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Abstract

The analyses like Additive Main effect and Multiplicative Interaction (AMMI) and Genotypic & Genotypic-by-Environment (GGE)
analysis are being used world-wide to interpret Multiple Environment Trial (MET) very successfully by many researchers especially
plant breeders. Measurement of relevant performance of tested genotypes and their stability over a number of tested environments
particularly in terms of their yields, is the key objective in the development of high yielding varieties and is an important goal in plant
breeding programs. The objective of this study was to explore genotype x environment (G x E) interaction and its impact on rice yield
stability. Eight (8) cultivars including one check variety (Basmati 515) were tested at five different agro-ecological sites. Combined
analysis of variance clarifies that the G x E component was highly significant for rice paddy yield across various environments in Pun-
jab Province, Pakistan. Thus, we proceeded with statistical analysis using AMMI and GGE biplot analyses to calculate the interactions
and define their main effects, and calculated phenotypic stability. AMMI analysis of variance of paddy yield was highly significant
and was affected by environments, genotypes and G x E interaction. The amount of GxE interaction sum of squares established that
there were significant differences in genotypic responses across environments. First two Interaction Principal Components i.e. [IPCA1
and IPCA2 combined had almost equivalent sum of squares to genotypes and contributed to 86.29% of the total GEI. Both of these
principal component axes of interaction were also very highly significant (p < 0.001). AMMI analysis depicts that PK8680 (FV7) was
the highest yielding genotype and the most stable among all the genotypes studied, after PK8667 (FV6) which showed higher yields
after PK8680. Therefore, these two lines being higher yielder and stable can be used for general cultivation. Site Farooqabad was
the most stable and most productive environment. PK8680 was among four highest yielders at all the studied locations, indicating
that this line had both the characters of best performance and stability to be the best genotype. Results of AMMI further show that
genotypes FV2, FV3, FV5, FV7 and FV8 performed better at locations E1 and E5. Other all genotypes were better performing at E2, E3
and E4 locations. GGE biplot also depicted the same results. AMMI and GGE analysis further divided genotypes and environments in
two genotypic groups and mega-environments. It can be concluded that both AMMI and GGE analyses are equally helpful in assessing
the Multi-Environment Trial (MET) data.
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Introduction

Yield stability is one of the key objectives in the development of
plant varieties that have high yield potential combined with the
better and wide adaptability over different ago-climatic conditions.
Genotypes which yield better over different agro-climatic condi-
tions are more adaptive and stable. On the other hand, genotypes
which give more yield in a specific environment and less in another,
are less stable in terms of yield and adaptive to only some specific
environmental conditions. Comprehensive study of adaptability
and stability of genotypes is an important goal in plant breeding
programs (Das et al., 2011). This objective can be better understood
and achieved by studying genotype x environment (GE) interaction
impact on rice yield as it is one of the major source of variation. GE
is major source of variation in traits such as yield which are gov-
erned by multiple genes to evaluate genotypes over multiple loca-
tions and can never be evaluated in a single environment. Thus,
Genotype Environment Interaction (GEI) allows new lines to be
assessed in Multi Environment Trials (MET). It also plays impor-
tant role in determination of better suited breeding material that
influences the selection process (Purchase et al, 2000; Haider et
al, 2017). Regional adaptability yield trials provide the necessary
platform to establish adaptation schemes and definition of cultivar

commendation strategies (Gauch et al., 2008).

The adaptation strategies are focused on two goals i.e. to study the
response of promising lines and to evolve the bases of varietal rec-
ommendation that involves the response of the tested genetic mate-
rial in general (Mohebodini et al., 2012). When GEI can be predicted
then these factors can be employed to tag specific genotypes to suit-
able environments (Crossa et al., 2002). Many statistical analysis
techniques are present for these kind of experiments. These include
parametric and non-parametric techniques that estimate the nature
of GEI and their control (Rad et al,, 2013). However, two most fre-
quently used statistical techniques are the Additive Main effects and
Multiplicative Interaction model (AMMI) and Genotype Main Effect
G + G x E Interaction (GGE) model (Gauch et al.,, 2008).

To calculate the interactions and define their main effects, we nor-
mally apply combined analysis of variance. However, the analysis
of variance alone does not partition the GEI For the purpose of
increasing accuracy and to study the genotype x environment in-
teraction (GEI) the AMMI model is of primary choice. AMMI com-
bines ANOVA with principal component analysis (PCA) (Sadeghi et

al,, 2011). It removes noise of interaction and adjusts the estimates

of a given environment based on information from other environ-
ments. The main difference between AMMI and GGE biplot is that
GGE biplot analysis is based on environment centered principal
components analysis, whereas AMMI analysis is based on double
centered principal components analysis. Both of these techniques
are equally suitable and yield similar results (Haider et al, 2017;
Yan et al.,, 2000; and Rad et al., 2013). GGE biplot analysis also helps
us to quickly identify the group of locations with minimal cross-
over interactions specifically with the same highest yielding geno-
type (Rubio et al., 2004).

The present study aims to measure and interpret the Genotype x
Environment Interaction (GEI) on yield performance and yield sta-
bility across different environment of rice lines. This may help to
interpret varietal adaptability for rice yield that is a complex trait
and to identify high yielding line in the respective test environ-
ments. The analyses like Additive Main effect and Multiplicative
Interaction (AMMI) and Genotypic & Genotypic-by-Environment
(GGE) analysis are being used world-wide to interpret Multiple
Environment Trial (MET) very successfully by many researchers
especially plant breeders. Measurement of relevant performance
of tested genotypes and their stability over a number of tested en-
vironments particularly in terms of their yields, is the key objective
in the development of high yielding varieties and is an important
goal in plant breeding programs. Therefore, the objective of this
study was also to explore genotype x environment (G x E) inter-
action and its impact on rice yield stability by using both these
analyses and comparing their results keeping in view the requisite
information needed by the rice breeders to study genotypes over

different climates.

Material and Methods

Eight (08) high yielding rice lines with good cooking quality char-
acters were evaluated for quantitative attributes in the stability
performance and genotype environment interaction (GEI) studies
along with one approved variety i.e. Basmati 515 as check during
2016. These nine cultivars were tested at five locations i.e. Kala
Shah Kaku, Faroogabad, Gujranwala, Shoorkot and Faisalabad la-
beled as E1, E2, E3, E4 and E5 respectively (Table 1a). These loca-
tions are inside the core Basmati production area of Punjab Prov-
ince, Pakistan. Shoorkot, Faisalabad, Farooqabad, and Kala Shah
Kaku exhibit semi-arid environment while Gujranwala is moder-
ately rain-fed area. Meteorological data of each target location/site

is given in table 1b.
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Genotype | Genotype Name | Environment | Environment

Code Code Name

FV1 PK8892-11-2-1-1 E1l Kala Shah
Kaku

Fv2 PK86117-11-1-1 E2 Faroogabad

FV3 PK8431-1-2-1-2-4 E3 Gujranwala

FvV4 PK8430-1-2-1-3 E4 Shoorkot

FV5 PK8431-6-1-1-1 E5 Faisalabad

FV6 PK8667-8-5-1

Fv7 PK8680-13-3-1

FV8 Basmati 515

(check)
FV9 PK3810-30-1

Table 1a: The codes and names of rice

genotypes and target environments.

These genotypes were planted in plots of 2 x 6.25 m? size with
three replicates using Randomized Complete Block Design (RCBD).
Fertilizer at the rate of 170:100:62 (N:P:K) kg/ha was applied. Zinc
Sulphate was applied as per need basis. Data was recorded for sev-
eral key contributing traits towards yield and in this study the yield
is discussed. Analysis of variance, AMMI analysis and GGE Biplot
analysis were performed using the VSNI GenStat software and con-

firmed by using SAS Statistics package.

The GGE biplot is a graphical representation of two parts of varia-
tion, genotypic and genotype x environment interaction (GEI),
while it is constructed using the two most commonly used princi-
pal components i.e.,, PC1 and PC2. (Yan et al., 2000).

(i) The equation for AMMI model is as below:

Yimptat B+Y KA &m0 E s €8]
Kala Shah | Farooqabad | Gujranwala | Shoorkot | Faisalabad
Kaku
Temperature °C Max 41.9 42.6 42.4 44.3 43.9
Min 34.0 34.7 34.4 35.7 36.3
Average 379 38.4 38.1 39.9 39.9
Avg. Rainfall Rain (mm) 22.9 16.8 25.9 6.0 11.3
Raindays 12.3 10.6 12.6 6.4 8.1
Wind (km/h) Max Wind 16.2 15.9 16.1 20.2 15.4
Av. Gust 15.3 15.0 14.9 19.2 15.0
Av. Wind 10.1 10.0 9.9 13.5 10.0
Avg. Pressure (mb) 1001.4 1000.6 1001.7 1001.6 999.6
Humidity % 27.7 25.9 28.0 22.6 24.0
Cloud % 12.4 12.3 121 8.3 10.3

Table 1b: Meteorological data (average) per month of each target location / site during crop growth period.

Where Y, = Observed mean yield of genotype i in environment .

u = Grand mean

a, = Genotype main effect,

B, = Environmental main effect,

A, = Eigenvalues of the interaction IPCA,

‘g’innin = Genotype and environment scores for IPCA axis,

p,; = Interaction residual,

€= Residual associated with genotype i in environment j.

Yield stability statistics were calculated according to Purchase et al.
(2000) AMMI stability value (ASV) as under:

ASV = J[_\'um of squares of IPCAL

2
_ x IPCA1 Score] + (IPCA2 Score)?
Sum of squares of IPCA2

g, and e, are called PC1 scores for genotype i and environment j

respectively.
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Results and Discussion

Yield related traits of the studied genotypes are presented in table
2a. Plant height ranged from 115 cm to 149 cm, number of tillers
wererecorded 9 minimum and 15 as maximum tillers, panicle length
was recorded with a short range from 29.48 to 31.78 cm. Maturity
days were recorded in the range from 91 days to 103 days (days af-
ter transplanting) while the yield in tons per hectare was obtained
ranging from 3.343 t/ha to 4.363 t/ha. This data represents the av-

erage values of these traits studied at all the target sites.

Plant Num- | Panicle Ma- Yield
Height | ber of | Length | turity (t/
(cm) | Tillers | (cm) Days ha)
PK8892-4-2- 128.7 15 29.90 98 4.260
1-1
PK8647-11-1-1 | 1194 10 29.48 103 3.343
PK8431-1-2- 127.5 9 30.50 94 4.068
1-2-4
PK8430-1-2- 115.8 11 31.40 91 4.363
1-3
PK8667-8-5-1 149.9 9 31.78 101 3.785
PK8667-8-5-1 141.9 11 30.65 94 4.083
PK8680-13-3-1 | 117.0 11 29.63 94 4.363
Basmati 515 134.6 12 29.93 97 4.123
(Check)
PK 3810-30-1 140.8 12 31.18 97 3.438

Table 2a: Average data of some yield related

traits of studied genotypes at target locations.

(i) Combined Analysis of Variance

The Combined Analysis of Variance (CAV) given in Table 2b clarifies
that the genotype x environment interaction (GEI) was highly sig-
nificant (p < 0.001) for all the studied genotypes in terms of paddy
yield across all studied environments. Thus, we proceeded with
other statistical analysis including AMMI and GGE biplot analysis
for calculating phenotypic stabilities and relative performances of

genotypes along with their GEIs.

(ii) GxE Interpretation using AMMI analysis
The AMMI analysis of variance of paddy yield in tons per hect-

ares (t ha) of nine rice genotypes tested in five environments is
represented in Table 3. The analysis showed that paddy yield was
highly significantly (p < 0.001) affected by environments (E), geno-
types (G) and genotype x environment interaction (GEI). Out of the

total sum of squares, 35.03% was attributed to genotypic effects
and 21.27% was attributed to the environmental effects. The GEI
provided 41.63% of the treatment sum of squares, while the repli-

cations effect was negligible.

Source of df SS MS F F
variation prob.
Replication (R) 0.0351 | 0.0175| 1.19
Environments (E) 4 8.0775 | 2.0193 | 136.48 | <0.001
Error (ExR) 10 | 0.0722 | 0.0072
Genotypes (G) 8 13.301 | 1.6626 | 112.37 | <0.001
GEI 32 | 15.248 | 0.4765 | 32.21 | <0.001
Error (ExRxG) 88 | 1.3020 | 0.0148
Total 134 | 37.9654

Table 2b: Combined analysis of variance of the productivity

of rice trials and decomposition of the sum of squares of GEL

Larger sum of squares (SS) for genotypes showed that the geno-
types were largely dissimilar having significant differences among
their yield means and resulted in the major variation in paddy
yield. Whilst the environmental source of variation played 40%
less role than genotypic variation. The extent of GxE interaction
(GEI) sum of squares (SS) was almost two times greater than that
of the genotypes, demonstrating that there were also significant

differences in genotypic responses across environments.

Most accurate results for AMMI model can be obtained by using the
firsttwo IPCAs i.e., IPCA1 and IPCA2 (Yan and Rajcan, 2002). [PCA1
contributed 73.18% of the total GEI whereas the IPCA2 contrib-
uted 13.11% of the total GEI Both the IPCA1 and IPCA2 combined
had almost equivalent sum of squares to genotypes and contrib-
uted to 86.29% of the total GEI. Both of these principal component
axes of interaction were also highly significant (p <0.001) (Kebede
A. and T. Tana, 2014). Therefore, for further simplicity and better
understanding, AMMI2 model was the best model to predict the
pattern of GEL

Genotypic means depict the average yield of the genotypes over
all the studied environments as indicated in table 4. Genotype FV2
(GM = 3.326) showed lowest value of genotypic mean while geno-
type FV7 (GM = 4.292) showed the highest value, followed by FV1,
FV4,FV8 and FV6 with genotypic mean value of 4.200, 4.156,4.070
and 4.066 respectively (Table 4).
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Source df SS MS F p-value
Treatments (G+ E+ GEI) 44 36.63 0.8325 52.65 <0.001
Genotypes (G) 13.3 1.6627 105.15 <0.001
Environments (E) 4 8.08 2.0194 279.69 <0.001
Blocks within environments (E) 10 0.07 0.0072 0.46 0.91277
GxE Interactions (GEI) 32 15.25 0.4765 30.14 <0.001
[PCA1 11 11.16 1.015 64.19 <0.001
IPCA2 9 2 0.2227 14.09 <0.001
Residuals 12 2.08 0.1733 10.96 <0.001
Pooled Error 80 1.27 0.0158 * *
Total 134 37.97 0.2833 * *

IPCA = Interaction Principle Component Analysis, df = degrees of freedom; SS = Sum of Square;

MS = Mean Square; F Probability of <0.001 shows highly significant variation

Table 3: Analysis of variance table for AMMI model over environments.

Genotype Genotypic IPCAg[1] IPCAg[2] Superiority | Mean Rank | Variances of
mean ranks
FV1 4.200 -0.25949 0.63367 0.05200 3.6 4.8
Fv2 3.326 0.32489 -0.14221 0.42450 8.0 1.0
FV3 3.934 0.82355 -0.17569 0.17080 4.2 9.2
Fv4 4.156 0.47326 0.34195 0.06100 4.0 9.5
FV5 3.760 -0.33044 -0.17209 0.17830 6.1 1.3
FVe6 4.066 0.07688 0.10129 0.07480 48 3.7
Fv7 4.292 0.08676 -0.26888 0.02340 2.6 2.8
FV8 4.070 -0.50580 -0.36532 0.09960 4.4 5.3
FV9 3.482 -0.68962 0.04729 0.35970 7.3 5.7

IPCAg = Interaction Principle Component Analysis for genotypes

Table 4: Genotype means, scores and stability coefficients for GxE data of paddy yield.

The first interaction principal component i.e. IPCAg [1] values pre-
dicts the stability of the studied genotypes over the target environ-
ments. Higher the values, lowest the stability over variable envi-
ronments and vice versa; regardless the positive or negative value.
Table 4 shows that genotypes FV6 and FV7 had IPCAg [1] values
close to zero, that is indicative of fact that these genotypes showed
general adaptation to the environments under study. Genotype
FV3 had the highest IPCAg [1] score that indicates its highest GE
interaction and more productive specific environmental conditions.
Among these genotypes, the FV6 has the lowest I[PCAg [1] indicat-
ing lowest independent response thus proving to be most stable

than any other line under varying environments, followed by FV7.

Cultivars based on only these results may be selected for specific
and broad adaptation (Mitrovic et al., 2012).

AMMI stability value quantifies and ranks genotypes according to
their yield stability in varying environments. The Stability value
is the distance from zero in a scatterplot of IPCA1 scores versus
IPCA2 scores. IPCA1 scores contribute more to GE thus these are
subjective to the relative difference between IPCA1 and IPCA2
scores. In AMMI stability value, a genotype with the lowest score is
the most stable (Purchase et al.,, 2000). Here this measure is shown
by superiority value of a genotype. Lowest superiority coupled

with smaller mean rank, mean absolute difference of pair of ranks
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and variance of rank indicate best genotype that is high yielding
and most stable. Such genotype can be recommended for a wide
range of area. Among the lines under study, the genotype FV7 has
the highest genotypic mean, lower IPCAg [1] and IPCAg [2] values
meaning that it showed best yield performance, and proved to be
more stable among a range of different environments thus can be

preferably recommended for general production over a large area.

The IPCA scores of both genotypes and environments exhibit posi-
tive and negative values (Table 4 and Table 5). A genotype that has
positive IPCA score in any environments may have negative inter-
actions in other environments. Hence these scores are resultant of
uneven genotypic response. (Bose et al,, 2014). Among the studied
environments/sites, E2 environment showed the highest value of
environment mean value indicating its positive interaction with
studied genotypes and the genotypes showed comparably higher

paddy yield over this environment. Furthermore, Environment E2

also showed lowest IPCAe [1] value and hence was the most stable
environment for all the cultivars and these genotypes performed
equally well in this environment in terms of paddy yield. This infer-
ence is shown by Table 5 where it has the lowest IPCAe [1], lower
environmental variance and highest environmental mean. Howev-
er, it produced highest negative IPCAe [2] value higher independent
negative response of genotypes across locations. Genotypic and en-
vironmental mean combination with IPCA scores of the similar sign
produces positive specific interaction effect, while combination of
contrary sign has negative specific interaction. Genotype FV4 per-
formed best in E1 and E2 and thus it is suitable for these specific
environments while genotype FV 7 performed best in E3, second
best in E2, E4 and was fourth best in E1, E5 thus more suitable for
general cultivation among all the environments. Environment E2
showed highest IPCAe [1] value thus indicating its instability for
the genotypes.

Environment EM IPCAe[1] | IPCAe[2] EV ES Genotype Ranks
1 2 3 4
E1l 3.954 -0.98829 | 0.31330 0.3586 0.7269 FV4 FV3 Fv1 Fv7
E2 4.370 0.23565 | -0.64123 0.1792 0.4420 Fv4 Fv7 FV3 FV6
E3 3.730 0.44196 | 0.00401 0.2069 0.2356 Fv7 Fv3 FV8 FV4
E4 3.867 0.72688 | 0.51946 0.3196 -0.4162 Fv8 Fv7 FV1 FVé6
ES 3.682 -0.41619 | -0.19554 | 0.0851 -0.9883 Fv1 Fv8 FV9 Fv7

EM = Environmental Mean, [PCAe = Interaction Principle Component Analysis

for environments, EV = Environmental Variance, ES = Environmental Score

Table 5: Environment means, variances, scores and first four AMMI selections per environment.

(iii) GxE Interpretation using GGE biplot analysis

In GGE biplot, the discussion focus will be on which won where pat-
tern of genotypes, the mean genotypic performance and stability,
and discrimination of genotypes in target environments. Environ-
ment focused scaling or principal component scaling is the most
commonly used scaling method and explains the interrelationship
among environments thus here it is also used. Data was not nor-
malized because the units of data were same as also indicated by
Yan et al. (2007). Figure 1 explains the GGE biplot with first two
components i.e. PC1 and PC2 which represent 51.63% and 36.54%
respectively making a total scatter plot of 88.17% of total GGE vari-
ance. With respect to close proximities of environments in scatter
plot, environments can be grouped into two main mega environ-

ments where E2, E3 and E4 are in one mega environment and we

name it mega environment-1. Mega environment-2 has environ-
ment E5 and E1. Multiple environments in one mega environment

show similarity of environments.

The GGE biplot polygon is drawn joining the genotypes that are lo-
cated farthermost from the biplot origin and all the other genotypes
are contained within the polygon (convex hull). These farthermost
genotypes have longest vectors in specific direction and measure
their responsiveness to the environments and are also known as
vertex genotypes. Here FV7, FV4, FV3, FV2, FV9, FV8 and FV1 are
vertex cultivars and are most responsive to the environments while
FV5 is less responsive to environments followed by FV6 thatis least

responsive to environments. Seven lines perpendicular to each side
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of the polygon are drawn that divides the convex hull into seven
sectors. It is a general rule that the vertex genotype in all environ-

ments that share the same sector is the highest yielding genotype

in it.
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Figure 1: GGE biplot showing the performance of genotypes
in different environments. Dotted mega environment lines

indicate the extension of mega environment in another sector.

No three cultivars are on the same sector thus direct comparison
among three cultivars is not possible for this type of convex hull.
However, it is evident from the Figure 1 that FV7 performed better
than FV4 in the mega environment-1. FV4 performed better than
FV3 and in turn, FV3 performed better than FV6 that is not a vertex
cultivar. FV7 performed better than FV1 in mega-environment-1
while in general FV1 performed better than FV7 in mega environ-
ment-2. Moreover, FV1 performed almost equal to the FV8 in mega
environment-2. FV3 is better than FV2 in mega environment-1.
FV9 and FV2 fell in sectors with no environment thus it means that
these vertex cultivars were not the best in any of the environments.
While in general FV9 performed better than FV2. FV9, FV2 and FV5
performed less in all the environments and among them FV2 per-

formed the least for these given environments.

Figure 2 explains the test environment evaluation. Environment
vectors connect environments to biplot origin. An acute angle
between vectors signifies the positive correlation between envi-
ronments i.e., E1 and E5. An obtuse angle between environments
shows negative correlation i.e., E1 and E4 that has a slight obtuse
angle, which indicates moderate crossover GE. A right angle be-
tween vectors show no correlation as in the case of E4 and E5 (Yan
and Tinker 2006). The distance between vectors show dissimilari-
ty among environments to discriminate cultivars thus here we have

two distinct groups.

Length of the vectors for a particular environment is proportional
to the standard deviation present with that environment and stan-
dard deviation within an environment is the measure of its dis-
criminating ability. Here E1 and E4 are most discriminating and E5
is the least discriminating environment, and thus provide less in-
formation about cultivars within it. Hence, we can conclude that E5
can be safely dropped as a test environment. While, E1 and E4 can
only be chosen to represent their respective groups because these
are the ideal test environment and most discriminating. This may

result in cost saving of experimentation (Yan and Tinker, 2006).
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Figure 2: GGE Biplot relationship among environments for
test environment evaluation. Data is not normalized, scaled

for environment and genotypes and is environment centric.
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Conclusion

Combined analysis of variance clarifies that the G x E component
was highly significant (p < 0.001) for rice paddy yield across stud-
ied environments. AMMI analysis of variance of paddy yield was
highly significant (p < 0.001) and was affected by environments,
genotypes and G x E interaction. The amount of GEI sum of squares
predicted that there were significant differences in genotypic re-
sponses across environments. First two Interaction Principal Com-
ponents i.e. IPCA1 and IPCA2 combined had almost equivalent sum
of squares to genotypes and contributed to 86.29% of the total GEL
Both of these principal component axes of interaction were also
highly significant (p < 0.001). AMMI analysis depicts that PK8680
was the highest yielding genotype and the most stable among all
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