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Successful production and development of stable and adaptable cultivars only depend on
the positive results achieved from the interaction between genotype and environment that
consequently has significant effect on breeding strategies. The objectives of this study were
to evaluate genotype by environment interactions for grain yield in barley advanced lines
and to determine their stability and general adaptability. For these purposes, 18 advanced
lines along with two local cultivars were evaluated at five locations (Gachsaran, Lorestan,
Ilam, Moghan and Gonbad) during three consecutive years (2012-2015). The results of the
AMMI analysis indicated that main effects due to genotype (G), environment (E) and GE
interaction as well as four interaction principal component axes were significant, represent-
ing differential responses of the lines to the environments and the need for stability analysis.
According to AMMI stability parameters, lines G5 and G7 were the most stable lines across
environments. Biplot analysis determined two barley mega-environments in Iran. The first
mega-environment contained of Ilam and Gonbad locations, where the recommended G13,
G19 and G1 produced the highest yields. The second mega-environment comprised of
Lorestan, Gachsarn and Moghan locations, where G2, G9, G5 and G7 were the best adapted
lines. Our results revealed that lines G5, G7, G9 and G17 are suggested for further inclusion
in the breeding program due to its high grain yield, and among them G5 recommended as
the most stable lines for variable semi-warm and warm environments. In addition, our results
indicated the efficiency of AMMI and GGE biplot techniques for selecting genotypes that
are stable, high yielding, and responsive.
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Introduction

Barley (Hordeum vulgar L.) is the fourth crop following wheat, rice and maize in the
worldwide production of cereals, and growing in arid and semi-arid regions due to its
better ability to avoid drought stress than the other crops. The grains of this cereal are
used as food and animal fodder, moreover, it has been applied as raw material for the
production of beer. Multi-environment trials (MET) play an important role in selecting
the best genotypes to be used at different environments. In a MET, a number of genotypes
are usually evaluated over several years and locations. The development of genotypes,
which can be adapted to a wide range of diverse environments, is the final goal of plant
breeders in crop improvement programs (Ahmadi et al. 2015). Genotypes with both high
grain yield and stability are identified by growing sets of different genotypes in different
environments (Luquez et al. 2002). The two major goals of MET are: (i) to identify loca-
tions that best represent the target environments and (i) to identify the best genotypes/
cultivars for recommendation to farmers. The obtained grain yield for each genotype in
each test environment is a measure of the genotype main effect (G), the environment main
effect (E), and the genotype-by-environment (GE) interaction (Yan and Kang 2003). In-
terpretation of performance of a number of genotypes is always affected by large GE in-
teraction. This effect reduces the association between phenotypic and genotypic values
and complicates the selection of the best genotypes (Ebdon and Gauch 2002). Hence,
modeling the GE interaction in METs helps to determine phenotypic stability of the gen-
otypes for range of locations or a specific genotype for different environmental condi-
tions. Numerous methods have been proposed to analyze the extent of GE interaction
under fluctuating growing conditions and determining the adaptation of genotypes. These
methods can be classified into three major analytical categories: (/) Univariate parametric
analysis, (if) Non-parametic approaches, and (iif) Multivariate methods for analysis of the
GE affects. The additive main effects and multiplicative interaction (AMMI) model is a
combines the analysis of variance (ANOVA) with additive factors and the principal com-
ponent analysis (PCA) with multiplicative factors in a single analysis. Based on the re-
sults of AMMI analysis, several stability parameters such as AMMI’s stability measures
(EVi and EVF), sums of the absolute value of the IPCA scores (SIPCi and SIPCF) and
AMMTI’s stability value (ASV) have been proposed for test of genotypes (Zobel 1994;
Purchase 1997; Purchase et al. 2000).

When many genotypes are tested across several years and locations, it is often difficult
to determine the pattern of genotypic response across environments without the help of
graphical display of the data. The biplot method provides a powerful solution to this prob-
lem (Gabriel 1971). Biplot analysis is a multivariate analytical approach that graphically
displays the 2-way data and allows visualization of the interrelations among genotypes,
environments, and genotypes by environments interactions (Yan and Kang 2003). The
GGE biplot methodology contains of a set of biplot interpretation models, whereby im-
portant questions regarding genotype evaluation and test-environment evaluation can be
visually addressed (Yan et al. 2007). A GGE biplot is formed by plotting the first principal
component (PC) scores of the genotypes and the environments against their respective
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scores for the second PC that result from singular value decomposition (SVD) of environ-
ment-centered or environment-standardized genotype-by-environment data (GED). This
analysis is used to identify high yielding and adapted genotypes as well as suitable test
environments (Yan et al. 2000). The best genotypes should have a large PC1 score (high
grain yield) and a small PC2 score (high stability). Plant breeders and other agronomists
have found GGE biplots useful in test-environment evaluation (Blanche and Myers
20006), genotype evaluation (Kang et al. 2006), mega-environment analysis (Yan and
Tinker 2005), trait association and trait profile analyses (Yan and Rajcan 2002), and het-
erotic pattern analysis (Andio et al. 2004).

Barley is an important field crop in the agricultural system in Iran and usually culti-
vated in the arid and semi-arid regions (Pour-Aboughadareh et al. 2013). Normal rainfall
in these regions is about <300 mm which this is one third of average rainfall in the world,
while 1.2 percent of the world’s land is allocated to Iran (Ahmadi et al. 2016). One way
to increase barley production is to grow genotypes best adapted to diverse environments
and growing conditions. To evaluate performances of barley, METs are frequently used in
Iran. In this regard, several studies on grain yield stability and adaptation have been done
on barley in different regions of Iran (Dehghani et al. 2006; Mortazavian et al. 2014;
Mohammadi et al. 2015; Khalili and Pour-Aboughadareh 2016), but these studies deal
with different plant materials, locations and environments. The objectives of this study
were to (i) analyze GE interactions on grain yield of 20 barley lines using AMMI and
GGE biplot models (ii) identify barley line (s) that have high yield and stable perfor-
mance across different environment via AMMI stability statistics and GGE biplot from
MET conducted in Iran, and (iii) to determine the best line (s) for each environment as
well as discriminate ability and representativeness of the environments.

Materials and Methods
Multi-environmental barley trials

Data analyzed in this study were obtained from sets of the national barley multi-environ-
mental yield trials for three years (2013—-2015) at five different locations in Iran. The loca-
tions consist of Ghachsaran, Moghan, Lorestan, [lam and Gonbad. More information on
the environments is given in Table SI1*. In each environment (location—year combina-
tion), 18 advanced lines along with two standard checks were tested. The genotypic code
and pedigree of these lines are given in Table S2. In each environment, experimental
layout was a randomized complete block design with four replications. Sowing procedure
was done by experimental drill in 1.05 %7.03 m plots, consisting of 6 rows with 17.5 cm
row spacing in all experiments. Agriculture practices were optimal for each local agro-
ecological conditions in all tested locations. Fertilizer rate was 50 kg ha™! N and 75 P,0;
kg ha! applied at planting. Data on grain yield were taken from the middle rows of each
plot. At harvest, total grain yield (kg ha™') was estimated for each genotype at each test
environments.

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Statistical analysis

The AMMI model, which combines standard ANOVA with principal components (PC)
analysis (Zobel et al. 1988), was performed to determine the genotype (G), environment
(E) and genotype by environment interaction (GE) effects. The AMMI model for the yield
of the ith genotype in the jth environment is (Zobel et al. 1988):

N
Yy =ptgite,+ XN, +0,+e,

where 1 is the grand mean; g; is the main effect of the ith genotype (G); ¢, is the main
effect of the jth environment (E);

N
zlxn,\{in&jn + pz] + Ez]

is the GE interaction, where X\, is the eigenvalue of the nth interaction principal compo-
nent analysis (IPCA) retained in the AMMI model; ~;, is the eigenvector for the ith geno-
type from nth IPCA, §,, is the eigenvector for the jth environment from the nth IPCA, p;;
is the GE interaction residual, and N is the number of IPCA retained in the model, and ¢;;
is the random error term. Based on the results of AMMI analysis, several parametric sta-
bility statistics including the AMMI’s stability measures (EV1 and EVF), sums of the
absolute value of the IPCA scores (SIPC1 and SIPCF), AMMI statistic coefficient (Di and
DF), and AMMTI’s stability value (ASV) were calculated using the formulas proposed by
Zobel (1994), Zhang et al. (1998) and Purchase et al. (2000).

After detecting the GE interaction, the data were graphically analyzed to interpret sta-
bility and adaptability using the GGE biplot software (Yan et al. 2000). The GGE biplot
methodology is composed of the biplot (Gabriel 1971) and the GGE (Yan et al. 2000)
concepts. The detailed description of the principal of GGE-biplot can be found in the re-
view of Yan and Tinker (2006). The results obtained from this analysis are displayed three
ways (i) graphical view exhibiting concentric circles with vectors of entries that shows
information about associations among environments and genotypes to identify stable
genotype, (if) polygon view a biplot to interpret adaptability of the genotypes in a particu-
lar environment and (i) identify the ideal genotype base on both mean and stability.

Results
AMMI model

The results of AMMI analysis of grain yield data for eighteen advanced lines along with
two check cultivars and 15 environments are presented in Table 1. The results indicated
that 73.94% of the total variation was attributable to environmental effects, 1.28% to
genotypic effects, and 7.71% to GE interaction effects. Furthermore, results showed val-
ues for the first four principal components (IPCA) were also highly significant. The four
IPCAs of GE interaction accounted for 71.71% of the total variation effect it had on the
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Table 1. AMMI analysis on grain yield of the 20 barley lines across 15 environments

Source of variation df MS % TTS % GE
Total 1199 1998433.51
Treatment 299 6647234.30%* 82.94
Genotype (G) 19 1620760.58** 1.28
Environment (E) 14 126555126** 73.94
Block 45 2000888.87** 3.75
GxE interaction 266 695326.47** 7.71
IPCA1 32 1557061.81%* 2.07 26.93
IPCA2 30 1200180.93** 1.50 19.46
IPCA3 28 1057939.29%* 1.23 16.01
IPCA4 26 661241.80* 0.71 9.29
Residual 150 348739 2.18 28.28
Error 855 372583.30 13.29 172.23

TSS and GE indicate Total Sum of Squares and Genotype-by-environment interaction, respectively.
* and ** indicate significant at the 5 and 1% levels, respectively.

variation of grain yield. The first IPCA1 explained 26.94% of the variation affected by
interaction, while IPCA2, IPCA3 and IPCA4 accounted for 19.47, 16.01 and 9.29%, re-
spectively. The GE interaction effect was greater by six times than the genotype effect
showing the presence of remarkable interactions (Table 1). Hence, this is supported by the
fact that the GE mean grain yield varied from 1278.70 kg ha™! (corresponding to G6 at
Ilam) to 5007 kg ha™! (corresponding to G1 at Gachsaran). The average yield per location
also varied from 2187.59, in Ilam to 3898.12 kg ha! in Gachsaran. The mean grain yield
of the tested lines varied from 1860.79 to 2305.53 kg ha~!, with an average of 2091.54 kg
ha! (Table 2). The line G9 followed by lines G2 and G5 had the highest average yield,
while the lines G6, G8 and G10 had poor performance.

The AMMI-based stability parameters calculated based on four IPCAs which were
retained in the AMMI model via F-test (Table 2). In the case of EV1, line G10 was the
most stable line followed by G5, G7, G20 and G14, whereas G13, G6, G19, G11 and G3
had highest values of EV1. The EVF statistic ranked lines G7, G17, G20, G5 and Gl
as the five most stable lines and G6, G9, G18, G13 and G10 as the five unstable ones
(Table 2). The first five stable lines ranked in the top based on the SIPC1 parameter were
G10, G5, G7, G20 and G14; and based on SIPCF parameter the most stable line was G7,
followed by G1, G8, G17 and G20. The AMMI stability value (ASV), which uses the first
two principal components scores (PCA) to produce a balanced measurement between
them, and can be useful in situations where the two first IPCs explained considerable
amount of genotype by environment interactions. According to this parameter, lines G5,
G7, G4, G10 and G14 which had lower values of ASV, identified as stable lines, but lines
G6,G13, G8, G19 and G11 identified as more unstable lines. In this case, G5 with ranking
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of 3 in mean performance had higher stability. According to D1 parameter, the lines G10,
G35, G7, G20 and G14 had the lowest values, whereas the highest values observed for G13
followed by G6, G18, G11 and G3. According to DF stability statistic, line G7, followed
by G17, G20, G5 and G1 were better in terms of grain yield and adaptability, while G6,
G9, G18, G13 and G10 with higher values were the worst ones.

GGE biplot methodology

The GGE biplot analysis was used to identify the best line at each environment and assess
the stability of the lines. The biplot analysis gave a good visual evaluation of GE based on
grain yield which explained 44.7% (PC1 =25.7 and PC2 = 19%) of the total variation
across the test environments (Fig. 1A). Discriminant test environment perfectly resolve
genotype differences, so providing the necessary information for selection by a breeder.
Based on results, the environmental vector biplot identified E6, E7, ES, E9 and E14 as
highly discriminating ability for the lines tested, as evidenced by the large environment
vectors. The vector view of the GGE biplot also indicated the interrelationships between
environments (Fig. 1A). The angle between the vectors of two environments estimates the
correlation between them. Therefore, environments E7, E9 (Lorestan location), E4 and
E6 (Moghan location) were highly correlated and nearly identical in their ability to dis-
criminate among genotypes for yield performance (particularly for G2 and G9). The
maximum angle among the vectors corresponding to Ilam (E13, E14 and E15), Gachsa-
ran (E1, E2 and E3) and Gonbad (E10, E11 and E12) is below 90°, indicating that these
locations discriminate genotypes in a similar fashion. The environment E8 corresponding
to Lorestan location made an obtuse angle. This suggests that this environment tend to be
distinctly independent.

To explore the possible existence of mega-environments within the locations, a scatter
plot with polygon bisectors was constructed to visualize the interaction patterns between
lines and the test locations. Thus, based on biplot analysis of 3-year of data, six sectors
with two mega-environments with different “winning” lines were identified (Fig. 1B).
The vertex lines were G2, G9, G13, G11, G10 and G6. The vertex line in each sector
shows the highest yielding line in the environment that fell within that specific sector
(Yan et al. 2000). Also, the first mega-environment contains locations Gonbad (E4) and
Ilam (ES), with line G13 being the winner and the second mega-environments contains
locations Gachsaran (E1), Moghan (E2) and Lorestan (E3) with line G2 and G9 being the
winner. The rest of lines were contained within the polygon and had shorter vectors, pro-
posing that they were relatively less responsive to the interaction with the environments.

The mean yield and stability performance view biplot (Fig. 1C) was used to consider
stability of the 20 barley lines across the five environments (average of 3-year data). This
biplot accounted for 44.70% of the total variation in grain yield. In this biplot, average
environment axis or the axis of the average environment coordinate (AEC) abscissa is the
single-arrowed line that passes through the average environment and biplot origin. The
axis of the AEC ordinate is the double-arrowed line that passes through the biplot origin
and is perpendicular to the AEC abscissa. The genotypes were ranked along the average
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Figure 1. (A) The environment vector bi-plot showing environmental differences in discriminating the 20
barley advanced lines for grain yield at the 15 test environments, (B) An environment focused bi-plot showing
“winning” lines for the two different mega environments for grain yield at the five locations, (C) The mean
versus stability view of the genotype main effect plus genotype x environment interaction biplot, and (D)
Comparison of barley lines against the ‘ideal’ genotype for grain yield and stability of performance across
environments. E1, E2, E3, E4 and ES5 indicate Gachsaran, Moghan, Lorestan, Ilam and Gonbad, respectively.
GHI1-3, MO1-3, LO1-3, GO1-3 and IL1-3 indicate E1-3, E4-6, E7-9, E10-12 and E13-15, respectively
(See Table S1)

environment axis, with the arrow pointing to the highest value based on mean perfor-
mance across all environments (Yan et al. 2007). On the basis of the projection of each
line onto the average environment axis, the nine top lines were ranked as G2 > G9 > G5 >
G1>G7>G13>G20>G17> G18> GS5. Furthermore, the stability of the line was meas-
ured due to their projections onto the AEC ordinates (Yan et al. 2007). Three lines G5,
G17 and G7 were the most stable because they had short projection onto AEC ordinate.
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Among the stable lines, G5 was the high-yielding performance across all environments.
The most high-yielding G9, was not among the most stable lines, suggesting that this line
may be have specific adaptation to some of the environment. Also, the local checks, G1
and G2, with high-yielding performance were relatively stable. An ideal genotype is one
that has both high mean grain yield and high stability. Hence, Fig. 1D revealed that the
line G5 was the closet to the ideal genotype, hence this genotype seems to be widely
adapted across several environments.

Discussion

In the present study, AMMI model and GGE biplot analysis allowed a significant and
useful summary of GE interactions and helped in examining the relationships as well as
variations in genotype performance among various testing environments. The AMMI
analysis showed that the main effects due to genotype (G), environment (E) and GE inter-
action were highly significant (Table 1). A large variation explained by environments
showed that the environments were diverse with large differences among environmental
means causing most of the variation in grain yield (Shukla et al. 2015). The small portion
of the total sum of square due to treatment was attributed to genotypic (G) effect whereas,
the magnitude of GE interaction sum of squares was higher than G effect revealed that
there were considerable differences in genotypic response across environments (Shukla et
al. 2015). Simultaneous consideration of the AMMI-based stability parameters for the
individual lines (Table 2) indicated that parameters which use the first of IPCA (contain-
ing the SPICil, Dil and EVil) gave similar ranking patterns, indicating that any of these
parameters would be suitable for selecting desirable genotypes. Hence, according to all
AMMTI’s stability parameters, lines G5 and G7 identified as stable lines than other lines.
Similarly, Jamshidmoghaddam and Pourdad (2011) found the same ability of stability
statistics derived from the first IPC of AMMI in safflower MET. Mohammadi and Amri
(2013) also used AMMI’s stability parameters to screening of durum wheat, so that they
reported satisfactory ability of these parameters in identification of stable genotypes.
Also, they are denoted that the stability parameters which use number of IPCA retained
in the AMMI model (i.e. SIPCF, DF and EVF) are better for stability analysis than those
use the first of IPCA.

GGE biplot analysis provided a framework for classifying the target testing locations
that differentiates between genotypes that are high yielding and stable. If genotype effect
(G) is sizable, PC1 scores will be highly correlated with G and PC2 will be controlled by
GE interaction and (Yan and Tinker 2005). In this study, G7, G17, G5 and G20 with in-
termediate grain yield and high yield stability were identified as the best lines. In addition,
these lines have a large PC1 score and a small PC2 score (Fig. 1A). On the other hand, the
lines G6, G13 and G19 were the best in some of the environments because they had the
longest distance from the origin of the biplot (Yan et al. 2007). The GGE biplot also pro-
vide a good tool for consideration of interrelationships among all environments. Yan and
Rajcan (2002) indicated that the GGE biplot describes the interrelationships among all
environments on the basis of overall pattern of the MET data whereas simple correlation
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coefficients only describe the relationships between two environments. The angle be-
tween the environmental vectors shows the correlation coefficient between them. In this
research, the majority of the correlations among Ilam, Gonbad and Gachsaran environ-
ments were high and positively significant (Fig. 1A), suggesting that these environments
are very similar. Yan (2001) reported that the ‘which-won-where’ pattern is another im-
portant graphical pattern for studying the MET data for identification of different mega-
environments. In fact, the polygon view of GGE biplot is the best technique for recogniz-
ing the best genotype in each mega-environment. The polygon plot (Fig. 1B) in the pre-
sent study also identified two mega-environments for barley in Iran. This result had sev-
eral implications for future breeding and genotypes evaluation of barley in Iran. First,
promising barley lines should be deployed for the two mega-environments to achieve best
adaptation. Second, the fact that two mega-environments were identified suggests that
specific adaptation could be positively exploited (Ceccarelli 1996). For instance, accord-
ing to Fig. 1B, high-yielding lines in each of the mega-environments are different, which
means specific adaptation of a line to a mega-environment and positive utilization of the
GE interaction. This result reveals that some of lines, particularly the line G5 followed by
G7, G17 and G20 from ICARDA are more adapted to different environments of Iran.
Also, based on results of this study there was two excellent locations for M-I, and three
main locations for M-II. This is an important result from our study, with implications for
future barley breeding programs in Iran.

Use of GGE biplot analysis gave us good visual information on genotype performance
and stability. According to described recommendation by Yan and Tinker (2006), an ideal
genotype should have both high mean yield and high stability within a mega-environ-
ment. The most stable test barley advanced lines along with the local checks in the present
study were G2, G9, G5, G1, G7, G13, G20, G17, G18 and G5 because their short projec-
tion onto the AEC ordinate (Fig. 1C). Among the most stable lines, G5, G7 and G17 had
the highest yield across all the 15 environments. As shown in Fig. 1D, the line G5 is in-
cluded in the first inner cycle, suggesting that it could be a superior line for warm and
semi-warm regions of Iran. The other highest yielding G9 and G17 was not among the
most stable, suggesting that these lines may have specific adaptation to some of the envi-
ronments as previously reported by Dehghani et al. (2006) who identified high yielding
but unstable barley genotype in divers-environments of Iran. The local checks (G1 and
G2) were among the highest yielding lines in this study but not very stable in the test
environments. Therefore, the line G5 with acceptable grain yield and stable across envi-
ronments should be recommended for future breeding programs related to cultivar release
in warm and semi-warm regions of Iran and other similar environments for adoption.

Selection of superior lines/cultivars for stability is required in rainfed conditions,
where the environment is changeable and unpredictable. Therefore, genotype assessment
under variable environments and adoption of simultaneous selection for grain yield and
yield stability is the most valuable selection parameter that can lead to desirable geno-
types. In conclusion, the important results obtained from this research could be listed
follows:
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(i) The genotype (G) and environment (E) main effects and GE interaction effect were
significant for barley advanced lines tested in warm and semi-warm regions of Iran.

(ii) The lines G5, G7 and G17 are suggested for further inclusion in the breeding pro-
gram due to its high grain yield, and G5 is the most recommended for release in barley-
growing areas of Iran because of it showed the most stability and high grain yield.

(iii) In addition to commonly and standard used data analysis techniques, AMMI anal-
ysis and biplot methodology offer additional features, preferably in the part of graphical
displaying and understanding of important interactions which are omnipresent in the
datasets from crop science research.
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