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Table 1. Combined analysis of variance for grain yield performance of the 25 wheat genotypes in the 29
testing environments

Mean squares

Source Df %Total sum of square
Value Model Expected mean squares F
Environment 28  68272879%* Ml 02 +rof M1/M2 69.8
Block/Env. 58 1196275%* M2 g2 - 2.5
Genotype 24 1159742 M3 0% +102:+rect M3/M4 1.0
G x E interaction 672 635963** M4 0% + I‘O'gE M4/M5 15.6
Error 1392 218213 M5 o3 - 11.1
Total 2174 1260340

** Significant at the probability level of 1%
™ non-significant
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Table 2. Rank and values of mean yield and stability parameters for the 25 wheat genotypes.
Figures in parentheses display genotypic rank.

Genotype Mean yield Phenotypic stability parameters
CodePedigree e Rk VarR S7di oo v Pi RS
/Name

Gl Breeding line  1797(16)a 13.9(17) 41.2(4) 1.137(10)  133247(11) 143567(11) 60.1(22) 708634(16) 27(14.5)
G2 Breedingline  1881(7)a 12.2(11) 42.4(8) 0.91(6) 95686(8) 98708(4)  46.3(3) 676607(12) 11(2)
G3 Breedingline  1741(18)a 132(14)  593(22)  0.798(18.5)  270071(22) 293045(21) 50.5(8) 930141(23) 39(22)
G4 Breedingline  1662(22)a 16.1(24) 28.3(2) 0.836(12) 84408(4)  102988(5) 48.2(5) 902002(22) 27(14.5)
G5 Breedingline  1830(13)a 11.6(7) 23.8(1) 0.983(3) 82294(3) 79581(2)  50.5(9) 525173(4)  15(6)
G6 Breedingline  1813(14)a 12.8(12) 44(10) 1.074(5) 90431(6) 91545(3)  55.5(12) 594803(9) 17(7.5)
G7 Breedingline  1982(4)a 9.7(2) 41.5(5) 1.199(17) 89577(5)  118106(9) 56.2(16) 500727(1) 13(3.5)
G8  Breeding line 2066(2) a 10.4(4.5) 47(12) 1.310(24) 42522(1) 117934(8) 57.6(19) 780477(20) 10(1)
G9 Breedingline  1956(5)a 13.5(15)  48.4(13) 1307(23)  206844(17) 275203(19) 64.1(24) 777874(19) 24(9.5)
G10 Breedingline  1725(20)a 16.2(25) 41.6(6) 0.985(2) 199396(16)  192446(15) 57.1(18) 865668(21) 35(21)
Gl1 Breedingline  1997(3)a 10.4(45)  56.4(20)  1.17(145)  166743(14) 183882(14) 56.2(16) 508610(2) 17(7.5)
GI12 Breedingline  1802(15)a 153(20)  52.5(16) 1.193(16)  215545(18) 237686(17) 64.525) 691097(14) 32(19)
G13 Breedingline  1629(24)a 145(18)  46.5(11) 0.707(22)  226870(19) 287862(20) 48.3(6) 691427(15) 44(24)
Gl4 Breedingline  1880(8)a 11.7(8) 43.6(9) 1.1309) 95094(7)  105286(6) 56.2(18) 511296(3)  14(5)
G15 Breedingline  1861(10)a 12.1(10)  70.7(24) 1.092(7) 254244(21)  251994(18) 58.9(20) 731157(18) 28(16)
G16 Breedingline  1736(19)a 15.5(22) 39.5(3) 0.99(1) 161164(13)  155481(12) 55.9(14) 686271(13) 31(17.5)
G17 Breedingline  1854(12)a 13.7(16)  549(19)  1.170(14.5)  144678(12) 162572(13) 60(21) 628966(10) 25(11.5)
G18 Breedingline  1657(23)a 15521)  48.7(14) 0.982(4) 77735(2) 75209(1)  55.6(13) 1058874(25) 24(9.5)
G19 Breedingline  1695Q1)a 152(19)  53.1(17) 1.128(8) 132185(10)  140678(10) 63.2(23) 675913(11) 31(17.5)
G20 Breedingline  1857(11)a 12(9) 67.7(23) 0.831(13)  306645(23) 318577(22) 49.6(7) 567696(8) 33(20)
G21 Breedingline  1769(17)a 12.9(13) 57(21) 0.798(18.5)  356403(24) 376335(24) 52.3(10) 718371(17) 41(23)
G22 Saji 1947(6) a 10.3(3) 41.9(7) 1.148(11) 99974(9)  114024(7) 55.2(11) 538416(5) 13(3.5)
G23  Zardak 1866(9) a 11.5(6) 51.3(15) 0.781(20)  185446(15) 217182(16) 43.8(1) 563394(7) 25(11.5)
G24  Gerdish 1531(25) a 16(23) 54.3(18) 0.608(25)  248732(20) 362867(23) 47.9(4) 930617(24) 48(25)
G25  Sardari 2178(1) a 8.8(1) 72.7(25) 0.731(21)  529546(25) 568777(25) 44.5(2) 541795(6) 26(13)
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Yield means with the same letters are not significantly different at 5% level of probability (Duncan's

multiple range test).

MRank: mean of ranks; VarR: variance of ranks; b: regression coeficient; S2di: variance in regression
deviation; 6;%; Shukla's stability variance; CV: coeffient of variation; Pi: superiority index; RS: rank sum
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Figure 1. Graphical demonstration of GGE biplot based on the 25 investigated genotypes (G1-G25) in the
29 testing environments. Environmental codes beginning with the letters K, M, Q, S, U, A and I are
respectively indicative of Kermanshah, Maragheh, Qamloo, Shirvan, Uromieh , Ardebil and Ilam
stations. The letters R and I in the environmental codes (the second letter) are respectively indicative of
rainfed and complementary irrigation conditions. The numbers 11, 12 and 13 in the environmental codes
are respectively indicative of the cropping seasons of 2010-2011, 2011-2012 and 2012-2013.
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Figure 2. Mean comparison based on grain yield and stability for the 25 investigated genotypes (G1-G25)
in the 29 testing environments. Environmental codes beginning with the letters K, M, Q, S, U, A and I
are respectively indicative of Kermanshah, Maragheh, Qamloo, Shirvan, Uromieh , Ardebil and Ilam
stations. The letters R and I in the environmental codes (the second letter) are respectively indicative of

rainfed and complementary irrigation conditions. The numbers 11, 12 and 13 in the environmental codes
are respectively indicative of the cropping seasons of 2010-2011, 2011-2012 and 2012-2013.
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Introduction: Durum wheat (7riticum turgidum L. var durum) makes up only
5% of the world's total cultivated wheat area and contributes about 10 % to the
total global wheat production. In recent years, the production level of durum wheat
has risen to more than 30 million tons with EU, USA and Canada together repre-
senting 60% of the production. Durum wheat in Iran is grown on 300-400 thou-
sand hectares with an average annual production of 500-600 thousand tons. Iran
has been cooperating with International Center for Agricultural Research in the
Dry Areas (ICARDA) on increasing wheat production since 1992. Increase in
yield is one of the primary aims pursued in plant breeding programs (Reynolds et
al., 2009). This can be achieved through increasing yields under mild stress condi-
tions or improving yield stability (Blum, 2005). Similar to other crops, insufficient
yield stability in durum wheat is recognized as a one of the factors responsible
for the gap between actual yield and potential yield, particularly in the stressful
environments (Cattivelli ef al., 2008). In breeding programs, the identification of
superior genotypes is difficult due to environmental variability of target locations
and the interaction of these variabilities with the investigated genotypes. There-
fore, it is important to evaluate the advanced agronomic lines across various en-
vironments and over multiple years to ensure their yield stability and production
(Yan and Rajcan, 2002). A genotype typically gives differential yield responses
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in different environments so that its ranking varies across various environments.
These yield variabilities, which stem from the interaction between genotype (G)
and environment (E), are known as genotype x environment interaction (GE) (Al-
lard and Bradshaw, 1964). Many statistical models have been suggested to analyze
GxE interaction. GGE (genotype plus genotype-by-environment) biplot method
proposed by Yan et al. (2000) is a multivariate model, which is based on principal
component analysis, that simultaneously represents G, E and GxE interaction on
a graph known as biplot. GGE biplot is widely used in agricultural research as it
provides a simple graphical interpretation of GXE interaction. The aim of the study
was to evaluate grain yield stability and adaptability in some improved durum
wheat lines relative to the check cultivars grown under rainfed conditions by farm-
ers in the cold, mild cold and moderate warm regions of Iran.

Materials and Methods :Twenty one improved durum wheat lines (G1-G21)
along with newly released durum wheat cultivar Saji (G22), two local durum wheat
cultivars Zardak (G23) and Gardish (G24) as well as one local bread wheat cultivar
Sardari were investigated for three cropping seasons (2011-2013) at seven Agri-
cultural Research Stations (Maragheh, Qamloo, Shirvan, Uromieh and Ardebil
with a cold climate, Sararood with a mild cold climate and Ilam with a moder-
ate warm climate) under rainfed and complementary irrigation conditions. The
experimental design at all locations was a randomized complete block with three
replicas. Some agronomic attributes such as the number of days until anthesis,
pant height, the number of days till physiological maturity, 1000-kernel weight and
grain yield were determined for each genotype. However, only the grain yield data
was used to analyze GxE interactions. Combined analysis of variance for grain
yield was performed using GenStat (ver.12) software. For the combined analysis,
the environments (location—year combination) were considered as random effects
and the genotypes were regarded as fixed effects. Hence, the analysis of variance
was carried out based on a mixed-design model. The GGE biplot methodology
was employed to analyze GXE interaction (Yan, 2001). To determine probable
mega environments, the which-won-where pattern of the GGE biplot was used in
the durum wheat breeding program. Also the GGE biplot model was used for the
following purposes; (i1). evaluation of yield stability, (i1). the simultaneous selec-
tion for yield and stability, (iii). identification of ideal durum wheat genotypes,
(1v). assessment of the characteristics of and relationships among the testing envi-
ronments.

Results and discussion: The combined analysis of variance showed significant
differences among the main effects due to E and G and G x E interaction. The sum
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of squares of GE interaction was 15 times larger than that of the genotypes, sug-
gesting the possible existence of mega-environmental groups for the genotypes.
Grouping of the environments was not repeatable among the years. Many of the
wheat durum breeding lines exhibited a high combination of yield and stability
across both drought and cold environments, comparable to check cultivars. The
evaluation of genotypes based on phenotypic stability statistics showed that the
breeding lines G8, G2, G7 and G11 and the cultivar Saji outperformed the oth-
er genotypes in terms of the best combination of high yield and good stability.
Graphic analysis of GE interaction using the GGE biplot model indicated that the
cold environments of Maragheh, Ardebil, Qamloo, Shirvan and Uromia differed
from the mild cold and moderate warm environments of Kermanshah and Ilamin
in identifying specific adapted genotypes. The wheat breeding lines, which gave
higher yields and had a greater average 1000-kernel weight and plant height as
well as maturity earliness, were found to be more adapted to the moderate en-
vironments rather than the cold environments. Because of the lower mean yield
in the colder environments, there was clear discrimination between cold-tolerant
(old varieties i.e., Zardak and Sardari) and cold-susceptible (i.e., breeding lines)
genotypes. Clear discrimination was possible for drought because the trials were
conducted under both rainfed and irrigated conditions. Positive increase in yield
and yield stability of the breeding lines compared to the check cultivars indicated
genetic improvement for both high yield and stability performance in the durum
wheat breeding program. Based on GGE biplot analysis, the locations with high
repeatability were Shirvan with high representativeness, Qamloo with average
representativeness and Ilam with zero representativeness. Locations with low re-
peatability included Kermanshah and Uromieh with average representativeness
and Ardabil and Maragheh with negative representativeness. These results verified
high GE interaction in some locations (i.e. Ardabil and Maragheh ) compared to
others (i.e., Shirvan, Qamloo and Ilam).

Conclusion: The current durum wheat selection program may lead to yield sta-
bility and specific adaptation. This will provide opportunities for genetic improve-
ment of both drought and cold tolerance characteristic in durum wheat.

Key words: Environment, genotype, GE interaction, phenotypic stability statis-

tics, GGE biplot
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