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Introduction

In bean (Phaseolus vulgaris L.) breeding programs, the ultimate goal of researchers is to produce varieties with high yield
potential to increase production in different environments. Due to the differences in the adaptability of genotypes in
different environments, the yield of genotypes fluctuates in different environments, which is known as the genotype x
environment interaction (GEI) and is the result of the different phenotypic responses of genotypes to environmental
changes. It is of particular importance to understand the type and nature of the interaction and to obtain the figures that
show the least reaction to the interaction. To account for GEI, breeders evaluate genotypes in multiple environments to
identify genotypes with high yield and stability and genotypes that have a non-significant GEI are considered stable
genotypes. There are various methods, such as parametric and nonparametric methods, to evaluate interaction effects but
the best result is achieved when a genotype shows similar results of stability with different evaluation methods. Therefore,
identifying and developing stable, high-yielding cultivars that perform consistently across diverse environmental
conditionsis a major objective of pinto bean breeding programs. To this end, the present study evaluated the yield stability
of 13 pinto bean genotypes across multiple environments using multivariate stability analysis.

Materials and Methods

In order to compare the yield and study the compatibility of bean genotypes, 12 bean genotypes along with the Kosha
cultivar (check) were studied in a randomized complete block design with three replications in four regions: Khomein,
Boroujerd, Shahrekord, and Zanjan for 2 years. The F-test of sources of variation was performed based on the arithmetic
Mean of squares expectation, assuming randomness of years and locations (environments) and fixed genotypes. To
determine the stability and compatibility of genotypes, AMMI multivariate methods and BLUP-based linear mixed model
were used, and WAASBI and WAASBY i stability quantities were calculated to quantify stability.

Results and Disussion

A combined analysis of variance was performed assuming randomness of years and locations (environments) and fixed
genotypes and it showed that the interaction effects of genotype x location, year x location and genotype x year x location
were significant. The main effect of genotype, the main effect of environment (sum of main effectsand interaction effect),
and the interaction effect of genotype x environment (sum of dual and triple effects) explained 15, 39, and 40 percent of
the total sum of squares, respectively. AMMI analysis of variance showed that the first to seventh principal components
were significantand together explained nearly 100% of the variation in the genotype x environment interaction. The first
and second principal components explained nearly 76% of the sum of squares of the GEI. Genotypes G11, G9 and G6
had the lowest values of the IPCA1, and among them, only genotype G9 had a yield higher than the average total yield,
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which was introduced as a stable genotype with high general adaptability to all environments. Genotypes G8, G6, and
G11 had the lowest values of the second principal component of IPCAZ2; therefore, considering the yield, genotype G6
can also be introduced as a stable genotype in all environments. AMMI2 biplot showed compatibility of genotype G12
with Shahl and Zan2, genotypes G2, G3 and G4 with Borol, genotypes G9 and G13 with Khom1 and Khom2 and
genotypes G1 and G8 with Boro2 environments. Based on the simultaneous selection criterion based on average grain
yield and WAASB stability index, genotypes G7, G9, G8, G6, G1 and G3 with the highest WAASBY value were stable
genotypes with high grain yield. Based on the biplot of grain yield versus weighted average absolute scores (WAASB),
genotypes G7, G8, and G9 located in the fourth quartile had higher yields than the average yield of genotypes and were
more stable than other genotypes. Finally, based on equal importance for yield and stability, G11 and G4 are stable and
low-yielding genotypes, G6, G7, G8 and G9 are stable and high-yielding genotypes, G1, G3 and G5 are unstable and
high-yielding genotypes, and finally G10, G12, G13, G20 and G2 are unstable and high-yielding genotypes.

Conclusions

Because the WAASBY index incorporates mixed-model analysis and all relevant components of genotype performance,
it appears to provide a more comprehensive assessment of genotype stability and adaptability than the other indices
evaluated. Based on the WAASBY index, genotypes G9, G7, G8, and G6 were ranked first through fourth, respectively,
and were identified as the most promising genotypes.
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Table 1- Code and list of evaluated pinto bean genotypes

Row

gy S
Genotypes code

Gl
G2
G3
G4
G5
G6
G7
G8

G9

G10
Gl1
G12
G13

KS21331
KS21195
KS21318
KS21168
KS21373
KS21579
KS21583
KS21565
Lgs
Kosha
KS21488

KS21284
KS21359
KS21583
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Table 2- Meteorological statistics of the Zanjan, Borojerd, Khomein and Shahrekord stations in the two crop years studied
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& \\0\5 \\,)\5 ._9\\,"“ & \\,,‘5 1,8 = "V%n
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= = E - = = — E 5 g
= = = = = <
J)??){ 0 10.2 36.6 23.2 5.3 9 41.4 23.6
Borojerd
ol 6.9 8.1 29.4 18.7 12.4 9.0 30.8 30.8
4, 2 Zanjan
a2 S .
"» 0 16.5 31 24,7 8.5 17.3 32.6 25.9
Khomein
25 e 0 9.8 30.9 20.3 0.8 11 325 21.7
Shahre Kord
J)??‘H 0 12.8 38.8 26 0 12.6 41 27.2
Borojerd
Ob’f}j 5.2 13.5 27.9 20.7 6.7 12.6 33.5 17.0
% > Zanjan
3 s
"'“9 0 19.1 32.9 26.8 0 20.5 34.9 28.6
Khomein
25 5 0.3 13.5 32.2 22.8 0.1 14.5 34.2 24.3
Shahre Kord
J)??ﬁ 0 12.6 40.4 27.1 0 13.8 41.6 27.3
Borojerd
7} o 6.4 14.3 27.9 21.8 36.9 14.0 30.9 22.4
53 Zanjan
- S L
< W 0 20.4 35.1 28.3 0 20.5 33.9 28.1
Khomein
25 e 0.2 14.8 35.2 25 0.1 14.9 33.1 24
Shahre Kord
2R 0 10 36 235 0 7.4 38 24.2
Borojerd
. g Ol"?} 0.0 8.7 28.6 18.7 0.2 8.4 30.8 19.6
Y€ Zanjan
X2 .
T8 o 0 16.5 29.7 236 0 17.7 321 25.5
Khomein
25 5 0 10.3 29.8 20 0 10.8 314 21.1

Shahre Kord
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Table 3- Variance of bean experimental error in different environments along with the
Fmax Hartley and Bartlett’s tests to evaluate the uniformity of variances

Jlw Owod 3,295 oS 355 e
Year Khomein Borojerd Zanjan Shahre Kord
sl Jbs 55945.83 47991.45 96804.7 50627.46
Year 1
po Jbo 52911.86 55511.85 92694.3 52939.74
Year 2
il e 31.039™
Bartlets test
‘_;U)Lh F max 2.02[15

F max Hartley

doyd S g )3 3 ime g 43 dmepd il a4 NS
ns and **: non significant and significant at 1% probability levels, respectively

bag) Lrcadsiy ld 3, oe <8 po (il jlg 42525 -F Jgaa
Table 4- Combined analysis of variance of grain yield of bean genotypes

JovE Ly @il aryy Ol ggeme Slaypo uibe Slayyo Egoome Mo yd
S.0.V df Sum of square  Mean of squares Percentage of sum of square
Jb 1 31370956.70 31370956.70 0.12
Year
OKA
_ 3 44158208.68 14719402.89 0.17
Location
e X Jo 3 26914689.96 8971563.32™ 0.10
Year x location
) dUa.>
16 2110631.64 131914.48 0.01
Errorl
w53 12 39005923.08 3250493.59 0.15
Genotype
Jb X oy 12 9587554.43 798962.87 0.04
Genotype x year
ofSe X iy 36 64202448.53 1783401.35™ 0.25
Genotype x location
e X Jl X gy 36 26951173.08 748643.70 0.11
Genotype x year x location
Vol 102 12130253 61378.4 0.05
Error2
e ey 10.37
CV (%)

s gt 3 gl foiom i P

“and ™ Significant at 5% and 1% probability levels, respectively.
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5 (Aghaee Sarbezeh et al., 2012) e g ojsy—w (]
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I 4 055 pod g Jgl slaadie polio (sl (63405 b ZaN1
s 1y Joliie 31 dloe) Jeuasly s o oyl &S Wdgs laizes
ol o394 sn Sl S50 51 490 & b N2g0
3Skes (633l J) i o )3 sl (alssiz il 3 4
ol b (ogad )55l sy Jy 035 51008 5 (s
(Gauch s5,l> Mel jo byl oy b1y agly oy yieS oS A
LG12 g} )il 4 olsiee ol plis <& Zobel, 1997)
Lo |y G4 5 G3 G2 slagsss Zan2 5 Shahl lalae
9 Khoml lal=e L G13 4 G9 lac_ig Borol

2,5 0,L3l BOro2 s L G8 4 G1 slacusy; 9 Khom2

80 b we—w (Karimzadeh et al., 2020) l,ISen 5 03503,
OIF Lo > gy it Sl Slpes 4 g 3 1) (ool adlhe
Jite 5l a5 Jgl (Lol ailho VU pas  Jlho 55 55,5
LS el s GBS (6,500 olione g Laee 13 <
(Najafi Mirak et al., 2019; coib calles yils Guiss gols
2021)
ol adlye (ile by cute) S5 olie b slocss
Jilie 53 ings laes U oYL lite 1 l)ls (IPCAL) sl
2ol il Jlite Jl jaie 4 S5 0l gL glacas)
ol e olie g3 GB 3 GO G11 slaeais el )
G (i e gl o 9 Widg2 yio 4 K355 (IPCAL) sl
Olgisds dilgi o aS dgr S 0,Slos 1:Sks 1 5YL 0 Sloe (o)l
B bl (olod (sl Y (oges )50 bjluly syl
Shah2 slaleswe (K3 Byl (VY US89 8 Jsan) 295
s ool )3 Hlade oy iaS glyly Zanl 3 Khom2 Khoml
G 9 392 laes X s Jlie 31 5 (IPCAL) Lol adlse
Ol o ) g asdly syt 0,8es ()laly SR> lalare 4
& G (6 g 0,Slos 1 Ske Shah2 3 Khom2 dalesce
3o 051 Jgl (Lol e 5 (5 J3iz) ity S Sileo

bag) iduaml (Scigi; aild 3 Sdes (gl AMMI & 305 -0 Jgaa
Table 5- AMMI analysis for grain yield of promising bean genotypes

Oluywe ggomo doyd Olaye Egeomo (205 Moy

s gle  glilary Ol (ke
Percentage of sum  Accumulative percentage
S.0.V df Mean of squares
of square of sum of square
ENV 7 14634917.85™
REP(ENV) 16 131904.4
GEN 12 3250351.14™
GEN:ENV 84 1199306.21™
PC1 18 3152809.23™ 56.3 56.3
PC2 16 1236961.31™ 19.6 76
PC3 14 837710.93" 11.6 87.6
PC4 12 523106.94™ 6.2 93.9
PC5 10 320207.07™ 3.2 97
PC6 8 221996.51™ 1.8 98.8
PC7 6 202749.29™ 1.2 100
ool 192 63174.78
Residuals
£ 395 904233.19
Total

doyd ey 9 G o )3 I3 e by K

*

“and ™*: Significant at 5% and 1% probability levels, respectively.
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Table 6- First to seventh principal components for bean genotypes

s 3,5as Joladle g3 adlie  powadlie  o)ka adlie  poy adlie el alie oiia allie
Code Yield PC1 PC2 PC3 PC4 PC5 PC6 PC7
G1 2651 -19.8 -759 -8.04 -7.02 -9.51 2.8 -455
G2 2129 -13.2 14.42 -2.05 -3.06 -11.15 -6.88 -9.35
G3 2345 -9.2 9.68 9.08 5.05 16.13 -5.74 -8.75
G4 2079 76 7.59 -145 8.08 4.34 17 -5.08
G5 2270 -10.54 3.55 -20.25 -10.46 -4.58 -2.95 6.99
G6 2343 -331 7.2 13.94 -10.48 -4.98 -3.98 12.01
G7 3154 -8.79 -15.6 22.78 -14.91 7.73 -2.88 -2.56
G8 2737 -13.51 -1.49 -1.73 461 5.67 2155 -1.06
G9 2711 -3.16 -21.08 5.28 6.79 -5.54 5.53 5.37
G10 2724 44.21 -19.13 -14.34 -10.57 491 -1.78 -5.19
Gl 1755 0.99 7.48 -8.74 8.1 13.97 -4.82 13.02
G12 2461 34.8 28.26 11.17 -0.84 -6.56 8.31 -057
G13 2143 9.1 -13.29 7.41 24.7 -10.43 -7.44 -0.28
Borol 2533 -28.41 30.73 19.27 -4.27 -4.56 -8.17 -3.03
Boro2 3278 -46.13 -9.63 -24.39 0.62 0.368 5.62 2.19
Khom1 1995 8.46 -14.99 -3.13 5.21 9.83 -21.43 6.02
Khom?2 3073 8.43 -18.29 5.86 1471 -21.02 0.16 -9.24
Shah1 1862 31.23 17.92 -23.86 -16.02 -7.63 -0.89 -1.42
Shah2 2932 2.76 -21.71 19.12 -24.08 1.42 7.13 4.78
Zanj1 2035 9.73 2.83 171 6.27 20.29 7.11 -15.08
Zanj2 1679 13.93 13.13 5.41 1757 1.3 10.47 15.78

bewiey 5l (B p Olhed g omb 4 dg b.cdl cun ey
ool aslsys oagissy ol Bis b i S ool IPCA 3 5
Slyes AMMI & 555 0 G11 iy Jkoylgiedy) oibl sl
023l gy0nlil ol LS ped g Jgl (Juol adlge 93 p2 > ol
31 6ol il i Wi o BLUP uy silo 51 iz WAASB
9 LS Glp 1y ASV L AMMI (gl (55, oo, —img 3y
5 Badlze ol aew ,ST Ul ilos )5 & ol clocaisil 4oy
P N e SN
hol sadlze o olgi o 1y GEl ool sy Lhis 1y 35 sl
ol 33 GEl ssuony isn cwl (S0 93,5 ol Cwss
(Olivoto, Lucio, da Silva, Sari et sl i CBis sy gl
L (¥ JS—3) WAASBY lses ¢ sBlge i 5o al., 2019)
145 J9_.a.>u:).s L;La:wy) U.sL..uL_w dl).g (Y’ JS_M;) u)bdl.»
S5l yipg Blg oo 03 piuS (gylb
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sas ol WAASBY j0lis b s cias, ¥ IS5
5 15 2,8las (5:Sn 52 o plofed S June (255 45 Canl
ObeSe (2303)g 31 s cnl > (sl WAASB (g )luly padLs
WAASB (¢luls jasl o g aib o,Slee (sl 5 90 o 4ly
S oS 0 padls 90 o LSS Cuedl [S0by a5 005 eolatwl
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AMMI1 Biplot
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Figure 1- Scatter plot of genotypes and environments tested using mean yield and IPCA1 (A) and tIPCA1 and IPCA2 (B)
based on the AMMI model
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Figure 2- Simultaneous selection criteria based on average grain yield and WAASB sustainability index for 13 bean
genotypes considering the weighting of 50:50 for yield and stability
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Figure 3- Biplot of grain yield versus weighted average absolute scores for the best linear unbiased predictions of
genotype-by-environment interaction (WAASB)
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Figure 4- Grouping of 13 bean genotypes considering all principal components
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Figure S- Ranks of 13 bean genotypes considering different weights for stability and yielding
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