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In the fluctuating agro-climatic conditions breeders are concerned with information
regarding combined effect of Genotype x Environment interaction (GXE) and stability of
the crop to boost up the breeding program. In the current work, an assessment was
conducted on eleven different genotypes of Brassica juncea (L.) across five distinct
locations to determine their grain yield. The experimental design employed a randomized
complete block design with a factorial arrangement during the period of 2017-18. A
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combined analysis of variance (ANOVA) was performed, revealing significant variations
in the yield among the genotypes. Stability was analysed using multiple parameters
(regression slope, stability variance, etc.) on multi-environment trial data. Furthermore,
the AMMI analysis demonstrated that the genotype ZBJ-10021 exhibited a highly
desirable, high-yielding characteristic that was least influenced by environmental factors.
Moreover, ZBJ-12011 exhibited the highest yield (2454 kg ha™), followed closely by
ZBJ-10021 (2367 kg ha). The implementation of a multivariate approach known as the
Genotype main effect plus (GGE) biplot allowed for the exploration of 86% of the total
yield variability, effectively representing the best-performing genotypes and
environments in a graphical manner. The findings revealed that both ZBJ-10021 and ZBJ-
12011 genotypes exhibited high grain yield with a relatively stable performance across
various environments. Consequently, these genotypes hold potential for utilization in
breeding programs aimed at developing stable genotypes with high yield. Additionally, to
gain higher yield, cultivation of environment-specific genotypes is recommended.
Keywords: Agro-climatic conditions, AMMI analysis, GGE biplot, Genetic

variation, Grain yield, Stability analysis

INTRODUCTION

Indian mustard (Brassica juncea L.), commonly known as rai or brown mustard, is a
member of the Brassicaceae family. It is classified as a naturally occurring amphidiploid species,
characterized by a genome composition of AABB and a chromosome count of 2n=36. The
parental species of Indian mustard are B. rapa (AA, 2n=20) and B. nigra (BB, 2n=16) (YADAVA
et al., 2010; RAO et al., 2025). It is a Rabi crop classified as a long-day plant and grows well in
temperate regions. The B. juncea L. plant requires 25-33°C for optimum germination and seed
development (YOUNG et al., 2004; SHARMA et al., 2023). The seeds of B. juncea L. contain 37-
42% oil which includes commercially important fatty acids i.e., erucic acid and linoleic acid,
making it an important raw material for the food and oil industry (RAI et al., 2022).

Globally, the crop is ranked as the third most important edible oilseed crop after
soybean and palm (TANIN et al., 2018). In Pakistan rapeseed-mustard (B. juncea L.) is the second
most important crop after cotton grown for its edible oil (KHAN et al., 2024). Due to peculiar
eating preferences, edible oil is one of the country’s largest consumed food items while the
demand for it is bound to increase with the rapid growth of population and improved living
standards (AMJAD et al., 2014). This gap of supply is primarily filled by heavy imports of oil
which have surged with an annual increase of 12.5% since the 1970s. The oil content of the
mustard seed is 37-42% which makes it an important commodity for utilization in Pakistan's
oilseed sector. In the year 2020-21, the share of rapeseed and mustard in Pakistan's edible oil
production was recorded at 0.486 million tonnes (GOVT. OF PAKISTAN, 2024-2025).

Despite favourable farmer perceptions (tolerance to lodging, drought, shattering, and
pests), mustard yields fluctuate markedly across Pakistan’s production zones (AKHATAR et al.,
2025). A major contribution to area and production of mustard is from Southern regions of
Punjab followed by marginal production in Sindh and Khyber Pakhtunkhwa provinces. But with
the fluctuating environment in these areas, the genotypes fail to perform and contribute well
across a wide range of climates which ultimately results in lower yield.
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Because grain yield is highly polygenic and environment-sensitive, mustard shows
substantial across-site and across-year yield variation driven by GxE. The diverse genetic
makeup of plants with differential responses in terms of yield and other agronomic traits is the
result of genotype to environment interaction (JAHANZAIB et al., 2019). Economically important
traits of B. juncea (L.) i.e., number of seeds per siliqua, number of siliqua per plant, number of
siliqgua per main raceme, hundred seed weight and oil content are largely influenced by
environmental variation in such a way that deteriorates the ability of the plant to perform up to
its maximum potential and the plant loses its adaptation and stability (IQBAL et al., 2017; DEY et
al., 2024). This signifies that the plant’s genetic expression of these traits is diversely affected by
the differential variation that occurred in environmental conditions, by the environmental
stresses such as heat, salinity, and drought conditions, etc. as well as by the biotic stresses (IQBAL
etal., 2017).

In a prevailing scenario of climate change, environmental yield stability is an important
parameter for breeding new cultivars with improved adaptation. Cultivar’s stability is the
consistency in the performance of genotypes over a wide range of environments (ANSARI et al.,
2024). For a plant breeder, keeping in view the negative effects of G x E interaction on stability
as mentioned by Eberhart and Russell in 1966, an efficient performing genotype would be the
one that ensures its maximum performance to be retained even under the diversified
environment. Over five decades of research have established stability as a core breeding
objective and clarified complementary ways to quantify it (SAINI et al., 2013). Thus, stability
analysis is incorporated in studies while evaluating the best performing genotype under specified
or a wide range of environments and for the selection of promising and stable genotypes. The
yield stability of B. juncea L. relies upon the tolerance and resistance to environmental factors.
Although stability is the main concern it is not the only way for choice as the most stable
genotype would not always be the best yielding genotype. For this reason, both yield and
stability need to be incorporated in the ideotype criteria. Several methods have been developed to
reveal patterns of G x E interaction i.e., FRANCIS and KANNENBERG (1978) CV%, eco-valence,
absolute rank method of NASSAR and HUEHN (1987). Moreover, additive main effects and
multiplicative model (AMMI) (GaucH, 1992) and GGE biplot (YAN, 2001) are preferable
choices while studying the response of genotypes viz a” viz multiple variables such as climatic or
pedological data over a wide range of environments (SANCHEZ-GARCIA et al., 2012). These
methods not only explain a larger portion of the genotype X environment interaction but also
simplify the results by representing the products of the environmental and genotypic sensitivity
scores in a biplot (BASSI and SANCHEZ-GARCIA, 2017). Principle Component Analysis (PCA) is
the most widely used estimation tool of genetic variation present in the germplasm which,
furthermore, graphically illustrates the questions presented in the genotype x environment table.
The validity and reliability of stability parameters in the Additive Main Effects and
Multiplicative Interaction (AMMI) model can be enhanced by incorporating a greater number of
Principal Component Analysis (PCA) axes. This approach has been effectively utilized in the
development of a novel stability measure for the AMMI model (zALI et al., 2012). It is worth
noting that biplots have certain limitations when it comes to drawing stability conclusions. To
overcome these limitations, an endeavour has been made to establish a more comprehensive
stability method that considers all available "N" PCA axes within the fitted AMMI model. The
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proposed stability measures exhibit precision in accordance with the increasing amount of
information yielded by the model.

Recent AMMI and GGE studies on B. juncea across South Asia reveal strong genotype
x environment (GxE) interactions, with only a few genotypes showing stable, high yields. A
2024 Jharkhand analysis identified mustard lines with near-unit regression and broad adaptability
suitable for wide release (KUMAR et al., 2024). Another study confirmed environment dominance
and highlights the utility of environment grouping via vector relationships for yield interpretation
(sHoJAEI et al., 2023). Therefore, the present study was conducted to identify high-yielding and
persistent genotypes of B. juncea (L.) under five different regions of Punjab-Pakistan through
stability analysis and to perform GGE biplot analysis to evaluate the genetic variability present
among the local B. juncea L. genotypes. In addition, to select the best performing genotypes
across environments.

MATERIALS AND METHODS

The experiment was conducted at five separate locations across Punjab during the Zaid-
Kharif season 2017-2018. The material used for this experiment consisted of eleven entries of B.
juncea L. named viz. ZBJ-14013, ZBJ-13012, ZBJ-12011, ZBJ-11002, ZBJ-10021, ZBJ-14017,
ZBJ-14005, ZBJ-13006, ZBJ-15020, ZBJ-15018, and one check AARI Canola. The seed yield
data of eleven B. juncea (L.) genotypes were evaluated at five ecologically distinct locations;
oilseed section Ayub Agriculture Research Institute Faisalabad (E1); Regional Agriculture
Research Institute (RARI), Bahawalpur (E2); Oilseeds Research sub-station, Piplan, District
Mianwali (E3), Oilseed Research Station, Khanpur (E4), and Agronomic Research Station Karor
(Layyah) (E5). The experiment was laid out in a randomized complete block design (RCBD)
under factorial with three replications having plot size 5x1.8m. Each replication consisted of four
rows, each of 5m in length. Plant-to-plant and row-to-row distances were maintained by
15x45cm, respectively. Experiments were sown with recommended seed rate followed by
adequate irrigations. The sowing of Zaid-Kharif B. juncea (L.) genotypes was done on
September 15, 2017. As the research is based on the evaluation of genotypes, three irrigations
were applied as is the normal procedure. Fertilizer applied by the ratio of 80:60:60 of N:P:K,
respectively. The plots were harvested in March 2018. In the Faisalabad region, data were
recorded for eight characters, i.e., days to 50% flowering, days of maturity, plant height (cm), no.
of branches, siliqua length (cm), seeds per siliqua, 1000 seed weight (g), and yield (recorded in
grams per plot and converted into kg per ha). For other locations, only yield data were
considered for analysis.

Statistical Analysis

The data of the combined eleven mustard genotypes were analysed over five
dissimilar locations for grain yield. The responses of genotypes to changes in the environment
were quantified with linear regression models according to EBERHART and RUSSEL (1966) and
PERKIN and JINKS (1968) where each genotype yield was regressed on the environmental index.
Other parameters for stability i.e., FRANCIS and KANNENBERG’S, (1978) Coefficient of variance
(CVi), Shukla’s (1972) stability variance (c%), Wricke’s (1962) ecovalence (W), LIN and BINNS
(1988) cultivar performance measure (P;) and NASSAR and HUHN’s (1987) mean absolute rank
difference (S1, S2) were computed using GEA-R (Genotype x Environment Analysis with R) for
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Windows Version 4.0. AMMI (additive main effects and multiplicative interaction) analysis of
variance was also used to determine genotype (G), environment (E), and Genotype-Environment
interactions effects (G x E), Mean yield values of eleven genotypes in each environment and
across environments were analysed to check the potential of the genotypes. AMMI and GGE
biplot models were used to identify stable, best performing, environment-specific genotypes and
genotypes were ranked based on higher grain yield and stability. Interaction Principal
Component Axis (IPCA) scores were used to calculate AMMI-based measures. R-Statistical
software package GEA-R3.5.1 was used to conduct the analyses.

RESULTS

The results of an AMMI (Additive Main effects and Multiplicative Interaction) analysis
of variance for grain yield in B. juncea (L.) as shown in Table 1. across different genotypes and
environments. The purpose of the analysis is to study the yield stability of different mustard
genotypes by examining the interaction between genotypes and environments. The genotypes
have a statistically significant effect on grain yield (P value = 0.001**), explaining 3.16% of the
total variation while environments also have a highly significant effect on grain yield (P value =
0.000***), explaining 88.06% of the total variation. The interaction between genotypes and
environments (G x E) is highly significant (P value = 0.000**), explaining 8.78% of the total
variation. This indicates that the performance of different genotypes varies across different
environments, suggesting the presence of genotype x environment interaction.

IPCA1, IPCA2, IPCA3, and IPCA4 represent the Interaction Principal Component
Analysis components, which capture additional sources of variation not explained by the main
effects of genotypes and environments. IPCAL has a statistically significant effect, but IPCA2,
IPCA3, and IPCA4 do not show significant effects.

Tablel. AAMI analysis of variance for grain yield of eleven mustard genotypes across five environments

Source D.F SS MS P value Explained SS %
Genotypes 10 1421750 142175 0.001** 3.16
Environment 4 39577000 9894250 0.000*** 88.06

G x E Interaction 40 3948266 98707 0.000*** 8.78
IPCA1 13 3063593 235661 0.000***

IPCA2 11 522840 475301 0.086

IPCA3 9 275134 30570 0.123

IPCA4 7 86703 12386 1.000

Total 54 44947016

*, ** and *** indicate significances at P< 0.05, P<0.01 and P< 0.001, respectively

Yield stability analysis

The vyield data for all eleven genotypes in five locations were presented in a graph
against CV; values to measure the stability and performance of genotypes concurrently (Fig. 1;
Table 2). The average CV; for all genotypes was 44.09. Cultivar ZBJ-10021 showed minimum
variability (CV; =37) followed by ZBJ-12011 (CV; = 39.29) while cultivar ZBJ-14005 exhibited
maximum variability of grain yield across environments (CV; =50.43). As the trend line
indicates, the genotypes with above-average vyield i.e., ZBJ-10021 and ZBJ-12011 were
comparatively stable under different environments. The linear regression procedure was used to
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check the yield of each genotype based on the mean yield of the locations. According to this
procedure, a genotype with a higher mean yield, regression coefficient b=1.0, and deviation S%d;
=0 is considered stable. Genotypes ZBJ-12011 and ZBJ-15020 were stable with minimum S?d;
and regression coefficient b value near to unity (Table 1). A comparison plot of these values was
generated to interpolate these genotypes on an XY plane (Fig. 2). Genotype ZBJ-10021 is both
stable and adaptable and all other genotypes were classified as adaptable except for ZBJ-13006
which remained highly responsive to the environment. The graph also depicted that genotype
ZBJ-12011 and ZBJ-15020 were found to be closer to the ideal values of stable genotypes.
However, ZBJ-13012, AARI canola, and ZBJ-11002 were found to be highly unstable with
divergent yields at separate locations. Values of other stability indices are given in Table 2.
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Table 2. Comparison of stability indices for eight Brassica juncea L. genotypes grain yield

GEN Mean ) CV; (%) bi §%d; R & 6i s%d; w; [ Si1 Si2
28J-10021 213033 788.22 37.00 092  -13088.0  1.00  -309220  -0.08 574.21 18940.06 4821694  0.65  3.06
7BJ-11002 2117.67 1055.43 49.84 118 1304415  0.90  150484.5  0.18  144103.7 5215547  46902.50 190 1181
28J-12011 2209.00 867.99 39.29 1.01 9016.04 0.98  11934.59  0.01  22678.22  68118.64 1698694 061  1.06
2BJ-13006 1947.33 826.07 42.42 0.96 -200.29 0.99  4842.00 0.04 1346190  44906.52  109191.1  0.82  4.75
28J-13012 1950.67 925.99 47.47 0.97 2214095 079  207577.2  -0.03  235071.7 7084035 2179917 185 1731
7BJ-14005 2073.67 1045.78 50.43 116 1432686  0.89  157035.6  0.16  156930.8  542994.6  57186.94 140  9.00
78J-14013 2077.67 947.58 45.61 1.07 7216437 093 7411227 007  85826.55  271609.3  99543.61 270  13.06
7B)-14017 2117 970.75 45.85 11 68256.99  0.93  75046.53 0.1 81919.17  274666.8 337525 155  7.06
7BJ-15018 1968.33 782.27 39.74 0.89  32611.62 094 4428854  -0.11 46273.8 1740043  107059.2  1.00  15.75
7BJ-15020 1971 824.9 41.85 0.95 8394.52 0.98 13174 0.05 2205671 721749  99439.17  1.00 75

AARI Canola 1643 747.29 45.48 0.8 1129513 0.83 1436615 0.2 126613.5 499225 3701903 055  2.12

CVi; (%) = Francis’ Coefficient of variance, b; =regression coefficient, S?di=deviation from the regression, R? =coefficient
of determination, o% =Shukla’s stability variance, fi=Perkins and Jinks’ linear regression coefficient, S?d;= deviation
from the regression, W,= Wrickes’s ecovalence, Pi=Lin and Binns’s cultivar performance measure, S1, S2 Nassar and
Huhn (1987) mean absolute rank difference

Comparison of grain yield stability indices

A summary of different stability parameters with mean grain yield for all genotypes is
given in Table 2. According to the stability variance (ri?) value, the genotypes ZBJ-13006 and
ZBJ-12011 were stable i.e., ZBJ-11002, ZBJ-13012, and ZBJ-14005 were prone to
environmental stimuli. PERKINS and JINKS'S (1968) regression coefficient £i accounts for all or
most of the GE interaction. A genotype with average sensitivity to the environment has a (1+ f)
value of 1 and a i value of zero. This genotype is considered non-responsive to GE interaction.
A genotype responsive to GE has a (1+ fi) value greater than 1 hence has a fi value greater than
zero. However, a stable genotype that is indifferent to environmental variation has a value (1+ ;)
less than 1 and hence has a significantly negative gi value. Therefore, ZBJ-13012 (8= -0.03),
ZBJ-13006 (Bi= -0.04) and ZBJ-15020(8i= -0.05) were stable genotypes with a 1+ pgi<l.
WRICKE’S (1962) ecovalence (W;) or the stability of the genotype is its interaction with
environments, summed and squared for all environments.

Thereby a genotype with less ecovalence has fewer fluctuations under different
environments and is considered stable. V1 (ZBJ-10021) has minimum ecovalence (Wi
=18940.06) followed by V4, ZBJ-13006 (W; =44906.52) and V3, ZBJ-12011 (W; =68118.64).
On the contrary, genotype V10, ZBJ-15020 (W; =72174.9), and other genotypes had higher
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ecovalence hence their yield was relatively more prone to environmental variation. The
superiority measure (P;) is calculated by squared differences between a genotype and the
maximum mean of a genotype’s yield at a given location, summed, and divided by two times the
number of locations. Genotypes with lower values of P; are considered stable. Genotype ZBJ-
12011 (Pi=16986.94) and ZBJ-11002 (P;=46902.5) had the lowest P; values and hence
considered relatively stable.

AMMI Analysis

AAMI biplot analysis helps in the assessment of stability and adaptability of genotypes
where genotypes scatter according to their principal component scores (DE VITA et al., 2010).
Moreover, it offers selection criteria for further genetic improvements in desirable genotypes. In
the AMMI biplot X-axis represents genotype and environment main effects for grain yield (kg ha
1) and Y-axis show the PC1 scores (Fig. 3). In biplot the middle of the vertical line denotes the
grand mean of the grain yield, on the contrary, the middle of the horizontal line shows a PC1
value of zero (TOLESSA, 2015). The genotypes placed at right hand side of the biplot are high
yielding i.e., V1 (2367 kg/ha), V2 (2353 kg/ha), V3 (2454 kg/ha), V6 (2304 kg/ha), V7 (2309
kg/ha) and V8 (2352 kg/ha). Similarly, “FSD” (Faisalabad) and “KR” (Karor) are the highest
grain yielding environments since these also positioned on the right-hand side. On the other
hand, the rest of the genotypes and environments located on the left-hand side of the biplot
considered low yielding. Genotypes or environments that appear almost on a horizontal line to
the zero PC1 line have similar interaction effects while those which occur on the perpendicular
line to the grand mean line have similar mean effects (BADU-APRAKU et al., 2003). Therefore,
ZBJ-10021(V1) and ZBJ-15018 (V9) genotypes had the same interaction patterns while
genotypes ZBJ-10021 (V1), ZBJ-11002 (V2), ZBJ-14017(V8); ZBJ-14005 (V6), ZBJ-14013
(V7); ZBJ-13006 (V4), ZBJ-13012 (V5), ZBJ-15018 (V9), and ZBJ-15020 (V10) revealed
similar meaning effects. None of the environments exhibited the same interaction patterns or
means, hence indicating significant variation in environments. Furthermore, the AMMI biplot
depicted ZBJ-10021 (V1), ZBJ-13006 (V4), ZBJ-15018 (V9), ZBJ-15020 (V10), ZBJ-11002
(V2), ZBJ-14005 (V6), and ZBJ-14017 (V8) genotypes and “Pi” (Piplan) and “Ka” (Karor)
environments as least interactive. While ZBJ-13012 (V5) and AARI Canola (V11) genotypes
presented the highest G x E interaction in “BPR” (Bahawalpur) and “KP” (Khanpur) regions and
genotype ZBJ-14013 (V7) in Fa (Faisalabad) environment. Although stability is accompanied by
high yield performance, V1 was high grain yielding and the most stable genotype. However,
because of the highest grain yield and relative stability, V3 was the most desirable genotype.

Genotypes (Figure 4) that exhibit least deviation from the average IPCA score are
considered to have lower levels of genotype-by-environment interaction and are more stable
across different environments. Positive interaction occurs by the same sign of both the genotype
and environment on the IPCA axis while different sign indicates negative interaction. AMMI
Biplot is divided into four distinct sections (Figure 4): upper left (section 1), lower left (section
4), upper right (section 2), and lower right (section 3). Upon analysis, it is observed that the
upper and lower left sections represent environments characterized by low grain vyield.
Conversely, the upper and lower right sections correspond to environments that exhibit high
grain yield.
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of eleven mustard genotypes (V) in five environments

The genotypes positioned on the right-hand side of the grand mean value, with IPCA
scores approaching zero, demonstrate high mean performance, a general adaptability to all
environments, and low genotype-by-environment interaction. These genotypes exhibit consistent
and stable performance across various environments, making them favourable candidates for
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cultivation due to their reliable and high overall performance. However, the genotype with a
larger IPCA score and high average performance displayed specific adaptability to the
environments. The presence of interaction in the AMMI Biplot is determined by the distance of
genotypes and environments from the origin. When genotypes and environments are located
within the same sector of the Biplot, it indicates a positive interaction, suggesting that those
genotypes perform well in those specific environments. Conversely, when genotypes and
environments are positioned in different sectors, it suggests a negative interaction, implying that
the genotypes may not perform optimally in particular environments (OSIRU et al., 2009). A
genotype is the best representative of a specific environment when it shows a high positive
association in that environment. Genotypes V3 and V8 are exposed to specific adaptation for
Piplan and Karor with positive interaction (GEI) and high seed yield (2209 and 2117 kg/ha)
more than mean yield, respectively.

The genotype V1 exhibited stability and general adaptability in terms of seed yield, with
a value of 2130.33 kg/ha, which is close to the mean yield. Additionally, it demonstrated low
interaction as indicated by its IPCA score, which was close to zero. This finding aligns with the
observations made by PURCHASE (1997), who stated that genotypes located closer to the pivot
point are generally regarded as more stable. The genotypes V7 and V11, possessing positive
interaction, were identified for specific adaptation for Faisalabad and Khanpur environment. In
biplot, the distribution of genotype V1 seemed relatively close to the origin and revealed its
minimum interaction with environments while the other ten genotypes were more influenced by
environment as these spread away from the origin. The genotypes V2 and V6 had a positive
correlation with the environment of the Karor region, exhibiting specific adaptability in this
environment. Genotypes V4, V5 and V7 showed a positive association with the environment of
Faisalabad and Bahawalpur.

GGE BIPLOT
Analysis of Genotype * Environment Interaction

A GGE biplot is an efficient way of analysing adaptive and stable genotypes based on
yield performance across environments. Hence, in the present study, a GGE biplot was
constructed to portray the interaction between both components. Cumulatively, the first two
principal components described 86.95% of the variation. The variation was explained in terms of
“which won where/what,” “relationship among environments” and “ranking of genotypes” for
only these components.

Which Won Where/What

Which won where/what pick out the most desirable, adaptable, and high yielding
genotypes for each environment or group of environments (Fig. 5). By connecting the markers
for six of the genotypes a polygon is formed, while five genotypes are inside the shape of the
polygon. For the marking of a specific environment/location or their group, red rays are drawn
perpendicular to the sides of the polygon. In the current case, six rays divide this biplot into six
different sections in which five of our locations fall into three of these sections. The genotypes
present at the apex for each quadrant are the ones possessing the highest yield for that location
and fall within that quadrant. The plot indicated genotype V2 (ZBJ-11002) performed well at
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Karor (KR) and V3 (ZBJ-12011) as high yielding at Bahawalpur (BPR) district. Genotypes V11
(AARI Canola), V10 (zBJ-15020), V9 (ZBJ-15018), V7 (ZBJ-14013), V5 (ZBJ-13012), and V4
(ZBJ-13006) did not perform well in all environments.

Which Won Where/What
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Figure 5. Performance of eleven genotypes in five separate locations for grain yield
FSD: Faisalabad, KP: Khan Pur, KR: Karor, PP: Piplan, BPR: Bahawalpur

Relationships among Environments
A summary of the relationship among various locations of the study is given in Figure 6.
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Figure 6. Inter-relationship among five different environments/locations
FSD: Faisalabad, KP: Khan Pur, KR: Karor, PP: Piplan, BPR: Bahawalpur
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The environment vectors were represented by lines connecting origin and markers of
the plot and locations, respectively. The inter-relationship plot drawing the cosine angle of the
environmental vector was proportioned following the correlation coefficient between them. In
this plot, environmental vectors of Karor (KR) and Piplan (PP); Faisalabad (FSD) and
Bahawalpur (BPR) had the smallest angle, therefore can be placed in a solitary group. While the
environmental vectors of Khanpur (KP) and Piplan (PP); Khanpur (KP) and Karor (KR) had the
largest angle. The arrangement of different environment patterns correlates with the type of the
site and geographic distance.

Ranking of Genotypes based on GGE Biplot

An ideal genotype is characterized by having the highest mean performance and
displaying stability by consistently performing well across various environments. While it is
acknowledged that such an elite genotype may only exist in theory, it can serve as a reference
point for evaluating and comparing other genotypes (EMAMI et al., 2015). By defining ideal
genotypes, genotypic status is accomplished. Mean yield or stability or both decrease due to the
distances from the ideal genotype. In the evaluation process of genotypes, distances are
considered as rank indicators. Biplot indicated genotype V3 (ZBJ-13006) as the most favourable
genotype followed by V1 (ZBJ-10021) (Figure 7). By the inspection of distances from the centre
of the circle, genotypes V10 (ZBJ-15020), V7 (ZBJ-14013), V8 (ZBJ-14017), V4 (ZBJ-13006),
V9 (ZBJ-15018), V2 (ZBJ-11002), V6 (ZBJ-14005), V5 (ZBJ-13012), and V11 (AARI Canola)
ranked further in decreasing order.
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Figure 7. Ranking of genotypes for Brassica data using GGE biplot.
FSD: Faisalabad; KP: Khan Pur; KR: Karor; PP: Piplan; BPR: Bahawalpur
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DISCUSSIONS

Stability analysis is one of the key methods to potentially characterize elite genotypes
under diverse environmental conditions by their relative performance and to identify stable and
high-yielding genotypes. Many researchers have studied the genotype x environment
relationship and its effect on the yield stability of important crop species (YADAVA et al., 2010;
BIBI et al., 2016; PRIYAMEDHA et al., 2017; TANIN et al., 2018, JAHANZAIB et al., 2019; BOJOVIC
et al., 2019). In the present work, eleven mustard genotypes were analysed for stability analysis
at five separate locations. All the genotypes were supposed to give a variable response at
different environments due to the unique genetic makeup and physiological response mechanism
(HAFEEZ et al.,2024). Genotype V3 (ZBJ-12011) has minimum regression coefficient b; and
S%di=0 followed by V10 (ZBJ-15020) index values. SHOJAEI (2023) reported that genotypes
showing b; values of unity gave an average performance to different environmental conditions.
EBERHART and RUSSELL (1966) and FINLAY and WILKINSON (1963) described genotypes as
having a regression coefficient of unity (bi= 1), and deviation as zero (S%d; = 0), giving an
excellent mean performance. These genotypes also acclimatized better across different
environments.

AMMI Analysis indicated that V1 (ZBJ-10021) and V9 (ZBJ-15018) had the same
interaction patterns because of occurrence on a horizontal line to the zero PC1 line. Environment
“PP” (Piplan) and “KR” (Karor); and genotypes V1 (ZBJ-10021), V2 (ZBJ-11002), V8 (ZBJ-
14017); V6 (ZBJ-14005), V7 (ZBJ-14013); V4 (ZBJ-13006), V5 (ZBJ-13012), V9 (ZBJ-15018),
and V10 (ZBJ-15020) had similar mean effects. V5 (ZBJ-13012) and V11 (AARI Canola)
showed the highest G x E interaction in the “BRP” (Bahawalpur) and “KP” (Khanpur)
environment and V7 (ZBJ-14013) in the “FSD” (Faisalabad) region. “FSD” (Faisalabad) and
“KR” (Karor) were high-yielding environments. Furthermore, the analysis exhibited a positive
association of V2 (ZBJ-11002) and V6 (ZBJ-14005) genotypes with the environment of the
Karor region. Similarly, genotypes V4 (ZBJ-13006), V5 (ZBJ-13012) and V7 (ZBJ-14013)
indicated a positive correlation with the environment of Faisalabad and Bahawalpur. Hence, the
AMMI analysis is a valuable tool for identifying the most suitable genotypes for specific
environments. It has been extensively utilized in stability studies across various crops, including
chickpea (zALI et al., 2011), barley (ROMAGOSA et al., 2013), rapeseed (BIBI et al., 2018) and
Ethiopian mustard (B. carinata L.) (TADESSE et al., 2018). It is important to note that the AMMI
model is particularly well-suited for genotypes that exhibit specific adaptations to their
respective environments. By considering genotype-by-environment interactions, the AMMI
analysis can effectively identify genotypes that demonstrate superior performance and stability in
particular environmental conditions. The results reported by JAHANZAIB et al. (2019) conformed
to our findings who found most of the variation for yield in eight groundnut genotypes across six
separate locations. YADAVA et al. (2010) also found a similar pattern of G x E interaction while
studying thirty mustard genotypes under four environments. An earlier study by BIBI et al.
(2018) also observed the effect of the environment on mustard yield stability and reported
significant variability response.

GGE biplot is a powerful tool to select high-performing, adaptable and stable genotypes
over multiple locations. It depicts genotype, the main effect along with genotype-environment
interaction that is represented by additive main effect and the multiplicative interaction. The
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biplot depicts genotype-environment interaction. The most stable and adaptive cotton cultivars
were identified using GGE biplot over six different environments (ALl et al., 2017). For the
identification and screening of elite genotypes, YAN and HUNT (2001) described patterns of
polygon based on “which-won-where” for GGE interaction at single or multiple environments.
ALl et al. (2017) also used this model for the screening of best-performing genotypes of pine and
cotton, respectively. In this investigation mean grain yield data were used to construct a GGE
biplot of eleven genotypes for five distinct locations. The “which-won-where” plot represented a
higher mean performance of V2 (ZBJ-11002) at Karor (KR). Similarly, V3 (ZBJ-12011) yielded
higher seeds in Bahawalpur (BPR). Karor (KR) and Piplan (PP); Faisalabad (FSD) and
Bahawalpur (BPR), corroborated with their climatic and geographical proximity in
environmental comparison plots. The ranking and stability section revealed V3 (ZBJ-12011) as a
high mean yielding genotype followed by V1 (ZBJ-10021) owing to closeness to circle.

Identifying ZBJ-12011 and ZBJ-10021 as both high-yielding and stable provides
actionable material for mustard breeding programs in Pakistan. These lines can serve as (i)
parents in crossing blocks to introgress broad adaptation, and (ii) direct cultivar-release
candidates for irrigated and semi-arid zones. Conversely, specifically adapted genotypes (B < 1)
could be exploited for stress-prone, low-input regions, complementing wide-adapted cultivars.

The combined AMMI-GGE framework also refines test-site selection, suggesting that
environments such as Faisalabad and Bahawalpur are efficient “core sites” representing broader
agro-ecological diversity. These insights facilitate strategic allocation of resources for future
national performance trials.

CONCLUSIONS

The multi-environment evaluation of eleven B. juncea genotypes revealed significant
genotype X environment interaction for seed yield. Among them, ZBJ-10021 and ZBJ-12011
consistently combined high productivity with dynamic stability, maintaining near-average
responsiveness and minimal deviation across diverse locations. In contrast, AARI Canola
exhibited environment-specific adaptation, performing well only under favourable conditions.
The predominance of environmental variance underscores the need for region-focused testing
and climate-resilient breeding strategies. The integrated use of AMMI and GGE biplot models
efficiently identified both stable genotypes and representative testing sites such as Faisalabad
and Bahawalpur. These results suggest that ZBJ-10021 and ZBJ-12011 are promising candidates
for wide release and valuable parental lines for developing stable, high-yielding mustard
cultivars. The study reinforces that multi-environment stability analysis is essential for achieving

consistent mustard yields and strengthening Pakistan’s edible-oil self-sufficiency
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Izvod
U promenljivim agro-klimatskim uslovima, uzgajiva¢i su zainteresovani za informacije o
kombinovanom efektu G x E i stabilnosti useva kako bi poboljsali selekcionarske programe. U
ovom istrazivanju sprovedena je procena jedanaest razlic¢itih genotipova Brassica juncea L. na
pet razlicitih lokacija kako bi se odredio prinos zrna. Eksperimentalni dizajn koristio je slucajni
blok dizajn s faktorijalnom raspodelom tokom perioda 2017-18. lzvrsena je kombinovana
analiza varijanse (ANOVA), koja je otkrila zna¢ajne varijacije u prinosu medu genotipovima.
Dalje, AMMI analiza je pokazala da je genotip ZBJ-10021 pokazao visoko Zeljeni karakteristiku
visokog prinosa koja je najmanje uticala na faktore okoline. Takode, ZBJ-12011 je pokazao
najvisi prinos (2454 kg ha-1), a blisko za njim je bio ZBJ-10021 (2367 kg ha-1). Primena
multivarijantnog pristupa poznatog kao Genotip glavni efekat plus interakcija Genotip x Okolina
(GGE) biplot omogucila je istrazivanje 86% ukupne varijabilnosti prinosa, efikasno prikazujuci
najbolje genotipove i okoline na grafikonu. Rezultati su pokazali da su genotipovi ZBJ-10021 i
ZBJ-12011 ispoljili visok prinos zrna sa relativno stabilnom performansom u razli¢itim
okruzenjima. Stoga, ovi genotipovi imaju potencijal za koris¢enje u selekcionarskim programima
usmerenim ka razvoju stabilnih genotipova sa visokim prinosom. Dodatno, preporucuje se
uzgajanje genotipova specifi¢nih za okolinu kako bi se postigao veéi prinos.
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