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ABSTRACT

The present study aimed to evaluate grain yield performance, stability, and adaptability of nine early-maturing 
rice (Oryza sativa L.) genotypes was conducted at Agricultural Research Station (Professor Jayashankar Telangana 
Agricultural University, Rajendranagar, Hyderabad) Kunaram, Peddapalli, Telangana during summer 2018–19, rainy 
(kharif) 2019, summer 2019–20, and rainy (kharif) 2020. The comprehensive analysis of variance unequivocally 
revealed statistically significant influences from lines, seasons, and their interaction, indicating a complex interplay 
that governs grain yield variability. The findings of GGE biplot methodology demonstrated that greatest variation 
of total variation was concentrated in environmental factors, subsequently in line impacts and their interactions 
influencing grain yield. More than 85% of the total variation was captured by the first two principal components, 
with PC1 and PC2 explaining 68.8% and 18.3% of the variation, respectively. In the GGE biplot genotype view, 
genotypes G1 and G5 were identified as high-yielding and stable, as indicated by their proximity to the biplot origin 
suggesting broad adaptability and minimal G×E interaction. The GGE biplot facilitated the identification of mega-
environments through polygon, wherein the top-performing lines included G3, G5, and G1 in Mega Environment 1, 
while G7 stood out as the elite line in Mega Environment 2. G3 was closely aligned with the ideal line followed by 
G5 and G1 in biplot’s average-environment coordination (AEC) view, conclusively expressing remarkable yield and 
stability due to their extensive adaptability under the seasons tested suggests strong potential for inclusion in early 
rice varietal development and multi-environment breeding programmes.
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In Asia, rice cultivation serves as the cornerstone of 
agriculture, contributing to more than 90% of global rice 
production and consumption (Sackey et al. 2025). On the 
other hand, rice is farmed on approximately 50 mha in 
India, yielding around 145 mt (Department of Agricultural 
and Farmers Welfare 2026). Despite a consistent increase 
in production, the yield per hectare remains relatively low 
at 3.78 t/ha in India, particularly in contrast to other rice 
growing nations (Kesh et al. 2021). The future challenge 
lies in enhancing rice productivity, particularly in light of 
diminishing arable land, climate change, and the growing gap 
between production and consumption (Poli et al. 2018). In 
India, climatic variability contributed to an average annual 
decline of 3.93% in rice production between 1998 and 2019 
(Gupta et al. 2025). Earliness is one of the most important 

agronomic traits of rice that determines the regional and 
seasonal adaptability and has a significant influence on the 
grain yield of rice varieties (Hori et al. 2016, Zhou et al. 
2021, Liang et al. 2024), particularly in cropping systems 
with limited water supply as early maturity enables the 
timely completion of the crop prior to critical depletion 
of soil moisture (Bueno and Lafarge 2017) and reduces 
risk associated with pathogen proliferation or increased 
insect populations (Seck et al. 2023). Early maturing high 
yielding rice lines with fewer days to flower are valuable 
donor source in breeding programmes to develop superior 
early maturing varieties.

Investigating the interaction between lines, and seasons 
as well as locations is essential for understanding the 
adaptability and stability of lines suitable for cultivation 
in larger areas. Variations in yield among lines tested over 
different seasons can be significant, and driven by factors 
such as soil fertility, unforeseen rainfall, and different 
biotic and abiotic stresses (Kang 1993). Such variability in 
response to diverse environmental conditions is referred to as 
genotype by environment interaction (GEI). These insights 
are crucial for establishing improved selection strategies 
and figuring out the optimal environments for determining 
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environment for stability analysis. The statistics from each 
season was individually accustomed and analysed through 
an analysis of variance to examine variances. Subsequently, 
statistics from four seasons was combined for a pooled 
analysis of variance, evaluating nine lines across the 
seasons to determine the presence of significant variations. 
The analysis of variance revealed significant effects for 
genotypes, environments, and their interaction concerning 
grain yield, emphasizing the utility of GGE biplot analysis 
in finding stable lines. In rice, many rice researchers have 
previously employed the GGE biplot methodology for 
genotypic assessment, mega-environment evaluation, and 
recognizing stable lines (Kang 1993, Sharifi et al. 2017, 
Balakrishnan et al. 2020, Senguttuvel et al. 2021, Suman 
et al. 2021, Rahman et al. 2025). The performance of the 
nine lines tested over four seasons across two years was 
analysed using the GGE biplot stability model, employing 
R and PB Tools Software.

RESULTS AND DISCUSSION
Analysis of variance and mean performance: Analysis 

of variance (ANOVA) concerning grain yield among nine 
rice varieties assessed over four seasons using the GGE 
model (Table 2). The outcomes of the ANOVA indicated 
that the effects of genotypes (G), environments (E), and 
the interaction between genotypes and environments (GEI) 
were all significant, highlighting line’s variable reactions 
to diverse seasons and their impact on grain yield. Similar 
results can be seen from the research findings of Bose et 
al. (2014), Huang et al. (2017), Ponnuswamy et al. (2018), 
Suman et al. (2021), Rahman et al. (2025) regarding grain 
yield. Sources of variation explained (%) demonstrated for 
overall variation of 26.67% attributed to varieties, 54.54% 
to the seasons, and 14.69% to the interaction, all of which 
influenced grain yield. These results indicated that season 
was the principal source of variation. Bueno and Lafarge 
(2017) noted that grain yield was significantly greater in 
the summer compared to the rainy season in irrigated rice 

the lines that enhance grain yield (Gauch and Zobel 1996). 
Therefore, it is imperative to consider the GEI effects while 
assessing lines for the purpose of developing desired new 
varieties (Atlin et al. 2000). 

The current investigation employs GGE biplot 
methodology to systematically rank genotypes, identify 
'ideal' genotypes, and assess the stability and adaptability of 
nine early rice lines across diverse environments. Utilizing 
a polygon view to illustrate the 'which-won-where' pattern, 
this study also effectively delineates the winning lines within 
their corresponding mega-environments.

MATERIALS AND METHODS
The present experiment was conducted during summer 

2018–19 (E1); rainy (kharif) 2019 (E2); summer 2019–20 
(E3), and rainy (kharif) season of 2020 (E4) at Agricultural 
Research Station (Professor Jayashankar Telangana 
Agricultural University, Rajendranagar, Hyderabad) 
Kunaram (18.6°N and 79°E, with an elevation of 231 m 
amsl), Peddapalli, Telangana. The experiment was laid out 
in a randomized complete block design (RCBD) with three 
replications. The soil composition is silty loam, exhibiting 
a pH of 7.43 and an electrical conductivity of 0.26 dS/m. 
The experimental material consisted of eight early maturing 
lines from the International Rice Research Institute (IRRI), 
sourced through the International Genetic Evaluation of Rice 
Nurseries (INGER) via Indian Institute of Rice Research 
(IIRR), Hyderabad. In total, nine genotypes, including the 
eight lines and one check, were assessed across the four 
environments at the Agricultural Research Station, Kunaram 
aiming to adapt the lines for both growing seasons (Table 
1). Twenty five-days old, seedlings were planted in a 20 cm 
× 15 cm spacing and plot size of 11.40 m2, and standard 
agronomic practices along with effective control measures 
were implemented. The grain yield was assessed at the stage 
of physiological maturity, with measurements standardized 
to a 13% moisture content. The plot-level yields expressed 
in kg/plot were subsequently changed to kg/ha. 

Statistical analysis: The use of multivariate models such 
as the additive main effects and multiplicative interaction 
(AMMI) model and the genotype main effects and genotype 
by environment interaction effects (GGE) model is on the 
rise for visual data analysis across multiple environments to 
elucidate interactions between genotypes and environments 
(Gouch 2006). The AMMI approach employs reciprocal 
investigation of variance (ANOVA) alongside principal 
component analysis (PCA) to derive additive main effects 
and interaction effects, correspondingly with the genotype-
environment interaction (GEI) effects depicted in a biplot. 
In contrast, GGE biplots illustrate both genotype (G) and 
GEI (genotype by environment) variations (Kang 1993) 
through environment-centered PCA. While both models 
offer unique advantages, GGE outperforms AMMI in its 
capacity to reveal the "what-won-where" aspect, enabling 
the identification of GEI crossovers and mega-environments. 

The present investigation involved conducting trials 
in each of the four seasons, treating each as a distinct 

Table 1	 Early rice lines and their designation for four environments

*Early rice 
line

Name of the line Environment

G1 IR 12N 198 Summer 2018–19 (E1)

G2 IRRI 123 kharif 2019 (E2)

G3 IR 12N 242 Summer 2019–20 (E3)

G4 IRRI 168 Kharif 2020 (E4)

G5 IRRI 186

G6 IR 14K 642

G7 IRRI 179

G8 IR 14K 107

G9 KNM 118

*Early, 90–100 days (number of days required for 50% 
flowering under four seasons).

GGE PLOT ANALYSIS IN RICE
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interactive components in trait expression.
The highest sum of squares due to environments for 

grain yield explained that differences among seasonal means 
were very high justifying the application of stability models 
for genotypic evaluation. Present results are in harmony with 
the results of Krishna Murthy et al. (2021) and Rahman et al. 
(2025) for grain yield. Conversely, the mean sum of squares 
arising from genotype-environment interaction (GEI) 
surpassed both the genotypic and environmental effects, as 
observed by Sharifi et al. (2017) and Chen et al. (2025). 
Nevertheless, higher varietal effects were documented by 
Aktar et al. (2015) and Huang et al. (2021). The significant 
variation in environments affecting the days to 50% 
flowering may be attributed to short night temperatures (10-
15°C), which extended the varietal period in the summer 
seasons (E1 and E3). Such short night temperatures are 
typically recorded during November, December, and January 
in Telangana, during rice nurseries and initial tillering stages 
can lead to physiological changes in rice, as discussed by 
De Los Reyes et al. (2003). Additionally, temperatures 
falling below the minimum requirement can also adversely 
impact fertility during the reproductive phase, consequently 
diminishing rice grain yield (Sato et al. 2011).

Principal component was decomposed into PC1, 
PC2, PC3 and PC4 for grain yield. PC1 and PC2 together 
explained about 87.1% of overall variation through axis 
1 contributing 68.8% and axis 2 contributing 18.3%. The 
values for PC1 exceeded those of PC2, highlighting the 
greater impact of varieties on the overall sum of squares 
for grain yield. The biplot, illustrating the initial principal 
component axes capturing the majority of GEI variation is 
deemed ideal for elucidating GGE patterns (Yan et al. 2000). 
Here, the initial both principal components described about 
more than 85% of the G+GE sum of squares, achieving 
significant levels suggests that genotype-by-environment 
(G×E) interaction for the grain yield under investigation 
can be effectively captured and reliably predicted using 

growing areas, which aligns with the current study (Table 
3). Consequently, the substantial influence of seasons on 
grain yield is anticipated. This underscores the necessity 
of conducting trials across multiple environments to assess 
genotypic performance effectively. Suman et al. (2021) 
reported that the environment, genotype, and genotype-
by-environment (G×E) interactions contributed 84%, 11%, 
and 3%, respectively to the total sum of squares for single-
plant yield in rice, highlighting the predominant influence 
of environmental factors. Similarly, Kumar et al. (2020) 
observed significant environmental effects on days to 50% 
flowering in advanced breeding lines of red rice. In a separate 
study, Chen et al. (2025) found that the combined effects 
of genotype and genotype-by-environment interactions (G 
+ G × E) accounted for 50.93% of the total phenotypic 
variation, emphasizing the importance of both genetic and 

Table 2	 Analysis of variance across four seasons for grain yield 

Source of variation DF  Grain yield (kg/ha)

MS % SS 
explained

Genotypes 8 14858596.74* 26.67

Environments 3 81014851.70* 54.54

Varieties × Environments 24 2729029.75** 14.69

PC1 10 12688528** 68.8

PC2 8 4219765** 18.3

PC3 6 3036342** 9.9

PC4 4 1375528** 3.0

Error 72 253516.40

  Total 107 -

*p<0.05; **p<0.01; DF, Degrees of freedom; MS, Mean 
sum of square; SS, Sum of square; PC, Principal component.

Table 3  Mean grain yield (kg/ha) of nine rice lines over four environments

Rice lines  Yield (kg/ha)

 Environments Mean yield  
(kg/ha)

Rank

 E1  E2  E3  E4

G1 9796 9082 8227 6685  8447  3

G2 9211 9326 7676 4273  7621  6
G3 10822 10272 8271 6715  9020  1

G4 8215 6221 4355 4404  5799  9

G5 10896 9335 7734 7280  8811  2
G6 10782 8258 6992 6208  8060  5
G7 10512 6856 8270 6957  8149  4

G8 7170 8809 4026 4782  6197  8
G9 10077 7665 7152 4317  7303  7
  Mean 9720 8425 6967 5736  7712

Details of the rice genotypes and environments are given in Table 1.
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these two components. These outcomes align with the rice 
research conducted by Ponnuswamy et al. (2018).

Grain yield across environments ranged from 5,799–
9,020 kg/ha, with a mean yield of 7,712 kg/ha. The highest 
yield was recorded for genotype G3 (9,020 kg/ha), followed 
by G5 (8,811 kg/ha) and G2 (8,447 kg/ha), whereas the lowest 
yield was observed for G4 (5,799 kg/ha). Within individual 
environments, grain yield varied from 7,170–10,896 kg/
ha in E1, 6,221–10,272 kg/ha in E2, 4,355–8,271 kg/ha in 
E3 and 4,273–7,280 kg/ha in E4 (Table 3). The differential 
responses of rice genotypes, across varying environmental 
conditions, have been extensively evaluated in previous 
studies of Huang et al. (2021) and Chandramohan et al. 
(2023).

GGE Biplot-Genotype view for yield: Fig. 1A illustrated 
the genotypes based on their mean grain yield and stability 
across various environments. When the first principal 
component (PC1) comes close to the mean performance, 
the second principal component (PC2) should align closely 
with the genotype-by-environment (G × E) interaction, 
which serves as an indicator of instability. Consequently, 
G7 and G6, despite having above-average yields, exhibited 
little stability compared to their counterparts. In contrast, 
high-yielding varieties G1, G5, and G9 demonstrated greater 
stability than others. The analysis also revealed that the 
distance between two varieties reflects their Euclidean 
distance, which quantifies their total divergence. In this 
context, G3 and G4 were found to be quite distinct, suggesting 
significant variances in mean grain yield or environmental 
interactions, while G1 and G5, as well as G6 and G7 were 
responded similarly and between them was proportional 

in all the environments for the expression of grain yield. 
Additionally, this biplot also depicts a virtual genotype that 
represents mean value across seasons. Thus, genotypes G1, 
G5, and G6, which have higher yields and are positioned 
near the biplot origin, contributing minimally to both G 
and GE with lower PC1 scores. Conversely, genotypes 
G4 and G8 exhibited longer vector lengths, indicating 
substantial contributions to the genotype (G) main effect, 
the genotype-by-environment (GE) interaction, or both. G3 
and G7 displayed relatively shorter vectors, their positions 
suggest potential for superior and inferior performance 
across environments, respectively. Notably, G4 and G8 were 
identified as the most unstable genotypes, reflecting greater 
variability in their responses.

An ideal line is characterized by high PC1 scores, 
indicating superior yield potential, and low PC2 scores, 
which signify enhanced stability (Yan et al. 2001). It is 
positioned close to the direction of the average environment, 
with its projection onto the AEC ordinate approaching zero. 
In addition, the representation of ideal line is depicted 
through concentric circles, where lines positioned closer 
to the center are deemed more advantageous than those 
located further away (Yan and Tinker 2006). In multiple 
environmental trials, the relative positions of varieties can 
change due to the prevalence of interactions (Parihar et 
al. 2017). As illustrated in Fig. 1B, the highest yielding 
genotype, G3, is situated at the center of the concentric 
circles in an encouraging track, indicating its proximity to 
the ideal line in view of high yield and stability, in contrast 
to the other lines. G5 and G1 were identified as the second 
and third most desirable genotypes, respectively, because 

Fig. 1	 (a) Biplot view ranks the lines according to their performance over the tested seasons for grain yield; (b) Biplot’s average-
environment coordination (AEC) view positions the lines in relation to ideal lines for grain yield.

	 Details of the rice genotypes and environments are given in Table 1.

GGE PLOT ANALYSIS IN RICE
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of their proximity to the AEA, indicating their similarity to 
the ideal genotype. Similar findings were reported by Jain 
et al. (2019) in rice and Praveen et al. (2024) in groundnut 
regarding yield. Genotypes having shorter vector lengths 
recorded more stability, while those with lengthier vectors 
exhibit lower stability. Consequently, G4 was identified as 
the least favourable genotype, consistently yielding below 
average, followed by G9. On the other hand, lines G8 and G7 
were considered as least stable since they had with longest 
vectors and their distant proximity to the AEA. 

Polygon view of genotype-environment interaction 
for grain yield: The polygon representation of genotype-
environment interaction concerning grain yield is crucial for 
assessing the potential presence of genotypes across various 
locations and determining the most suitable genotypes for 
particular environments. The visual depiction of "what-won-
where" derived from multi-environment trial data is vital 
(Yan et al. 2000, Yan et al. 2001). The polygon effectively 
illustrates the interaction patterns between lines and 
environments, permitting for a complete interpretation of the 
biplot (Yan and Kang 2003). Given that different lines display 
varying performances across these locations, it becomes 
possible to pinpoint lines that are specifically adapted to each 
environment. This information is invaluable for breeders, 
enabling them to provide informed recommendations to 
farmers regarding the appropriate cultivars. This polygon 
is formed by connecting line segments between the most 
distant lines from the origin in the biplot, with these points 
at the vertices representing the highest or lowest yields in 
one or more locations. This structure aids in recognizing 
mega-environments and visualizing genotype-environment 
interactions (Yan and Tinker 2006). A mega-environment 
refers to a cultivation area with comparable situations that 
lead to nearly similar presentation among certain varieties 
(Gauch and Zobel 1996). In Fig. 2, four rays segment the 
biplot into four quadrants, with two of these quadrants 
representing two distinct mega-environments concerning 
grain yield. The vertex lines G3, G7, G4, and G8, positioned 
at the crests of this study, are the most distant to the origin 
and are anticipated to exhibit greater responsiveness. 
The line associated with a polygon vertex located in a 
region where environmental indicators were suppressed 
demonstrated superior performance under those specific 
environmental conditions. The first quadrant includes G3, 
G1 and G5, with G3 indicating a high-yielding winning line 
in mega-environment 1, which encompasses E2, E3, and 
E4. The E1, characterized by the presence of the winner 
genotype G7 in conjunction with G6 makes up another 
mega-environment. This outline advocates that the target 
environment can be effectively stratified into two distinct 
mega-environments, each favouring different genotypes 
for optimal yield performance. Similar findings have been 
reported in rice (El-Aty et al. 2024). In contrast, the other 
vertex genotypes, G4 and G8, showed lower yields and 
poorly adapted to four environments as these genotypes 
were situated in the two quadrants where no site-specific 
environmental indicators exhibited. On the other hand, lines 

G1 and G6 situated relatively close to the biplot origin were 
more stable across environments, achieving above-average 
mean, as they displayed an inferior responsiveness to 
seasonal variations compared to the vertex lines (Fig. 2).

The results of GGE biplot highlights that environmental 
factors are the predominant drivers to variation in rice grain 
yield, with genotypic effects playing a secondary role. 
In the GGE biplot genotype view, genotypes G1 and G5 
were identified as high-yielding and stable. In the average 
environment coordination (AEC) view of the GGE biplot, 
G3 followed by G5 and G1 were positioned at the centre 
of the concentric circles, indicating their closeness to the 
ideal genotype in terms of both high yield and stability. 
The polygon view revealed G3 as the top performer in 
Mega-Environment 1 (E2, E3, E4), and G7 in a separate 
mega-environment (E1) exhibiting both high yield potential 
and stability. GGE biplot has effectively demonstrated the 
utility of various biplots as robust tools, and current findings 
acknowledged following G3, lines G5 and G1 emerged as 
most favourable options among the nine early-maturing rice 
genotypes, indicating their potential as donors for grain yield. 
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