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Abstract

Introduction

The methods used to analyze genotype-environment interaction and determine the stability and adaptability
of genotypes are continuously evolving to improve the accuracy of evaluating genotypes and studying
environmental interaction components. Using a combination of several methods provides a more
comprehensive understanding of the genotype-environment interaction from multiple dimensions. In this
study, the genotype-environment interaction was investigated using the AMMI method, along with the
development of appropriate statistical techniques.

Materials and Methods

For this purpose, 25 sugar beet genotypes, consisting of 18 new hybrids and seven controls, were cultivated in
seven environments: Karaj, Mashhad, Shiraz, Miandoab, Kermanshah, Hamadan, and Khoi. The experiment
followed a randomized complete block design with four replications during the year 2020. After checking the
uniformity of the variance of the experimental errors using Bartlett's test, the stability of the genotypes was
analyzed based on the AMMI model. In this study, 12 statistics obtained from the AMMI model, including
ASTAB, ASI, ASV, AVAMGE, DA, DZ, EV, FA, MASI, MASV, SIPC;, and Za, were used to identify stable
genotypes. To further investigate the stability of the experimental genotypes, the SIIG index was also
estimated, taking into account the criteria provided by each index based on the AMMI model.
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Results and Discussion

The results obtained from Bartlett's test confirmed the homogeneity of the variance of experimental errors in
experiments from different regions. Therefore, a combined variance analysis was performed based on the
AMMI model. The combined analysis of variance, based on the AMMI model, indicated the significance of
the additive effects of the environment and genotype, as well as the multiplicative effect of genotype-
environment interaction at the 1% probability level. Analyzing the interaction effects into principal
components showed that the first four components were significant at the 1% probability level and explained
93.50% of the variations related to genotype-environment interaction. According to the AMMII biplot,
hybrids 3 and 9 were recognized as the most stable genotypes due to having a sugar yield higher than the
overall average and a low value of the first interaction component. According to the AMMI2 biplot, hybrid 3
and BTS 335 with the Miandoab environment, Lexia and 4 with the Mashhad environment, Lexia with the
Hamedan environment, 14 and 15 with the Kermanshah environment, 13 and 17 with the Shiraz
environment, 11 with the Karaj environment, and Baloo with the Khoi environment have considerable
specific adaptability. Hybrid 9, followed by 6, 2, and 8, had general adaptability. The SIIG index, calculated
based on AMMI model statistics, identified 2, 9, 10, and 8 as the most stable genotypes with optimal yield.

Conclusion

Based on the obtained results, the environment and its interaction with the genetic structure of different
genotypes have played a significant role in the phenotypic expression of white sugar yield and have caused
the genotypes to provide different responses in terms of white sugar yield according to the conditions of
different environments. In general, based on the results of the present study, hybrid 9 and then hybrids 6, 2,
8, 7, and 10 had high white sugar yield and yield stability. Generally, real progress in sugar beet breeding will
be obtained if the genetic factors controlling the sensitivity of sugar beet genotypes to a variable environment
are identified.
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Table 1. Specifications of the experimental sugar beet

genotypes
Genotype SBSI number Genotype SBSI
code code number
1 35046 14 35059
2 35047 15 35060
3 35048 16 35061
4 35049 17 35062
5 35050 18 35063
6 35051 19 Shokoufa
7 35052 20 Arta
8 35053 21 Sina
9 35054 22 Lexia
10 35055 23 Baloo
11 35056 24 Poseidon
12 35057 25 BTS 335
13 35058 - -

Table 2. Geographical characteristics of the used
research stations

5 £ 7 o
Gl [
S -
3 S 8% E E &
o R g= — Q
2 & 2 .

= o —
El Karaj, Alborz, 51, 35055 50054'E
Iran
Mashhad,
E2 Khorasan 1316 36°30'N  59°37'E
Razavi, Iran
E3 Shiraz, Fars, 04 29030N  52036'E
Iran
Miandoab,
F4 West 1296  36°58'N  46°05'E
Azerbaijan,
Iran
Kermanshah,
E5 Kermanshah, 1351 34°19'N  47°04'E
Iran
Hamedan,
E6 Hamedan, 1818 34°47'N  48°30'E
Iran
Khoy, West
E7 Azerbaijan, 1136 38°33'N  44°57E
Iran

) 9 olge

alesT Lyl 5 oL lgo

ol dw olyep 4 W8 0 Loz Wy VA Slass
Lexia >, aols > g lew 9 U] BgSa 3o
Iy, pol> Jidgh Sy olse BTS 335 ¢ Poseidon Baloo
Slidss o] can jo Golesl () Jgoz) wisls LSS
5 Olben woliile S Olsaile ol wadie @) (55l
b By hee Ll ) s b Lo
YRR el Jle s bS5 e b slas IS slacSl
00,0l _ilojl 3blie Ll iz lize o el 1YAA
sl 0l ools iuled ¥ Jga o

cals b s Jols ciolesl axly o tolej] ol yo
0,5 i 55 fagle 0 byks ol b e )e sb
Jos ole (123,9,8 pow amd ;o (gilweslel I w4 a
Glae el Sllee adS b ebel o mle)]l oS
Sras ol polie 285 el dilais jo Jslte glais,
Clizl b g A G potud SSab 5| s Gl bl 5
sl ,S alds 0 olus jobas g dwlos woyo A0 leail,
S3h s Srot 50 slacile boj il wd misi oalej]
Py b adl>po 93 (b G g (o e2s b gl S
ssbateds 2855 plonl SV pg g oyFgn JUlt (2S5l
Oygods &)l widjatiz Sl alex I (6,80 5 b,
2 boilel el Gliles 085 )15 w05k o G5 e
3 il b oo ola T Jgl 4o s o) ca o
g bl 5l e S Bds b Gl s )z slaaty; (nje
A plil bolas gl
Olao 6,10 pecilosl g9 Jagamo Clils p

3oeolaiul b Bolar jebay dedaiy, geiind 51
2 slbaiy; l (ale HeuS cile) Ty JSog3 oKiws
S olialag] 55 5 0,5 4t e Aigad oalef] &5
) iz iy 4t 5 bl Slighod Aumn s S
85 IR ey 3590 A Sla SRy L

1. Venema



w2 jatiz aly loceis (i3S 5 baome — iyl GRS 42525 1] Sen 5 S Is

s Sl LT LY Laly, ool jlul slacassss
% oolatwl R l58le 5 )0 agricolae
:(Rao and Prabhakaran, 2005) ¥ alal,
N
ASTAB = Z Y2,

n=1

:Jambhulkar et al., 2014) ¥ alal,

ASI = \/[PCf x 02] + [PC5 x 03]
:(Purchase, 1997) & alayl,

SSIPCA1 , 5
ASV = [m (IPCAlscore)] + (Ipczscore)

(Zalietal, 2012) £ alal,

E N
AVamce = Z Z |7\nYin5jn|

j=1 n=1

:(Annicchiarico, 1997) V alal,

N
Z O\nYin)Z
n=1

DA =
:(Zhang et al., 1998) A alal,
Nl
Dy = Z Yizn
n=1
(Zobel, 1994) A alayl,
N
=Y I
n
n=1
(Raju, 2002) \ + akyl,
NI
FA = Z )\ﬁYizn
n=1
(Ajay et al., 2018) \\ alul,
Nr
MASI = z PC2 x 0?2
n=1

(Zali etal,, 2012) 1Y alal,

MASV = Z SSIPC PC,)? + (PCy)?
(SsTRe, ) % (PCw* + (PO)

«(Sneller et al., 1997) \Y alul,

N
SIPC; = " 123%]
n=1

T 3l o 0dBanS Ao e sladiges jslaie (nl 4
Y9 SO o 5l o5 cle a0 -V e) oslesl el 3l o
Ao Bde A oy Sl g i Lo VWYY L s 68
Usbne 1,35 5 g 3235 Lglsie (5mn 515 5 42,35
TVl ofiws jo T 5l aS ws Jol> Blas mole o Slo )
09iS CEle W jaiey CudS w093 i)
wd sy Jold S sl Sy wnSoshul sl (o]
ooliinl penly g s layaic 5 0pae (59 allEl
odeliawwods polae 3l coles o .(Kunz et al, 2002) o
bl 2 i ;S8 0 Shos (redS S o Sy ! sl
o oolatuwl V alal,
:(Cook and Scott, 1993) \ alal,
WSY = WSC X RY

LS 0 (P At S 0 ,Slee WSY alal) ol o
s> S Ve o ad e S ey alls a8 as s WSC
JESe 50 (e ady) 9 Shee RY 5 wiBjuiin aly,
olel Jolni g 49 225

L ciulosl slallas uibyly (31650 (pyp 5
slecwiss lul ases o(Bartlett, 1937) <ls\bh g5
S o Sles Cio gl AMMI Joo bl 5 ciobes]
pdy Sygo ¥ akal 5l eslinal b ahes
¥ by,

Yger =ptoag+ Be + Z )\nagnYen + Pge T Ege
n

S50 ple laezes ) plg gl o Slas Yger calail, cpl o
Ol iy 4 Be g g winlesl IS oSl p el ol
ol adlie jomme sl oy Jlade A e 5 GoSeis (Lo
kol adlio 5l el jome Slp odgi oy Hlon dgn el
adlge n jl ple e sl Lo o 0y Yen «iiSon
b @) bognyo ge 5 oilo Bl jlade Pge tiSon (ol
L ool omibyly 4z plol L (Gauch, 1992) ail oo
sy B ln Gl sleadlse polie R I3l 5 51 eslanu
&85k o] Gl sl sy b g ol Cowd 4 bame
shaddllas cnl (o220 S sl lacdsl] (soga® 5 (sogee
lolis lp 58 AMMI Jow 3l saslaawaay ojlel VY

1. Lead (II) hydroxide acetate
2. Betalyser



V2 VE-V Ll oY o)les ¥7 ol ¢ ol Cladgs

S g gl

RNOps Sy g piiges ol OIS1 @
(AMMI)

obyly eilos wdi b gesl 5l edwlisoas mls
10,5 ol il blie Gialeyl jo 1y ciuleyl slallas
ol b bl AMMI oo ol 2 oS 50 (i)l @520
g oeisis g dame (LB I o gne 5l (S b
Sy doyd S izl w0 e —qeie pdie s
Ol bazme —oudsly GiSen (05 e (V) Jgo2)
olyor 4y |y lacuigis ad, 1o ol oo yosi a5 w00 oo
mﬁuo)ﬂwﬁwlowijlmb
S iSenn og ol BB e sauSagl s
Sabaghnia et al,, 2010; ) sl (55,5liS Gilaamy o oo
o) owbize lawgi Wb oplplo «(Yan and Kang, 2002
Slp b Gy QBT L B oS )8 azgs 9550 059>
0j9> Slidod Cdying ;o elhe @S (o ol
58 Lol (55,515

a0 e —Gudgl) MSenn e Sl axgi b
Jae bl p Il lacassss U ol pldl pdio s ol
GiSop ol adie g0 b ol Jaw s S Slulis
Sl 0o (St Je e e e —oSs)
ool .(Annicchiarico et al., 2006; Zobel et al., 1988)
chw o Jo adse L wdalawsa (¥ Jgoz) bl
5l o, AT/ legomme 5 Wl s e doys o Jloi|
A gad Cyued |y daore — el iiSen p ay bgy e il s
x5hn 7wl o ool Joo 51 eaila Bl Slagye gsane
abx>de LB cds oxmolis a5 8y o giae e Slaye
(Anandan and Eswaran, 2009) cewl Jas oy

Sadeghzadeh Hemayati ) )|, 5 cules> o0l 30lo
adole lis wid,uiss (g9, p 09> dslllas o (et al, 2022
Sl 5l doys W0I0+ Lgome Jol adlje can oS
g SWb WS o s 1) b —ougl ASea
4450 o4 (Taleghani and Saremirad, 2022) of, oo lo
oy b oo ASean s 9 Jol el
Syalp oy YeIPY g 00,0 YAIPA iy a |, oid i
ae,e FAIVD ggamme o diuiles ddlie g0 (pl A5 Widged
aipd plaisl oes 4 1) lase —Cudeh) LiaSes Dl s

(Zali et al., 2012) ¥ alu|,

NI
Za = Z |enYin|
n=1

o gme Lol sloailge sla,gme slaws N daslg, cpl o
ailie jomme sl ojhne e Ay ansme — gl iiSe
5955 Slp oy oy ke Yin (ol oy e A] 5 Lol
PC, 9 PCy PCy ple csois sl oy jlop jlade 8y, opli
On 982 B1 g el g pgo (ol adlie a4 Lgpe (slasliel
PN 5 p9d o Jsl sloadlie aliwsas ould argi uibls oy
il e

Sloass @l Jull 5 e o sshiien
S dawgy caball)]l gla)las cpils Gl o b casbesl
oolizesl L SIIG Lasls AMMI Jow y iiee glaasls
K% sl o 5l Sy sleelel (sly Excel 3310 5 )
ol 5 Lol laesls ol jglaie cpl a4 50,5 0,415
o o V0 akal)
N0 aby,

X

5l e e eesls 8,5 Jly 5l e
P sy o ckend 5 Jlonsl iy Oleieds Lala
alold sy s am Al ey 0l s Jloos! 5 g
Jlowt) b 533 55 5 @) Jlol sy 5| iy
Al aSlo p WV g VP Lailg, wlal » (di)

VP aba,

rij =

g
di = (5 — ri)?
j=1
Y ahk,
- g -
di = o (- r)?
=1

i e85 sl pli aSls cad Jley Jlade 1 Laly) cnl o
7 5 Jlol slacessiy ead Sl jlaie sy a1y g1
i o Jeolsh Jpam b adlbioe ol pasls lp Jlow
3535 2 61y SIG Lazls (Jlow g 5 Jlos] codgis |
A dles VA ably 3l
VA alal,

i

SHG = ———
(df" +di)



By Sl cais S g lasre i g (iSes 4 1), e 5 Sl \FY

Table 3. Combined analysis of variance of white sugar yield of sugar beet genotypes based on the AMMI model

Source of variation df Sum of square Mean of square Proportion
Environment 6 6086.71 1014.45** -
Error 1 21 175.81 8.37 -
Genotype 24 1085.72 45.24** -
Genotype- environment interaction 144 1486.05 10.32%* -
Interaction principal component 1 29 644.01 22.21%* 43.30
Interaction principal component 2 27 41491 15.37** 27.90
Interaction principal component 3 25 186.22 7.45%% 12.50
Interaction principal component 4 23 144.31 6.27** 9.70
Noise 40 96.6 2.41 6.50
Error 2 504 1161.30 2.30

Coefficient of variation (7.) 14.52

*, ** and ns: Significant at 5% and 1% probability levels and non-significant, respectively
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Figure 1. A: Biplot of white sugar yield with first interaction principal component (AMMI1) and B: biplot of first
and second interaction principal component (AMMI2). Red dots represent genotypes and blue dots represent

environments.
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Table 4. Results of white sugar yield mean and AMMI model parameters along with their ranking in experimental sugar beet genotypes

WSY ASTAB ASI ASV AVAMGE DA

Genotype v R % R % R v R v R v R
1 11.59 5 121 15 0.15 7 0.53 7 5.46 11 2.93 12
2 11.00 9 0.18 2 0.08 3 0.30 3 2.56 1 115 1
3 11.99 4 2.02 21 0.35 18 126 18 10.48 20 435 19
4 11.17 7 136 17 0.22 12 0.79 12 7.00 15 3.22 14
5 8.74 24 0.90 12 0.23 13 0.82 13 5.81 12 2.74 11
6 9.77 18 0.42 8 0.08 2 0.28 2 3.64 5 1.74 6
7 10.62 12 0.65 9 0.10 5 0.37 5 495 9 211 9
8 9.93 17 0.16 1 0.14 6 0.49 6 3.07 2 131 2
9 11.33 6 0.32 5 0.03 1 0.09 1 3.26 4 1.44 4
10 10.78 10 0.23 3 0.10 4 0.35 4 3.10 3 139 3
11 9.67 19 2.40 2 0.44 21 156 21 11.59 23 485 23
12 10.35 13 0.30 4 0.15 8 0.55 8 3.82 6 1.66 5
13 8.81 23 404 24 0.75 24 2.70 24 15.90 24 6.69 24
14 9.22 2 2.79 23 0.36 19 1.28 19 10.59 21 475 2
15 11.13 8 122 16 0.29 15 1.05 15 7.49 17 3.34 16
16 10.27 15 0.34 6 0.21 11 0.74 11 436 8 1.89 8
17 9.43 21 1.42 18 0.47 2 1.67 2 8.50 18 4.05 18
18 9.66 20 0.38 7 0.17 9 0.59 9 410 7 1.86 7
19 10.04 16 0.80 10 0.17 10 0.62 10 5.22 10 2.49 10
20 10.71 11 0.89 11 0.27 14 0.96 14 6.91 14 3.00 13
21 10.32 14 1.00 13 0.32 16 1.14 16 6.83 13 3.24 15
2 12.84 1 1.19 14 0.33 17 120 17 7.20 16 3.46 17
23 7.33 25 7.52 25 0.93 25 335 25 20.25 25 8.99 25
24 12.32 3 1.95 19 0.47 23 1.67 23 10.09 19 4.47 20
25 12.33 2 2.00 20 0.43 20 155 20 10.98 2 4.56 21

waiBynise ol Glaaiss (in S g e —oadel (EaSes 4 1)) Ses ¢ Sl

WSY: White sugar yield, ASTAB: AMMI Based Stability Parameter, ASI: AMMI Stability Index, ASV: AMMI Stability Value, AVAMGE: Sum Across Environments of Absolute Value of GEI
Modelled by AMMI, DA: Annicchiarico’s D Parameter, DZ: Zhang’s D Parameter, EV: Averages of the Squared Eigenvector Values, FA: Stability Measure Based on Fitted AMMI Model,
MASI: Modified AMMI Stability Index, MASV: Modified AMMI Stability Value, SIPC: Sums of the Absolute Value of the IPC Scores, Za: Absolute Value of the Relative Contribution of
IPCAs to the Interaction, V: Value, R: Ranking.



Table 4. Continuation

VEeY il oY o)l B8 al> o alS ladgs

DZ EV FA MASI MASV SIPC Za
Genotype

\ R \4 R \4 R \Y R \4 R \4 R \4 R
1 0.42 17 0.04 17 8.60 12 0.18 9 1.47 12 2.03 16 0.12 12
2 0.16 2 0.01 2 1.33 1 0.09 2 0.52 1 0.67 2 0.05 2
3 0.47 21 0.06 21 18.91 19 0.36 18 2.89 21 2.32 20 0.17 18
4 0.44 18 0.05 18 10.36 14 0.24 13 1.66 13 2.03 17 0.14 14
5 0.35 13 0.03 13 7.53 11 0.24 12 1.36 11 1.70 12 0.13 13
6 0.24 8 0.01 8 3.03 6 0.11 4 0.84 7 0.94 5 0.06 4
7 0.32 10 0.02 10 4.43 9 0.13 5 0.96 8 1.42 9 0.08 8
8 0.13 1 0.00 1 1.71 2 0.14 6 0.59 2 0.65 1 0.05 3
9 0.22 7 0.01 7 2.06 4 0.07 1 0.67 3 0.89 4 0.05 1
10 0.17 3 0.01 3 1.94 3 0.11 3 0.82 4 0.79 3 0.06 5
11 0.51 22 0.06 22 23.48 23 0.45 21 2.94 23 2.71 22 0.22 23
12 0.19 4 0.01 4 2.75 5 0.16 7 0.83 5 1.08 7 0.08 6
13 0.63 24 0.10 24 44.80 24 0.76 24 3.02 24 3.34 24 0.30 24
14 0.61 23 0.09 23 22.56 22 0.40 19 2.19 20 2.95 23 0.20 22
15 0.38 16 0.04 16 11.14 16 0.31 15 1.73 14 2.18 18 0.16 16
16 0.19 5 0.01 5 3.58 8 0.21 11 0.84 6 1.00 6 0.08 7
17 0.36 15 0.03 15 16.43 18 0.47 22 1.85 15 1.97 15 0.18 19
18 0.21 6 0.01 6 3.47 7 0.17 8 0.97 9 1.20 8 0.09 9
19 0.33 12 0.03 12 6.21 10 0.19 10 1.30 10 1.67 11 0.11 10
20 0.30 9 0.02 9 9.01 13 0.27 14 2.02 19 1.46 10 0.12 11
21 0.32 11 0.02 11 10.49 15 0.32 16 1.89 17 1.75 13 0.15 15
22 0.36 14 0.03 14 11.98 17 0.34 17 1.89 16 1.94 14 0.17 17
23 0.86 25 0.19 25 80.73 25 0.95 25 4.81 25 5.02 25 0.44 25
24 0.46 20 0.05 20 20.01 20 0.48 23 2.01 18 2.34 21 0.19 20
25 0.44 19 0.05 19 20.83 21 0.43 20 2.94 22 2.20 19 0.20 21

V20

WSY: White sugar yield, ASTAB: AMMI Based Stability Parameter, ASI: AMMI Stability Index, ASV: AMMI Stability Value, AVAMGE: Sum Across Environments of Absolute Value of GEI
Modelled by AMMI, DA: Annicchiarico’s D Parameter, DZ: Zhang’s D Parameter, EV: Averages of the Squared Eigenvector Values, FA: Stability Measure Based on Fitted AMMI Model,
MASI: Modified AMMI Stability Index, MASV: Modified AMMI Stability Value, SIPC: Sums of the Absolute Value of the IPC Scores, Za: Absolute Value of the Relative Contribution of
IPCAs to the Interaction, V: Value, R: Ranking.
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Figure 2. Mean comparison of experimental sugar beet genotypes in terms of selection index of ideal genotype

(SIIG) obtained from AMMI model parameters. The colors indicate the grouping of genotypes based on the

selection index of ideal genotype (SIIG).
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