una8271//Gloria'S'/3/Alm/Una80//..../4/Kavir 48
Bgs/Dajia//L.1242/3/L.B.IRAN/Una8271//Gloria'S'/3/Alm/Una80//..../4/Kavir 49
R0jo/3/LB.IRAN/Una8271//Gloria"S"/Com"S"/4/Bereke- 54 50
LB. Iran/Una827l//Glorla"S"/Com"S"/S/Torsh/9cr 279-07//Bgs *2/4/ Rojo/3/LB.IRAN/... 51
W-98-18 (Check) 52
W-98-16 (Check) 53
W-98-19 (Check) 54
Oxin (Check) 55
Golchin (Check) 56
Norooz (Check) 57
Sahra (Check) 58
Nobahar 59
Nimrooz 60
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Table 2. Results of REML analysis for different morpho-phenological traits in the studied barley genotypes

NSP SPW NGS AL SL GY TKW GFR GFP PLH DMA DHE (Statistics) s Ll
0.702  0.760 0.823  0.829  0.802 0.611 0.884 0.649 0.505 0.718  0.692  0.877 (Heritability) . pdycslyy
5474 0.047 2353 1479 0.484 252154 13.952  239.612 1.762 47.48  2.538  6.235 il by
Genotype Variance

6969 0.04 15.15 091 036 482205 5.51 388.1 5.17 55.85 3.39 2.63 | osleil ooy
Residual Variance

29.1 17.47 1585 9.18 12.22 21.20 5.26 19.30 7.10 9.63 1.54 1.85 (CV (%)) (£) &y cupe

3)Slos 1GY £(j5,) al> by 095 Jgbo \GFP £(p,5) ails im0 59 TGW ¢( yio s5lw) a5y glisyl PLH ¢ Sduasy b 59, slawi :DMA faliw joobs U jg, slaws :DHE
Al (159 SPW talias )5 &l ol INGS ¢( o lo) Sty Jobo 1AL (o lw) dliuw Jobo $SL £(Gg 31 p,55bS) il (il yy e s :GFR £(,kSa 3 p,55LS) il

ayeyio 5> diuw olass :NSP ¢(p)5)
DHE: Number of days to heading; DMA: Number of days to maturitsy; PLH: Plant height (cm); TGW: Thousand-grain weight (g); GFP: Grain filling
period; YLD: Grain yield (kg h"%; GFR: Grain filling rate (kg/day); SL: Spike length (cm); AL: Awn length (cm); NGS: Number of grains per spike;
SPW: Spike weight (g); NSP: Number of spikes per square meter.
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Figure 2. Heat maps of phenotypic variation for measured morpho-phenological traits in the investigated barley
genotypes
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Table 3. The REML-BLUP model-based adjusted means for measured morpho-phenological traits and values of SIIG

index in the investigated barley genotypes
Sejglgid—ghy50 Ol

o ity

SIIG Morpho-phenological traits il

RT NSP SPW NGS AL SL GY TKW GFR GFP PLH  DMA  DHE  Oenotypes Code
0572 6 376 11 223 115 41 3916 472 1233 320 804 1207 889 1 Gl
0.550 6 342 L1 253 11 40 3780 406 1199 318 778 1211 897 2 G2
0.625 6 321 14 269 119 45 4243 489 1308 325 836 1227 906 3 G3
0.431 2 332 10 160 98 63 318 517 976 323 933 1202 877 4 G4
0.408 6 248 12 249 98 49 2955 371 921 318 683 1209 894 5 G5
0.501 6 264 13 254 118 56 3313 452 1034 322 842 1186 859 6 G6
0.428 6 204 14 269 114 52 2714 475 868 308 683 1181 877 7 G7
0393 6 27 13 227 107 47 2840 475 919 310 697 1204 903 8 G8
0452 6 273 12 260 93 44 3253 423 1036 3.7 720 1197 883 9 G9
0.564 6 296 13 310 90 53 3780 403 1220 313 781 1183 871 10 G10
0539 6 38 10 222 102 47 3792 410 1157 325 795 1216 892 1 Gll
0536 6 347 L1 238 108 41 3768 417 1139 330 777 1216 883 12 G12
0.561 6 323 12 268 103 48 3667 409 1174 315 748 1202 892 13 GlI3
0.462 6 271 12 257 118 41 3243 443 942 339 726 1177 818 14 Gl4
0512 6 251 13 243 129 50 3304 562 1070 312 812 1209 906 15 GIs
0305 6 230 L1 216 108 37 2643 446 850 310 744 1195 892 16 Gl6
0.429 6 250 13 247 113 50 3166 459 984 320 790 1213 897 17 G617
0373 6 210 12 260 1L1 53 2614 434 797 322 764 1207 886 18 Gl8
0363 6 28 12 249 106 47 2759 440 778 345 764 177 807 19 G19
0.444 6 255 13 289 94 52 3112 395 1017 307 747 1190 892 20 G20
0.425 6 257 12 262 112 52 3034 418 974 312 804 1193 886 21 G2l
0377 6 23 12 268 96 48 2706 395 862 313 687 1183 871 2 622
0337 6 212 12 249 94 49 2623 441 82 312 763 1202 897 23 623
0.509 6 400 09 185 109 41 3473 444 1104 318 776 1190 871 2 G24
0437 6 28 13 268 86 51 3096 422 993 315 754 1195 883 25 G25
0331 6 223 12 227 105 43 2685 450 867 307 742 1193 894 26 G26
0.361 6 281 1.0 216 105 44 2001 416 8§79 325 743 1186 854 27 G27
0.458 2 403 08 146 92 54 3236 502 936 340 769 1160  79.5 28 G28
0.428 6 244 12 301 8.0 53 3060 394 951 320 843 1220  90.6 29 G29
0.581 2 420 10 163 90 64 3803 485 1238 313 733 1209 903 30 G30
0.535 6 267 14 314 97 57 3527 389 1082 325 790 1218 89.4 31 G3l
0.485 6 22 15 295 98 50 3298 482 974 334 845 1211 871 3 632
0.464 6 18 17 319 102 52 2828 480 848 327 774 1207 877 33 G33
0.486 6 28 14 257 117 45 3217 476 1027 315 729 1195 883 34 G34
0533 6 269 14 267 123 47 3614 481 1084 332 821 1213 877 35 G35
0.524 6 312 12 257 88 42 3617 435 1124 323 705 1200 874 36 G36
0.456 6 304 L1 251 86 42 3365 428 1050 318 642 1179 856 37 G37
0.536 6 329 L1 241 9.4 51 3721 4L6 1141 325  8L1 1195 865 38 G38
0538 6 323 12 270 102 50 3628 424 1045 342 805 1197 839 39 G39
0.502 6 319 L1 216 122 50 3450 448 1054 329 795 1220 892 40 G40
0.490 6 263 14 274 104 46 3390 478 1052 322 833 1200 877 41 G4l
0.467 6 206 15 300 119 46 3002 453 953 313 761 1188 8.7 ) G42
0.496 6 261 14 280 123 45 3384 457 1070 323 792 1183 854 43 G43
0522 6 251 15 282 112 45 3562 428 1128 3.7 803 1200 886 44 G4
0.409 6 300 L1 215 103 40 3174 444 1013 315 751 1211 903 45 G45
0.440 6 213 14 200 101 57 2881 439 914 310 725 1186 880 46 G46
0.505 6 255 14 279 82 59 3425 451 1072 320 831 1200  88.0 47 G47
0.422 6 279 12 224 100 52 3184 466 1052 305 950 1179 880 48 G48
0.440 6 310 L1 216 98 49 3250 478 990 325 880 1177 842 49 G49
0.600 6 276 14 314 108 56 3812 432 1219 317 844 1195 880 50 G50
0.489 6 319 12 228 99 43 3605 476 1123 320 800 1207 889 51 G5l
0478 6 338 L1 228 110 49 3422 400 1056 322 781 1207 886  W-98-I8 G52
0.456 6 313 L1 233 92 47 3313 434 1042 318 772 1204 889  W-98-I6 Gs3
0317 6 213 L1 213 113 43 2454 471 762 313 6.1 1193 883  W-98-19 G54
0.571 6 351 L1 230 118 49 3797 437 1194 322 777 1200 8.7 Oxin G55
0.484 6 22 15 324 102 64 2081 414 930 317 759 1197 883 Golchin G56
0.428 2 38 08 139 100 53 2845 468 948 302 682 1202 915 Norooz G57
0.503 6 207 12 235 108 41 3619 478 1139 3.7 81 1216 906 Sahra G58
0452 2 38 09 152 93 60 3164 492 967 323 785 1207 883 Nobahar G59
0517 2 453 08 144 106 57 3322 465 948 345 780 1202 839  Nimrooz G60

287 121 2457 1041 490 3276 4464 1021 320 776 1199  87.9  (Mean)sSbe
812 021 409 100 062 628 253 1838 185  7.44 175 174 LSD o0s

3ySdas 1GY {(35,) wls iy 0)93 Jsb :GFP £(p,5) by Jlin 59 TGW ¢ o lw) &g gls )l :PLH ¢ Siumy b jg, slixs :DMA taliws ysols b jg, dlusws :DHE
A (59 SPW taliw 55 &ils 2luss :INGS (0 5lo) Sy Jobo :AL (0 o) aliinw Jobo :SL 45y 2 p)SobS) ild (yaibyy s jao :GFR £(,liSa 55 p,55LST) b

) &9 RT fgipeyio yd dliuw dlas :NSP £(p)5)
DHE: Number of days to hcading; DMA: Number of days to maturity; PLH: Plant hciﬁht (cm); TGW: Thousand-grain weight (gram); GFP: Grain filling
period; YLD: Grain yield (kg h™"); GFR: Grain filling rate (kg/day); SL: Spike length (cm); AL: Awn length (cm); NGS: Number of grains per spike;
SPW: Spike weight (g); NSP: Number of spikes per square meter; RT: Row type
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Figure 3. The ranking pattern of the selected barley genotypes based on MGIDI (A), FAI-BLUP (B), Smith-Hazel
(C), and SIIG (D) indices. In each model, selected genotypes are highlighted in red. The central red circle shows the
cut point according to the selection intensity (SI =30%).

‘w‘ Smith

010 045
Pearson's e FAI_BLUP

Correlation
| a

-10-05 00 05 10

MGIDI
RT

050 nNsp

Rad |

003 021 -012 023 =037 045 007 014
ns ne s SRS ns

ns ns
=020 -003 002 005 013 -020 -0.16 014 g
& ns s ns ns  ns  ns ns

009 008 001 Aoosm 002 a7 041-5y
ns ns  ns s ns [

-002 009 =040 -0.08 005 -0.08 003 Tk
ne ns QRN ns s ns ns

-002 |086 005 -020 028 - GFR
ns [ B ns ns o

-001 006 026 003 007 -0.10 -010 020 -0.16 050 012 026 gpp
ns  ns B e o s m S ns B ns *

017 034 030 037 023 008 -003 006 0.47 -0.04 =041 032 021 028 py
L ' B ns s ns ns e ns NN Y ns ¥

015 002 034 -004 035 -004 010 009 010 012 009 021 -002 017 032 pya
ne s ™ s ™ ns s ns  ns n ns o

ns  ns 3
0.01 024 -003 006 -003 005 011 015 -012 015 =037 003 004 pye
ns M ns ns ns ns ns ns ns ns *  ns ns

\al nd a A 3 N o= 2 & > L & <

FITL S S v EfEEPS S
&

nsp>=005;*p<0.05 * p<001; and *** p < 0.001

5> Saais] ) Gl claadll § (Sjglsd —g8)50 Clao (Siumer ¥ S5
Figure 4. Correlations of morpho-phenological traits and selection indices in the barley genotypes
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DHE: Number of days to heading; DMA: Number of days to maturity; PLH: Plant height; TGW: Thousand-grain weight; GFP: Grain filling period;

YLD: Grain yield; GFR: Grain filling rate; SL: Spike length; AL: Awn length; NGS: Number of grains per spike; SPW: Spike weight; NSP: Number of
spikes per square meter
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