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Assessing the performance stability of new
CMS lines through AMMI and GGE methods in
sunflower

Bana Venkata Ravi Prakash Reddy! ™", Srivalli Pothula?",
Neelima Siddareddy!”, K. V. Ramanamma!", K. Prabhakar*
and M. Johnson!

Abstract: This study evaluated the stability of 21 CMS lines of sunflower across six
environmental conditions. The genotype x environment interaction component
accounted for the largest proportion of variation in seed yield, oil content, and
other morphological traits. The first two interaction principal components ac-
counted for the majority of variation, explaining days to 50% flowering (94.8%),
days to maturity (90.7%), seed yield per plant (89.7%) and oil content (88.6%).
The GGE biplot indicated that NDLA 21 for seed yield per plant and NDLA 6,
NDLA 13 and NDLA 19 for oil content performed above average across the
testing environments. The E3 and E5 environments are relatively discriminating
for identifying stable lines in the study. Considering all the quantitative traits,
the NDLA 21, NDLA 9, NDLA 17, NDLA 22, NDLA 5 and NDLA 20 CMS lines were
identified as stable and can be used in the development of potential hybrids
in sunflower.
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INTRODUCTION

Sunflower is a versatile oilseed crop primarily cultivated in countries such
as Russia, Ukraine, the European Union, Argentina and Turkey. According to
USDA data, the global sunflower cultivation area in 2024-25 was estimated at
about 28.30 million hectares. Global sunflower production for that period was
projected at around 51.9 million metric tons (www.fas.usda.gov). Sunflower
is currently cultivated in India over an area of 0.15 million hectares, with a
production of 1.47 lakh tons and a mean productivity of 980 kg ha™ (www.
indiastat.com). Moreover, sunflower is the fourth most important oilseed crop in
India, following soybean, mustard and groundnut. Increasing the productivity of
the crop remains a primary challenge in any breeding program. Sunflower crop
improvement through breeding is challenging due to their self-incompatibility
and outcrossing nature (Reddy et al. 2024).

The benefits of heterosis breeding in sunflower were realized with the earliest
discovery of a cytoplasmic male sterility (CMS) source from the interspecific
cross Helianthus petiolaris x Helianthus annuus, coupled with the identification
of corresponding fertility restorers. Using PET cytoplasm-based CMS lines to
exploit heterosis has led to develop commercially successful sunflower hybrids.
However, over-reliance on a limited number of available CMS lines has narrowed
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the genetic base, increased the likelihood of genetic vulnerability and reduced adaptive potential. Thus, it is vital to
develop new parental lines using suitable breeding strategies to overcome these limitations. Accomplishing heterosis
breeding largely relies on identifying parental combinations which maximize the hybrid vigour for seed yield, oil content
and yield attributing traits.

Sunflower productivity primarily depends on the consistent performance of hybrids and their CMS lines in varying
environmental conditions. Moreover, the genotype x environment (G x E) interaction is a crucial factor arising from
uncontrolled variations across locations, seasons and years (Guedes et al. 2025). Therefore, assessment of the stability
of CMS lines enables detecting desirable genotypes, offering an effective approach to exploit heterosis in sunflower.
Although many models have been developed to study G x E interactions, multivariate approaches such as Additive Main
Effects and Multiplicative Interaction (AMMI) and Genotype plus Genotype x Environment interaction (GGE) are among
the most effective for visualizing the influence of G x E interactions (Kurt 2023). Several studies have utilized AMMI and
GGE methods to identify stable CMS-based hybrids in crops such as rice (John et al. 2025), pear| millet (Sagar et al. 2024)
and sunflower (Reddy et al. 2025). Unlike previous studies primarily focusing on hybrids, the present study emphasizes the
stability of CMS parental lines, which are the foundation of heterosis breeding, thereby providing a strategic advantage
for hybrid development. However, only a limited number of studies have focused on a stability analysis of CMS lines for
exploiting hybrid vigour in sunflower. Therefore, this study was primarily aimed at identifying stable CMS lines for seed
yield, oil content and other key morphological traits in varying environmental conditions by assessing G x E interaction
effects using AMMI and GGE biplot analyses.

MATERIAL AND METHODS

Plant material and field experiment

This study evaluated 22 CMS lines, including 21 newly developed lines derived from indigenous germplasm at the
Regional Agricultural Research Station, Nandyal, India, along with one control comparator, NDCMS 30A (Table S1). The
study was undertaken over three Rabi seasons 2022-23 (E1), 2023-24 (E2) and 2024-25 (E3) at Regional Agricultural
Research Station, Nandyal, India and 2022-23 (E4), 2023-24 (E5) and 2024-25 (E6) at the Agricultural Research Station,
Utukur, Kadapa, India. Nandyal is located at 15° 28’ N latitude and 78° 28’ E longitude from an altitude of 211.76 m above
mean sea level and has a black soil (vertisols) type with a deep and cracking clay texture. Utukur is located at 14.43°
N latitude, 78.80° E longitude, and at an altitude of 150 m above mean sea level and has a red sandy loam (Alfisols)
soil type with moderate soil depth. The seasonal average maximum and minimum temperature, relative humidity
and total precipitation during the experimental years in both locations are presented in Table S2. The 21 CMS lines,
their corresponding maintainer lines and the check CMS line were evaluated for stability across environments using a
randomized complete block design with three replications and a plot size of 5.4 m2.

Trait measurement

Morphological data were recorded on five plants selected randomly per CMS line in all replications, except for days
to 50% flowering and days to maturity, which were measured on a plot basis. Oil content (%) was determined using a
Nuclear Magnetic Resonance (NMR) Spectrometer at ICAR-Indian Institute of Oilseeds Research, Hyderabad, on randomly
selected samples of cleaned and dried seeds from each entry.

Statistical analysis

The collected data were analyzed using a combined analysis of variance in R software with the ‘agricolae’ package
(Shitta et al. 2022). The performance of CMS lines across environments was evaluated using multivariate analyses,
specifically the AMMI model and the GGE model implemented through the ‘metan’ package.

The AMMI analysis utilized the following model to estimate the performance of CMS lines across six environments
(Gauch et al. 1992):

N
Yij = u+gi+ej+ 2 AnYinéjn + pij + €ij
n=1

in which: Yij = yield of the i*" genotype in j'" environment; u = overall mean; gi = effect of i" genotype; ej = effect of j*
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environment; An = singular value of the n" axis in the PCA; Yin = eigen vector of i" genotype for the nt" axis; &jn = eigen
vector of j" environment for the n'" axis; pij = AMMI residual; €ij = error effect.

The GGE biplot analysis utilized the following model to estimate the performance of CMS lines across six environments
(Yan et al. 2001):

Yij = pu+ B+ A1&ilnjl + A26i2n;2 + €ij

in which: Yij = yield of it" genotype in the j* environment; u = grand mean; 6j = main effect of environment j; A1 and A2 =
singular values for the first and second principal components (PC1 and PC2); &i1 and &i2 = eigen vectors of genotype i for
PC1 and PC2, respectively; nj1 and nj2 = eigen vectors of environment j for PC1 and PC2, respectively; €ij = residual error.

RESULTS AND DISCUSSION

Stability analysis

Analysis of variance

Significant differences among the CMS lines for both morphological and yield-related traits were observed, as
indicated by the least significant difference (LSD) test (Table S3). The pooled ANOVA results showed that genotype (G),
environment (E) and G x E interaction significantly contributed to all the studied traits (Table 1). Furthermore, the largest
portion of variation was attributed to the G x E interaction, followed by genotype and environmental contribution for all
the traits except for days to 50% flowering and days to maturity. This could be attributed to the differential performance
of CMS lines across testing environmental conditions, leading to changes in the magnitude, ranking, and stability of traits
(Giang et al. 2024). This underscores the need for stability analysis in the study. The variance analysis using the AMMI
model indicated that IPCA | and IPCA Il were found to be significant for all the measured traits. The IPCA | accounted
for the largest proportion of variation in oil content (73.2%), followed by days to 50% flowering (65.4%) and days to
maturity (62.8%). The IPCA Il accounted for the highest proportion of variation in days to 50% flowering (29.4%), 100-
seed weight (29.2%), plant height (28.7%) and seed yield per plant (28.7%). Together, IPCA | and IPCA 1l explained the
largest cumulative variation for days to 50% flowering (94.8%), followed by days to maturity (90.7%), seed yield per
plant (89.7%) and oil content (88.6%). This supports earlier findings that the first two interaction principal components
are adequate for identifying stable and widely adapted genotypes (Mukri et al. 2024).

Stability analysis by AMMI model

The mean values and IPCA scores for the recorded quantitative traits in sunflower CMS lines are depicted in Tables
2 and 3. The AMMI biplot 1 showed that the lines: NDLA 13, NDLA 6, and NDLA 3 for days to 50 % flowering; NDLA 12
for days to maturity; NDLA 21 for plant height; NDLA 4 and NDLA 17 for head diameter; NDLA 16, NDLA 10 and NDLA 17
for 100-seed weight; NDLA 13, NDLA 21 and NDLA 19 for oil content; and NDLA 22, NDLA 13 and NDLA 5 for seed yield
per plant exhibited high mean values with IPCA scores near zero, indicating stability across the tested environments
for these traits.

Table 1. Pooled ANOVA of quantitative traits of sunflower

3 Genotypes Environment GxE interaction IPCA | IPCA Il . .
Traits - - Cumulative % explained
MSS PC MSS PC MSS PC MSS % explained MSS % explained

df 21 - 5 - 105 - - - - - -

DFF 118.8*** 459 147.8*%** 149 14.8%** 29.5 40.7*** 65.4 19.9%** 29.4 94.8

DM 130.6*** 49.6 161.6%** 15.6 13.7*** 26.6 36.1%** 62.8 17.5%** 27.9 90.7

PH 1395.6%** 22,5 1396.9*** 8.5 641.2*** 549 1103.5%** 41.0 838.8%** 28.7 69.6

HD 50.8*** 39,6 62.9*** 115 10.6*** 41.0 17.6%** 39.8 13.0%** 27.0 66.8

SW 3.4%%* 27.7 5.7%** 11.8 1.3%** 52.2 2.1%%* 39.6 1.7%** 29.2 68.8

ocC 39.4%** 338 12.5%** 41 7.8%** 50.5  23.9%** 73.2 5.5%** 15.4 88.6

SY 142.2%** 325 483.2%** 255  33,7%** 37.1 86.3*%** 61.0 44, 1%** 28.7 89.7

*, k%, *xx significance at 5%, 1% and 0.1%, respectively. df: Degrees of freedom; DFF: Days to 50% flowering; DM: Days to maturity; PH: Plant height; HD: Head diameter;
SW: 100-seed weight; OC: Oil content; SY: Seed yield per plant; MSS: Mean sum of squares; PC: Percentage contribution of variability.
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Table 2. Mean and IPC scores of the genotypes and environments for quantitative traits in sunflower

Code Genotybe Days to 50% flowering Days to maturity Plant height Head diameter

P Mean IPCAI IPCAIlL Mean IPCAI IPCAIlL  Mean IPCAI IPCAIl  Mean IPCAI IPCAII
1 NDLA 2 52 1.16 0.34 84 -1.41 0.14 115.0 -3.91 3.98 12.7 -1.72 0.45
2 NDLA 3 57* 0.21 0.50 89* -0.12 0.66 1174 -0.66 -0.39 16.1* -0.96 0.21
3 NDLA 4 53 0.25 0.50 85 -0.53 0.12 129.1*  -2.48 -1.02 15.5%  -0.09 0.66
4 NDLA 5 57* -0.84 -0.59 88 0.41 -0.47 142.2* 1.85 -3.79 15.4* 0.32 -0.88
5 NDLA 6 57* -0.04 0.03 88 -0.82 -0.18 113.7 -0.15 -2.96 17.4*  -0.60 -0.85
6 NDLA 7 56 0.12 1.62 88 -0.30 1.38 117.3 -0.09 -1.86 15.0 -0.29 -1.00
7 NDLA 8 58* -1.03 -0.68 91* 1.16 -0.07 115.4 1.73 -0.69 14.6 0.77 -0.09
8 NDLA 9 59* -0.93 0.20 92* 1.29 0.64 129.3* 331 2.47 14.4 0.72 0.42
9 NDLA 10 53 0.86 0.54 85 -1.22 0.40 128.4*  2.97 1.38 14.0 0.23 0.91
10 NDLA 11 55 0.69 0.42 88 -0.58 1.31 111.2 0.65 -0.43 10.7 -0.22 0.01
11 NDLA 12 59* -0.93 -0.50 91* 0.59 -0.11 110.8 0.16 -1.58 12.5 0.11 0.01
12 NDLA 13 58* -0.58 -1.47 90* 0.46 -1.52 122.4 2.17 -1.06 11.9 -0.27 0.71
13 NDLA 14 61* -1.38 0.00 94* 1.55 -0.14 118.4 -1.39 2.05 14.9 -0.31 0.49
14 NDLA 15 58* -0.85 -0.11 89* 0.40 -0.37 118.8 -2.52 1.78 14.9 0.06 1.43
15 NDLA 16 60* -1.33 1.43 91* 1.43 0.50 113.1 -0.69 0.90 12.5 -1.62 -0.50
16 NDLA 17 57* -0.99 -0.03 88 0.76 -0.47 125.6 2.91 2.67 16.6*  -0.02 -0.72
17 NDLA 18 55 0.29 -0.70 86 0.05 -1.10 122.3 1.33 0.19 14.8 0.03 -1.05
18 NDLA 19 53 0.54 -0.17 84 -0.56 0.10 120.4 1.71 1.12 17.1* 0.74 -0.71
19 NDLA 20 53 1.24 -1.35 85 -0.72 -0.57 119.7 -0.59 -1.12 14.6 1.10 0.46
20 NDLA 21 53 1.68 -0.49 86 -1.48 -0.64 134.2*  -0.32 0.01 15.9* 0.86 -0.19
21 NDLA 22 55 1.09 0.81 88 0.31 1.11 130.5%* -1.94 0.78 14.5 1.08 -0.31
22 NDCMS 30A 53 0.77 -0.32 85 -0.65 -0.72 139.1%* -4.06 -2.41 139 0.09 0.53
E1 Nandyal 2022-23 56 0.60 -3.13 88 -0.55 -3.06 126.3 2.62 -0.16 15.3 1.80 -1.84

E2 Nandyal 2023-24 53 3.64 1.16 85 -3.55 1.08 120.3 -7.47 4.37 13.6 -2.08 0.82
E3 Nandyal 2024-25 57 -1.44 0.89 88 0.66 0.31 114.6 -3.26 -7.54 14.6 0.75 1.29

E4 Utukur 2022-23 56 -0.88 0.37 90 0.89 0.51 126.9 2.98 1.04 15.6 0.97 0.85
ES Utukur 2023-24 58 -0.78 0.25 89 1.26 0.59 124.6 2.10 1.67 14.9 -1.72 -1.77
E6 Utukur 2024-25 56 -1.15 0.47 88 1.28 0.58 122.1 3.04 0.61 13.2 0.29 0.64

Mean 56 88 122.5 14.5

SE 0.55 0.57 1.88 0.36

CD (0.05) 0.87 0.77 4.73 0.56

In turn, the AMMI biplot 2 indicated that the lines: NDLA 19, NDLA 6 and NDLA 3 for days to 50% flowering; NDLA
12, NDLA 8, NDLA 19 and NDLA 4 for days to maturity; NDLA 11, NDLA 3, NDLA 21 and NDLA 16 for plant height; NDLA 8,
NDLA 11 and NDLA 12 for head diameter; NDLA 14, NDLA 4, NDLA 20, NDLA 9 and NDLA 10 for 100-seed weight; NDLA
13, NDLA 10, NDLA 16, NDLA 15, NDLA 8 and NDLA 21 for oil content; and NDLA 8, NDLA 16, NDLA 18 and NDLA 11 for
seedyield per plant had IPCA values close to zero, indicating minimal interaction with the different testing environments.
However, the NDLA 8, NDLA 16, NDLA 18 and NDLA 11 lines recorded lower mean seed yield per plant (<25 g). This
distinction is critical, as selection based solely on stability may lead to inclusion of genotypes with suboptimal yield
potential (Kumar et al. 2024). It further indicates that certain CMS lines maintain greater buffering capacity and exhibit
reduced response to fluctuations across the testing environmental conditions.

Stability analysis by the GGE model

In the present study, the findings of the GGE analysis were consolidated into six biplots. The biplot analyses, including
genotypic view, mean vs. stability, which-won-where pattern, discriminativeness vs. representativeness, and ranking of
environments and genotypes, are presented for days to 50% flowering, days to maturity, plant height, head diameter
and 100-seed weight in Figs. S1, S2 and S3, whereas the corresponding analyses for oil content and seed yield per plant
are shown in Fig. 1. Thus, the CMS lines: NDLA 9, NDLA 12, NDLA 14 and NDLA 16 for days to 50% flowering; NDLA 8,
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Table 3. Mean and IPC scores of the genotypes and environments for quantitative traits in sunflower

100-seed weight Oil content Seed yield per plant
Code Genotype
Mean IPCA | IPCAII Mean IPCA | IPCA Il Mean IPCAI IPCAII
1 NDLA 2 4.8 -1.07 -0.48 33.8% -0.52 -0.38 22.9 -1.66 0.49
2 NDLA 3 5.3* -0.35 0.18 30.8 1.58 0.66 20.0 -0.39 0.75
3 NDLA 4 5.1% -0.41 -0.02 33.7* -0.83 0.53 26.7* 1.05 0.52
4 NDLA 5 4.9 0.00 -0.21 33.0 1.82 0.44 26.4* 0.51 0.56
5 NDLA 6 4.1 -0.34 0.39 35.8% -0.75 -0.79 22.5 -0.06 1.41
6 NDLA 7 3.9 -0.41 -0.44 34.0%* -0.84 -0.27 21.1 -0.79 1.52
7 NDLA 8 5.1%* 0.46 -0.64 33.1 -0.87 0.10 23.8 -0.86 -0.26
8 NDLA 9 4.9 0.56 0.04 32.8 -0.61 -0.75 29.3* 0.79 -1.10
9 NDLA 10 5.5% -0.04 0.04 31.7 0.06 -0.15 28.5% 1.17 -0.45
10 NDLA 11 4.4 -0.10 0.17 32.7 -0.56 0.44 23.5 0.52 0.29
11 NDLA 12 5.1% -0.27 0.48 32.6 -0.21 -0.36 21.8 -0.86 -0.39
12 NDLA 13 5.1%* 0.87 0.26 34.4% -0.35 -0.17 26.6* 0.37 -1.60
13 NDLA 14 4.4 -0.36 -0.04 31.3 -0.20 0.47 25.8* -1.12 -0.39
14 NDLA 15 4.9 -0.16 0.15 31.5 0.06 0.09 24.7 -1.00 -1.06
15 NDLA 16 5.2% -0.02 0.97 31.6 -0.07 0.08 22.2 -1.62 0.06
16 NDLA 17 5.0 -0.03 -0.45 32.7 0.84 -1.13 24.8 -0.99 0.74
17 NDLA 18 5.4% 0.54 -0.59 33.6* 1.34 -0.74 23.4 -1.00 0.25
18 NDLA 19 4.9 0.18 -0.06 34.1%* 0.65 -0.37 27.7% 2.88 1.51
19 NDLA 20 4.3 0.44 0.01 31.9 0.76 0.74 27.7* 1.16 -1.26
20 NDLA 21 5.1%* 0.52 -0.31 33.6* -0.05 0.16 31.0* 1.05 0.51
21 NDLA 22 5.0 0.21 0.72 32.6 -0.38 0.60 25.4 0.26 -0.70
22 NDCMS 30A 4.5 -0.23 -0.17 37.2% -0.86 0.81 23.9 0.59 -1.40
E1 Nandyal 2022-23 5.0 1.30 -1.10 33.6 0.00 2.15 29.8 -3.55 -1.98
E2 Nandyal 2023-24 4.4 -1.46 -1.00 32.7 -3.19 -0.70 26.1 -2.21 1.79
E3 Nandyal 2024-25 5.1 0.48 0.55 33.1 -0.23 0.41 24.5 2.04 -2.32
E4 Utukur 2022-23 4.9 0.09 0.09 33.2 1.02 -0.57 23.5 1.59 -0.07
E5 Utukur 2023-24 5.1 -0.15 0.71 33.5 1.24 -0.62 23.9 0.64 2.42
E6 Utukur 2024-25 4.7 -0.26 0.75 32.5 1.16 -0.68 22.1 1.49 0.15
Mean 4.9 33.1 25.0
SE 0.09 0.32 0.60
CD (0.05) 0.17 0.47 0.68

NDLA 9, NDLA 12, NDLA 14 and NDLA 16 for days to maturity; NDLA 5 and NDLA 21 for plant height; NDLA 6, NDLA
17 and NDLA 19 for head diameter; NDLA 3, NDLA 10 and NDLA 18 for 100-seed weight; NDLA 6, NDLA 13 and NDLA
19 for oil content; and NDLA 21 for seed yield per plant performed above average across the six tested environments.
This variation in performance of CMS lines may be due to differences in factors such as temperature, relative humidity,
rainfall, and soil type, which can significantly impact growth and development (Yathish et al. 2024). Furthermore, the
presence of trait-specific superior genotypes also indicates the possibility of selecting parental lines tailored for targeted
trait improvement rather than relying on a single genotype for all traits. Therefore, simultaneous consideration of mean
performance and stability is crucial to identify truly superior genotypes, as also suggested by Yan et al. (2023).

The mean performance and stability of the CMS lines for recorded quantitative traits indicated that the Average
Environmental Coordination (AEC) line, passing through the origin, reflects higher mean performance across the tested
environmental conditions. Considering the AEC line, the CMS lines: NDLA 6, NDLA 9, NDLA 14, NDLA 15 and NDLA 17
for days to 50% flowering; NDLA 8, NDLA 9, NDLA 12 and NDLA 16 for days to maturity; NDLA 21 for plant height; NDLA
4, NDLA 5, NDLA 14, NDLA 17 and NDLA 18 for head diameter; NDLA 5, NDLA 10 and NDLA 22 for 100-seed weight;
NDLA 12, NDLA 13 and NDLA 21 for oil content; and NDLA 9, NDLA 20, NDLA 21 and NDLA 22 for seed yield per plant
exhibited high mean values with minimal variation across the tested environmental conditions. This stability of CMS
lines may be due to the predominance of additive genetic effects, physiological mechanisms which ensure efficient
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Figure 1. GGE biplots for oil content and seed yield per plant. A. Genotypic view of biplot; B. Mean vs Stability; C. Which-won-where
biplot; D. Discriminativeness vs representativeness; E. Ranking environments; F. Ranking genotypes.
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resource utilization and uniform expression across diverse environments (Singh et al. 2024). The identification of CMS
lines such as NDLA 9, NDLA 21, and NDLA 22 for seed yield per plant, along with stable performers for key component
traits, underscores their potential as elite parental lines and dependable genetic resources for developing high-yielding
and widely adaptable sunflower hybrids.

The GGE biplot “which-won-where” analysis revealed that: NDLA 16 (E3, E4, E5, E6) for days to 50% flowering and
days to maturity; NDLA 5, NDLA 9 and NDLA 17 (E1, E4, E5, E6) for plant height; NDLA 19 and NDLA 22 (E1, E3, E4, E6)
for head diameter; NDLA 6 and NDLA 10 (E3, E4, E5, E6) for 100-seed weight; and NDLA 19 and NDLA 21 (E4, E5, E6) for
seed yield per plant were the top-performing CMS lines across environments. The control comparator NDCMS 30A (E1,
E3, E4, ES5, E6) and NDLA 8 (E2) were identified as the best performers for oil content. The superiority of CMS lines such
as NDLA 16 and NDLA 19 across environments indicates their broad adaptability and stability for hybrid development,
whereas the environment-specific performance of NDLA 8 for oil content highlights the importance of targeted breeding
strategies for quality traits under specific agro-climatic conditions. The presence of distinct winning genotypes across
different biplot sectors indicates crossover interactions, highlighting that CMS line performance varies across environments
and emphasizing the need for multi-environment evaluation to reliably identify superior genotypes (Reddy et al. 2025).

The influence of different testing environments on the recorded quantitative traits indicated that the E3, E4, E5 and
E6 environments for days to 50% flowering, days to maturity and 100-seed weight; E1, E3, E4, E5 and E6 for oil content;
and E4, E5 and E6 for seed yield per plant exhibited a correlation among the testing environmental conditions. The trait
plant height showed correlations among the E1, E4, E5 and E6 conditions, as well as between E2 and E3. Additionally, the
trait head diameter exhibited correlations among the E1, E3, E4 and E6 conditions, as well as between E2 and E5. The
clustering pattern indicates that E4, E5, and E6 are highly correlated and stable environments, suitable for future multi-
location trials, which can be grouped into a single mega-environment, thereby eliminating redundant testing sites and
improving evaluation efficiency. The present findings underscore the importance of selecting suitable test environments
in crop breeding programs that can effectively differentiate among genotypes (Moura et al. 2026).

The analysis of representativeness showed that E5 (days to 50% flowering and plant height), E3 (days to maturity,
oil content, and seed yield per plant), E6 (head diameter), and E4 (100-seed weight) formed small acute angles with the
AEC line, indicating that these environments are representative for their respective traits. The E3 and E5 conditions are
the most discriminative and can therefore be used to identify the most adaptable and stable CMS lines. The variation
in representative environments across traits suggests that phenological traits are mainly influenced by thermal time
and photoperiod sensitivity, while yield and oil-related traits are driven by moisture, radiation, and nutrient dynamics,
highlighting the need for multi-trait and multi-environment evaluation in sunflower breeding programs (Reis et al. 2025).

The E3, E4, E5 and E6 environments together constituted one mega-environment for the days to 50% flowering,
days to maturity and 100-seed weight traits, while E1 and E2 each formed separate mega-environments. Additionally,
the E1, E4, E5 and E6 conditions formed a single mega-environment for plant height, while E2 and E3 each constituted
separate mega-environments. Similarly, E1, E3, E4 and E6 formed one mega-environment for head diameter, while E2
and E5 each constituted separate mega-environments. In turn, E1, E3, E4, E5 and E6 are grouped into a single mega-
environment for oil content, with E2 forming a separate one. Next, E4, E5 and E6 formed one mega-environment for
seed yield per plant, whereas E1, E2 and E3 each emerged as distinct mega-environments in the study. Grouping of the
E3, E4, E5, and E6 environments suggests similar agro-ecological conditions and genotype responses, while the distinct
separation of E2 indicates its unique environmental influence and differential selective pressure on trait expression.
Overall, environments such as E3 and E5 were relatively discriminating conditions for identifying stable and highly
adaptable CMS lines across the majority of quantitative traits evaluated in the study (Singh et al. 2025).

The ranking of the CMS lines based on the ideal view point of GGE biplot was in the order of: NDLA 14 > NDLA 9 >
NDLA 15 > NDLA 17 and others for days to 50% flowering; NDLA 9 > NDLA 16 > NDLA 12 > NDLA 14 and others for days
to maturity; NDLA 21 > NDLA 20 > NDLA 7 and others for plant height; NDLA 17 > NDLA 5> NDLA 4 > NDLA 18 and others
for head diameter; NDLA 10 > NDLA 22 > NDLA 5 > NDLA 17 and others for 100 seed weight; NDLA 21 > NDLA 13 > NDLA
12 > NDLA 6 and others for oil content; and NDLA 9 > NDLA 20 > NDLA 22 > NDLA 21 and others for seed yield per plant.

The selection of CMS lines exhibiting high seed yield per plant is fundamental for developing stable and high-yielding
sunflower hybrids (Aboye and Edo 2024). The strong positive association of seed yield with 100-seed weight and head
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diameter suggests that these traits can serve as reliable indirect selection criteria in breeding programs. Conversely,
the weak or negative association between oil content and seed yield suggests a potential trade-off, underscoring the
need for balanced selection strategies to achieve both yield and quality improvements. The consistency of these trait
relationships across environments further underlines their significance in guiding effective selection decisions. Moreover,
although the CMS lines demonstrated stable per se performance, their utility in hybrid development depends on a
comprehensive evaluation of combining ability and fertility restoration behaviour to ensure the successful exploitation
of heterosis (Das et al. 2021). However, the study is limited to locations and seasons, and so further validation across
diverse agro-climatic zones may be needed.

CONCLUSION

The present study examined the G x E interaction, the stability of CMS lines, as well as the discriminating power and
representativeness of the testing environments. The GGE biplot model proved effective for graphically visualizing the
G x E interaction and for identifying stable, high-performing CMS lines. Among the evaluated CMS lines, NDLA 9, NDLA
20, NDLA 22 and NDLA 21 showed greater stability for seed yield per plant, while NDLA 21, NDLA 13, NDLA 12 and NDLA
6 were more stable for oil content across the tested environments and can be utilized in breeding programs aimed at
improving specific phenotypes. The E3 and E5 environments were relatively discriminating and representative and can
therefore be used to identify promising CMS lines with high yield and adaptability. Furthermore, the study highlights
that CMS lines exhibit stable per se performance. However, it is essential to further evaluate their combining ability and
fertility restoration behaviour to effectively develop heterotic hybrids in sunflower.
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