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Table 1. Name and cross name of evaluated forgae sorghum promising hybrids

osled At ol SN el
Number Hybrid name Cross name
1 KHFS1 AICS88005 x cv. Behesht
2 KHFS2 AICS88005 x Zabol landrace
3 KHFS3 AICS88005 x cv. Pegah
4 KHFS4 AICS11 x Rsp
5 KHFS5 AS9 x cv. Behesht
6 KHFS6 AICS84 x Rsp
7 KHFS7 A3 x Rsp
8 KHFS8 Al18 x R109
9 KHFS9 Al x R109
10 KHFS10 A2 x R109
11 KHFS11 F2(M) x R109
12 Speedfeed Check
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Table 2. Combined analysis of variance for plant height, stem diameter and forage yield of forage sorghum promising hybrids in two years

and five locations

5 ale s Slee St 4 gle 3 Shes
Fresh forage yield Dry forage yield
Ty ol gl Sl s o 33 ool O 93 e o 93 oSO O 93 e
S.O.V. R d.f. Plant height  Stem diameter Mean of two cuts  Total of two cuts Mean of two cuts  Total of two cuts
Year (Y) Ju 1 33650™ 0.01 2746™ 10985™ 167.4™ 669.1"
Location (L) B¢ 4 18090™ 5.27™ 7683™ 30734™ 683.6™ 2734.4™
Y xL O x Jls 4 33525™ 0.88™ 1684™ 6735™ 32.6™ 130.3"
Error 1 ) gl 20 532 0.03 55 221 5.5 219
Genotype (G) R 11 561 1.23™ 949™ 3795™ 335 133.9"
Y xG o 53 dl 11 225 0.04m 201 803 17.5 69.9
LxG PRI 44 1227* 0.15™ 201 803 20.1 80.5
YxLxG o 5 % OSax L 44 689™ 0.05™ 156" 622" 13.4™ 53.5™
Error 2 Yo 220 190 0.03 48 193 37 14.8
C.V. (%) (L) S o o o 6.37 10.75 10.70 10.83 12.17 12.29
** and *: Significant at the 1% and 5% probability levels, respectively. )3 6 5 gty el o 53 s s o 5 4 e g

ooV
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Table 3. Mean comparison of the total fresh forage yield (t ha) of forage sorghum promising

hybrids

) s 37 S P O SRS R < W

Hybrid Karaj Borujerd Dezful Gorgan  Sari Mean Rank
KHFS1 137.35 161.01 143.23 11593 11156 133.8 5.6
KHFS2 139.01 164.34 139.21 117.18 108.13 133.6 4.8
KHFS3 152,90 181.83 158.03 117.49 117.42 1455 2.2
KHFS4 14455 161.28 101.95 107.03 87.83 120.5 8.0
KHFS5 141.89 161.03 129.19 109.44 106.01 129.5 6.4
KHFS6 131.03 139.89 103.20 94.64 93.75 1125 10.2
KHFS7 118.34 133.84 100.63 89.58 87.88 106.1 11.6
KHFS8 131.38 141.62 152.20 11595 110.25 130.3 6.4
KHFS9 114.86 163.42 127.72 131.76 12794 133.1 5.0
KHFS10 17457 146.17 14586 128.02 111.83 1413 3.6
KHFS11 135.35 154.82 13791 12125 97.74 129.4 6.6
Speedfeed 153.67 155.06 117.88 96.66 89.54 122.6 7.6
LSD5% 25.80 18.30 21.68 13.17 1643 12.98 -

BIESCNSTIRFE aVA PR L Vi 40 i VRN u VA B U 7
L ools gme Soolis ¢ ¢Sis abgle 5 Shas
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VWO 5ol |y oS s Ses o 5L LK
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KHFS8 (KHFS10 slaus ua (F Jsis)
L w4 35 KHFS11 5, KHFS2 KHFS9

$l4b5ke 08 5 s rbucial (gl on (ESa 55 o) St 8 e > Slhos ¢ gazms 5 Kibo awlin —F sl
Table 4. Mean comparison of the total dry forage yield (t ha) of forage sorghum

promising hybrids

L ot s 3 dsss ES el oSbe a

Hybrid Karaj Borujerd Dezful Gorgan Sari Mean Rank
KHFS1 28.38  27.80 37.97 2444 3404 3052 74
KHFS2 30.03 32.08 39.35 2354 3297 3159 56
KHFS3 3242 2820 50.85 2486 3949 3516 4.0
KHFS4 3454 2858 36.82 2219 2746 29.92 7.6
KHFS5 29.67 2941 37.61 2226 34.07 30.60 6.6
KHFS6 30.50 31.50 36.11 18.67 29.54 29.26 7.8
KHFS7 27.94 30.71 3347 1767 26.26 27.21 10.2
KHFS8 28.13  26.95 46.58 2551 38.74 3318 6.2
KHFS9 24.84 2835 40.52 2635 39.90 3199 54
KHFS10  35.19 27.09 4408 26.88 3571 3379 4.2
KHFS11 2943 27.75 4317 26.09 3043 3137 6.6
Speedfeed 37.38  34.62 36.31 2030 2785 3129 64
LSD5% 6.13 3.44 6.63 296 730 381 -

OOA
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Table 5. AMMI analysis of variance for dry forage yield of forage sorghum hybrids

qu.,.l\ulj‘a:q-jw): ui&»mju..d\ul}?};wﬁ

sl ol Sk Variance explained G x E variance explained
S.0.V. R d.f. Mean squares (%) (%)

Environment (E) Lo 4 2734.38™ 68.57

Genotype (G) S | 133.90™ 9.23

GxE bowx sy 44 80.46™ 22.19

IPCAL Jsl add 5 14 180.54™ 71.40

IPCA2 e adp 12 51.95™ 17.61

Residuals oulesl, 18 21.63 10.99

Error Ls 275 23.22

.M))&ij@d\a:"cko—t)})‘}&&ﬁ%;4{:**}*

** and *: Significant at the 1% and 5% probability levels, respectively.
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2011)
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Table 6. Values of the first and second principal components and stability indices for dry

forage yield of forage sorghum hybrids

oS b le s Shes
NGO (s )3 o) Jsladlge gy ailse
Hybrid Dry forage yield (tha') IPCA1 IPCA2 WAAS ASV Dz EV ZA
KHFS1 30.52 -0.404 -0.653 0.453 1.764 0.223 0.025 0.100
KHFS2 31.59 0.309 -0.684 0.383 1428 0.225 0.025 0.086
KHFS3 35.16 -1.666  1.312 1596 6.880 0.551 0.152 0.335
KHFS4 29.92 1.300 0.967 1.234 5360 0417 0.087 0.258
KHFS5 30.60 0.045 -0.708 0.176  0.731 0.222 0.025 0.046
KHFS6 29.26 1137 -0.452 1.001 4.631 0.288 0.042 0.204
KHFS7 27.21 1.371 -0.700 1.239 5605 0.374 0.070 0.255
KHFS8 33.18 -1.867  0.205 1538 7572 0417 0.087 0.306
KHFS9 31.99 -1.686 -1.731 1.695 7.050 0.658 0.216 0.361
KHFS10 33.79 -0.514  1.267 0.663 2439 0413 0.085 0.151
KHFS11 31.37 -0.443  0.821 0518 1974 0.275 0.038 0.115
Speedfeed 31.29 2417  0.356 2.009 9.806 0545 0.149 0.401

ZA (S 0L el oss sldie BV ol 5 DZ o sl gyl (255 ASY (llas S s 55 Sk (WAAS

WAAS: weighted average of absolute scores, ASV: AMMI stability value, DZ: distance
coefficient, EV: Eigen value of stability parameter of AMMI, ZA: absolute value of the relative
contribution of IPCAs to the genotype x environment interaction.

AMMI Jie Lo 5 0l g i ¢St @b le 5 Shas ol 5 5 5 b jus ler Ol -V J gl
Table 7. Selection of the top four hybrids based on predicted dry forage yield using the

AMMI meodel
S &5l 5 Slos S sl Gl e ey GBS e g B s sl
Lo O 53 59) 1st selected 2nd selected 3rd selected 4th selected

Environment  Dry forage yield (t ha'?) hybrid hybrid hybrid hybrid
Karaj 30.70 Speedfeed KHFS4 KHFS10 KHFS2

Borujerd 29.42 Speedfeed KHFS4 KHFS10 KHFS2

Dezful 40.23 KHFS3 KHFS8 KHFS9 KHFS10

Gorgan 23.23 KHFS3 KHFS8 KHFS10 KHFS9

Sari 33.04 KHFS3 KHFS8 KHFS9 KHFS10
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Fig. 1. Scattered plot of tested forage sorghum hybrids and environments using mean dry

forage yield and the first principal component of interaction based on the AMMI1 model
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Fig. 2. Scattered plot of tested forage sorghum hybrids and environments using the first and

second principal components of interaction (dry forage) based on the AMMI2 model
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Fig. 3. Scattered plot of tested forage sorghum hybrids and environments using mean dry

forage yield and the weighted average of absolute scores (WAAS)
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Table 8. AMMI analysis of variance for fresh forage yield of forage sorghum hybrids

JS ol am g doys 1Sy Wlols a5 Ao

eliTarys  Ole o Xke  Variance explained G x E variance explained
S.0.V. Sl ok e d.f. Mean squares (%) (%)
Environment (E) Lo 4 30735.06™ 61.46
Genotype (G) <S55 11 3794.93™ 20.87
GxE Lo X 5 44 803.01" 17.66 100
IPCAL Jsl adl 3 14 1264.01™ 50.08
IPCA2 IYYPHEN 12 889.04™ 30.19
Residuals skilesly 18 387.11 19.72
Error Ls 275 285.95

Aoy &S e Jlee| clz.n 03 I3 gae S 5y g

** and *: Significant at the 1% and 5% probability levels, respectively.
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Table 9. Values of the first and second principal components and stability indices for

fresh forage yield of forage sorghum hybrids

5 ale s Shee
L e O s o9 Jsl ad 50 H;AAJ}A
Hybrid Fresh forage yield (tha') IPCA1 IPCA2 WAAS ASV Dz EV ZA
KHFS1 133.81 1.251 0.590 1.002 2157 0.193 0.019 0.112
KHFS2 133.57 0.739 -0.061 0.484 1.227 0.101 0.005 0.053
KHFS3 145.53 0.248 0.403 0.306 0576 0.071 0.002 0.036
KHFS4 120.52 -2.725 -2990 2825 5419 0591 0.174 0.324
KHFS5 129.51 -0.322 -0574 0417 0.784 0.099 0.005 0.049
KHFS6 112.50 -1.048 -1.095 1.066 2.055 0.221 0.024 0.122
KHFS7 106.05 -0.106 -0.937 0419 0.953 0.145 0.011 0.051
KHFS8 130.28 2.384 3.372 275 5197 0.612 0.187 0.319
KHFS9 133.14 4516 -2.641 3.811 7943 0.736 0.271 0.430
KHFS10 141.29 -2.401 3.341 2755 5199 0.609 0.185 0.319
KHFS11 129.41 0.785 0.854 0.811 1558 0.169 0.014 0.093
Speedfeed 122.56 -3.321  -0.262 2170 5515 0.452 0.102 0.238

LA (A I el o3 s sl EV ol o 0 DZ

el ol 5, ASY Gl Sl e G55 S0k WAAS

s X (55 S 53 (ol (Slaadl 3o oo e (3llas 55
WAAS: weighted average of absolute scores, ASV: AMMI stability value, DZ: distance
coefficient, EV: Eigen value of stability parameter of AMMI, ZA: absolute value of the relative

contribution of IPCAs to the genotype x envir
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Table 10. Selection of the top four hybrids based on predicted fresh forage yield using the

AMMI method
7 dske s Slas o o3 O oler
(s )3 o) P RPN P I T LS I JELER [NV
Loes Fresh forage yield Istselected  2ndselected  3rdselected  4th selected
Environment (t ha't) hybrid hybrid hybrid hybrid
Karaj 139.57 KHFS10 KHFS3 Speedfeed KHFS4
Borujerd 155.36 KHFS3 KHFS10 KHFS1 KHFS2
Dezful 129.75 KHFS3 KHFS9 KHFS1 KHFS10
Gorgan 112.08 KHFS3 KHFS9 KHFS10 KHFS1
Sari 104.15 KHFS3 KHFS9 KHFS1 KHFS8
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Fig. 4. Scattered plot of tested forage sorghum hybrids and environments using mean feresh

forage yield and the first principal component of interaction based on the AMMI1 model
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Fig. 5. Scattered plot of tested forage sorghum hybrids and environments using the first and

second principal components of interaction (fresh forage) based on the AMMI2 model
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Fig. 6. Scattered plot of tested forage sorghum hybrids and environments using mean

fresh forage yield and the weighted average of absolute scores (WAAS)
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ABSTRACT
Khazaei, A., Golzardi, F., Feyzbakhsh, M. T., Shahverdi, M., Ghorbani, H. R. and Shoushi Dezfuli, A. A. 2025.
Evaluation of genotype x environment interaction for forage yield and yield stability of forage sorghum (Sorghum bicolor
(L.) Moench) promising hybrids using AMMI analysis. Seed and Plant, 40, pp.527-575 (in Persian).

This study evaluated genotype x environment interaction for forage yield and yield stability
of 11 promising hybrids of forage sorghum along with Speedfeed cultivar (as commercial
check) using randomized complete block design with three replications in five locations; Karaj,
Borujerd, Gorgan, Dezful, and Sari in 2023 and 2024 growing seasons. Combined analysis of
variance showed significant genotype x location x year interaction (P <0.01) for fresh and dry
forage yield. Hybrids KHFS3 and KHFS10 had the highest total fresh forage yield of 145.5 and
141.2 t hal, respectively. The maximum dry forage yield (35.2 t ha™) was also belonged to
hybrid KHFS3, represented 12.5% relative advantage compared to the check cultivar.
Environment, genotype, and genotype % environment (G x E) interaction explained 68.57%,
9.23%, and 22.19% of the total observed variation in dry forage yield, and 61.46%, 20.87%,
and 17.66% of the total variation in fresh forage yield, respectively. Examination of the
genotype x environment interaction using AMMI analysis revealed that the first two principal
components interaction were significant, explaining 71.40% and 17.61% of the GXE variation,
respectively. Based on the AMMI stability value (ASV) parameter and weighted average of
absolute scores (WAAS), hybrids KHFS5 and KHFS3 exhibited the highest stability for dry
and fresh forage yield, respectively. According to results of graphical analysis, hybrids KHFS3
and KHFS10 were identified as superior hybrids for fresh and dry forage production,
respectively, with high yield and yield stability. These hybrids, with high adaptability and
forage yield were identified suitable for being grown in target environments in Iran, and can
also be utilized in forgae sorghum breeding programs to improve forage yield.

Keywords: Sorghum, AMMI stability value, dry forage vyield, fresh forage vyield,
graphical analysis.
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Introduction

Forage sorghum (Sorghum bicolor L. Moench) is and important summer forage crop
used for fresh and dry forage and silage, and its productivity is highly influenced by
genotype X environment (GXE) interactions (Khazaei et al., 2023b). Multivariate
approaches such as AMMI (Additive Main effects and Multiplicative Interaction) and
AMMI-based stability parameters (e.g. ASV) are widely used to dissect these interactions
and identify high-yielding and yield-stable genotypes (e.g., Al-Naggar et al., 2018;
Pour-Aboughadareh et al., 2022). Recent studies comparing AMMI and GGE biplot
approaches have emphasized AMMI’s effectiveness at partitioning main effects and
revealing interaction structure, while combined ANOVA remains essential to detect
significance of G, E and G x E components (Pour-Aboughadareh et al., 2022; Khazaei et
al., 2023a). However, few studies have evaluated newly bred forage sorghum hybrids
across different agro-ecological zones of Iran to identify hybrids with both high forage yield
and yield stability in contrasting environments. The present study aimed to evaluate G x E
interaction patterns and to identify promising and yield-stable of forage sorghum hybrids
in five locations using combined analysis of variance and AMMI model.

Materials and Methods

Eleven promising forage sorghum hybrids (KHFS1-KHFS11) and Speedfeed as
commercial check cultivar were evaluated using randomized complete block design with
three replications at five locations; Karaj, Borujerd, Gorgan, Dezful and Sari in two
growing seasons (2023 and 2024). Each experimental plot consisted of four four meters
long rows with 60 centimeters row spacing and eight centimeters, within-row, plant
spacing. Fresh and dry forage yield (first and second cuts and total), plant height and stem
diameter in the first and second cuts were measured and recorded. Combined analysis of
variance across years and locations quantified main and interaction effects. AMMI model
was used to characterize interaction patterns. The AMMI stability value (ASV) was
computed to rank hybrids yield stability. Data processing and analysis of variance were
performed using SAS 9.0. The AMMI analysis and biplots were generated using the
“metan” package in R software.

Results and Discussion

Combined analysis of variance showed significant genotype x location x year
interaction (P < 0.01) for fresh and dry forage yield, indicating substantial differences in
performance of hybrids across sites and growing seasons. For dry forage yield, environment
accounted for 68.57% of total observed variance, while genotype and G x E contributed
9.23% and 22.19%, respectively; and for fresh forage yield, these values were 61.46%,
20.87%, and 17.66%, respectively. Mean forage yield ranking identified KHFS3 and
KHFS10 as top hybrids for total fresh forage yield (145.5 and 141.2 t ha’l, respectively),
compared to cv. Speedfeed (122.6 t ha). For total dry forage yield KHFS3 attained the
highest mean yield (35.2 t ha) compared to 31.3 t ha* for the check cultivar.

The AMMI model identified the first two IPCAs as significant, explaining 71.40% and
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17.61% of G x E variance for dry yield, and 50.08% and 30.19% for fresh yield,
confirming a structured interaction suitable for biplot examination and interpretation
(Khazaei et al., 2023b). Based on AMMI stability value (ASV) and weighted average of
absolute scores (WAAS), hybrid KHFS5 exhibited the highest yield stability for dry
forage yield (ASV = 0.731, WAAS = 0.176), whereas KHFS3 was the most yield-stable
hybrid for fresh yield (ASV = 0.576, WAAS = 0.306). In addition, the hybrids KHFS2,
KHFS5, and KHFS11 showed high yield stability for both fresh and dry forage yield.

Environment-specific rankings identified KHFS3 as the top hybrid in four locations
for fresh forage yield, underscoring the utility of integrating mean performance, ASV,
and WAAS for selection (Al-Naggar et al., 2018; Khazaei et al., 2023a). Biplots
highlighted KHFS3 and KHFS10 as superior genotypes for fresh and dry forage yield,
respectively, with high yield and yiled stability. Overall, the ANOVA-AMMI framework
effectively delineated high-yielding and yield stable forage sorghum hybrids. The hybrids
with high adaptability and forage yield were identified suitable for being grown in target
environments in Iran, and can also be utilized in forgae sorghum breeding programs to
improve forage yield.
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