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M. K. Mahatma 5, Sushmita Singh 1, Kiran K. Reddy 1, S. K. Bera 1, Chandramohan Sangh 1, 
Kirti Rani 6, Zarana Chavada 1 & K. D. Solanki 1

The global market has a high demand for premium edible grade groundnut, particularly for table 
use. India, in particular, exhibits significant potential for exporting confectionary grade large 
seeded groundnut. The environment plays a significant impact in influencing the expression of seed 
traits, which subsequently affects the confectionary quality of groundnut genotypes. The states 
of Gujarat and Rajasthan in India are prominent producers of high-quality groundnuts specifically 
used for confectionary purposes. The current study was conducted with 43 confectionery groundnut 
genotypes at Junagadh, Gujarat, and Bikaner, Rajasthan, with the goals of understanding genotype-
by-environment interaction (GEI) effects and identifying stable, high yielding confectionery quality 
groundnut genotypes using AMMI and GGE biplot models. Pod yield per plant (PYP), number of 
pods per plant (NPP), hundred kernel weight (HKW), and shelling percent (SP) were estimated. The 
interplay between the environment and genotype has had a notable impact on the manifestation of 
confectionary grade characteristics in peanuts. The results from the Interaction Principal Component 
Analysis (IPCA) indicate that HKW contributed 76.68% and 18.95% towards the Global Environmental 
Index (GEI) through IPCA1 and IPCA2, respectively. Similarly, NPP contributed 87.52% and 8.65%, 
PYP contributed 95.87% and 2.1%, and SP contributed 77.4% and 16.22% towards GEI through IPCA1 
and IPCA2, respectively. Based on the ranking of genotypes, the ideal genotypes were PBS 29079B for 
HKW, PBS 29230 for NPP. The genotypes PBS 29233 and PBS 29230 exhibited superior performance 
and stability in terms of pod yield, hundred kernel weight, number of pods per plant, and shelling 
percentage across various sites. These breeding lines have the potential to be developed for the 
purpose of producing confectionary grade groundnut with larger seeds, in order to fulfil the growing 
demand for export.
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NPP	� Number of pods per plant
OC	� Organic carbon
P	� Accessible phosphorus
PCA	� Principal component analysis
PYP	� Pod yield per plant
SMK	� Sound mature kernels
SP	� Shelling percent
SVD	� Singular value decomposition

Groundnut, Arachis hypogaea L., is a major oilseed crop worldwide. It has a unique nutritional profile and has 
long been used in cooking1. Groundnut also provides dietary fibre, B group vitamins, vitamin E, and minerals 
like iron, zinc, potassium, and magnesium2. Trace minerals including selenium, manganese, and copper enhance 
cellular functioning, as can antioxidant polyphenolic substances like flavonoids and resveratrol3,4.

The global market for premium confectionery peanuts is large. India has abundant confectionery and large-
seeded groundnut export potential. Groundnut seed quality depends on physical, sensory, chemical, and nutri-
tional factors. New groundnut cultivars must have specified physical and chemical characteristics, processing, 
and end-use properties to be accepted by merchants, manufacturers, and consumers5,6. High standards for sound 
mature kernels (SMK), 100-kernel weight (HKW), elongated shape, tapering ends, and pink to light brown 
testa colour are desirable7. Groundnut’s consumable value depends on seed size and chemical composition. Few 
genotypes have been selectively bred for Hand Picked Selection (HPS) acceptance.

Genotype environment interactions (GEI) affect confectionery (i.e. HKW) and other yield-related traits like 
pod yield, shelling percent (SP), and number of pods per plant (NPP) genotypes, which perform differently in 
different environments. Under such conditions, stability analysis using multi-environment trials (METs) works 
well to evaluate genotype performance over environments. The additive main effects and multiplicative inter-
action (AMMI) model and genotype plus genotype environment interaction (GGE) biplot are two statistical 
methods for studying gene-environment interaction (GEI) effects8,9. Both methods use two-way environment 
tables and principal component analysis (PCA) to visualise complex genotypes10. How the means are treated 
before singular value decomposition distinguishes the two approaches. Unlike GGE biplot, AMMI applies SVD 
to GE interaction data without genotype and environment means11. Due to their excellent correlation, both 
approaches can be used interchangeably12.

The GGE biplot uses mean vs. stability plots, test environment evaluation using discriminating power vs. 
representativeness plots, and multi-environment analysis such "which-won-where" pattern identification13,14. 
Since its introduction, the GGE biplot technique has been used in MET analysis many times. Previous research 
used GGE biplot analysis to evaluate 24 BGN landrace yield stability15. The yield stability of Andean dry bean 
accessions grown under varied abiotic stress conditions in Tanzania was studied using GGE biplot analysis16. 
This study’s main objectives were to (i) characterise groundnut genotypes at two locations in terms of seed size 
and yield-related traits, and (ii) assess genotype-by-environment interaction and identify stable genotypes with 
large seed size and yield-related traits in two prominent groundnut growing regions of India.

Materials and methods
Study locations
The study was conducted in two discrete agroecological zones, specifically Junagadh, Gujarat and Bikaner, 
Rajasthan, throughout the Kharif seasons of 2019 and 2020. Table 1 and Graph 1 display the average meteoro-
logical data pertaining to the locations under investigation.

Table 1.   Monthly meteorological data of the experimental sites during groundnut growing seasons.

Location Latitude Longitude Year Parameter July August September October November

Junagadh 28.075758 73.345096

2019

Average temperature (°C) 30.2 27.8 28.1 28.8 26.6

Total rainfall (mm) 228.2 393.8 678.7 42.2 11.2

Average relative humidity (%) 75 90 88 65 61

2020

Average temperature (°C ) 29.1 27.8 29.2 29.6 25.1

Total rainfall (mm) 462.6 862.0 136.1 48.9 0.0

Average relative humidity (%) 89 90 76 59 48

Bikaner 21.506323 70.449339

2019

Average temperature (°C ) 34.3 31.5 32 26.6 20

Total rainfall (mm) 40.6 128.2 16.2 28.8 27.2

Average relative humidity (%) 66.3 74.1 74.2 55.6 66.4

2020

Average temperature (°C ) 34.3 32.3 31.2 26.1 19.0

Total rainfall (mm) 13.4 128.9 15.6 0.0 1.2

Average relative humidity (%) 59.2 68.1 60.9 37.9 48.9
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Graph 1.   Graphical representation of monthly meteorological data of the experimental sites during groundnut 
growing seasons.

Soil sampling and analysis
A comprehensive soil sample was obtained from the entire plot by collecting samples from a depth range of 
0–15 cm utilising a soil auger. The composite sample was thereafter employed for the initiation of experiment 
following the completion of the harvest. The soil sample underwent shade drying and subsequent sieving using 
a 2 mm sieve in order to facilitate chemical testing, which encompassed the determination of sand, clay, silt, pH, 
organic carbon (OC), total nitrogen (N), potassium (K), accessible phosphorus (P), and particle size distribution. 
The aforementioned analyses were conducted at the commencement of the trial.

Plant materials and data collection
A comprehensive evaluation was conducted on 43 groundnut genotypes during the Kharif seasons of 2019 and 
2020. The assessment was carried out using a randomised complete block design, with three replicates. The 
dataset comprised of 40 breeding lines that were at an advanced stage of development, along with three check 
varieties: Girnar 2, Mallika, and Raj Mungfali 3 (Table 2). Each plot was measured to have a length of 3 m, with 
a plant spacing of 10 cm and a row spacing of 60 cm between each plot. The seeding process occurred during the 
first two weeks of July, while the harvesting activities were conducted during the first two weeks of November. In 
order to develop a successful crop, strict adherence to the defined set of practises was observed. The researchers 
recorded data related to pod production, shelling percentage (SP), number of pods per plant (NPP), and hundred 
kernel weight (HKW). The process of measuring Hundred Kernel Weight (HKW) entailed the random selection 
of mature hundred seeds from each genotype within each replication. The seeds that were chosen were then 
quantified in grams. The shelling percentage (SP) was ascertained by computing the proportion of the weight of 
seeds obtained from the sample of pods to the overall weight of the pods, denoted as a percentage. The mature 
pods from each individual plant were separated and afterwards subjected to a drying process for a duration of 
seven days, until they attained a moisture content that confirmed to established standards. Following this, the 
specimens underwent a cleaning process and were subsequently weighed via a balance instrument. The weight 
of the pods was afterwards divided by the plant population in order to ascertain the pod yield per plant. In a 
similar manner, the total number of pods was quantified and afterwards divided by the plant population in order 
to get the average number of pods per plant.

Material statement
Test materials were sourced from our own gene bank at ICAR-Directorate of Groundnut Research, Junagadh. 
All the plant material was obtained and developed at ICAR-DGR, Junagadh and no specific permissions are 
required as they are our own material.

Statistical analysis
The data analysis was performed using version 4.2.1 of the R statistical software17. The data on yield and yield-
related variables were analysed using a combined analysis of variance (ANOVA) to evaluate the existence of 
genotype by environment interaction (GEI). The data underwent log transformation for normalisation prior 
to analysis. In order to facilitate AMMI and GGE biplot modelling, each year and location was considered as 
a distinct and autonomous environment and were analysed using packages "agricolae"18 and GGEBiplotGUI19 
respectively.

Handling plant materials and methods
The collection and handling of plant and methods were in accordance with all the relevant guidelines.
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Results and discussion
Soil analysis
The physicochemical parameters of the soil for the two specified areas are presented in Table 3. According to the 
data presented in Table 3, it can be observed that Junagadh demonstrates somewhat elevated concentrations of 
nitrogen, organic carbon, phosphorus, and potassium in comparison to Bikaner. The soil characteristics observed 
in Bikaner indicate significantly greater levels of bulk density and pH when compared to Junagadh. Significant 
differences in soil parameters were observed at both study sites throughout the course of the two-year period, 
which had a notable influence on crop productivity and related attributes. The productivity of groundnut is found 
to be higher in sandy soils compared to clayey soils, mostly due to the porous structure of sandy soils that enables 
pod expansion. The occurrence of slender and loosely connected fissures in sandy soils during the process of 

Table 2.   Average performance of genotypes for yield related traits at Junagadh and Bikaner locations.

S. No Genotype

HKW NPP PWP SP

Jun Bik Jun Bik Jun Bik Jun Bik

G1 GIRNAR 2 (C1) 43.47 61.69 15.59 26.77 9.81 29.36 60.19 71.6

G2 Mallika (C2) 48.59 83.8 13.57 14.23 10.2 27.23 62.24 62.44

G3 PBS 19013 25.14 66.62 9.5 14.38 6.72 18.56 54.99 60.06

G4 PBS 19015 43.32 70.25 10.64 12.8 7.91 13.92 55.64 63.24

G5 PBS 19018 37.7 74.6 12.39 19.57 7.39 29.61 48.41 63.48

G6 PBS 19029 47.01 87.13 10.64 10.9 9.6 18.76 52.65 60.39

G7 PBS 29069 34.94 71.4 12.25 10.77 8.93 14.74 63.15 51.76

G8 PBS 29078 48.74 101.78 10.94 14.03 10.05 23.17 56.72 65.35

G9 PBS 29079A 54.81 72.73 10.14 12.15 6.91 18.29 55.92 59.16

G10 PBS 29079B 72.53 121.95 9.73 21.13 7.52 40.06 79.84 62.2

G11 PBS 29082 44.49 64.6 11.43 11.18 7.2 16.12 46.73 47.45

G12 PBS 29137 45.32 88.98 14.46 12.93 14.73 20.2 54.26 60.62

G13 PBS 29138 46.92 89.57 11.28 13.7 7.09 23.35 53.76 63.97

G14 PBS 29143 42.2 91.31 11.44 10.9 11.2 17.83 45.3 60.97

G15 PBS 29160 44.75 88.72 12.62 18.87 9.28 33.55 59.44 64.55

G16 PBS 29165 45.55 83.24 7.06 11.8 6.72 16.52 60.7 64.93

G17 PBS 29167 44.54 94.84 11.1 13.75 9.88 23.48 56.69 68.16

G18 PBS 29187 43.46 84.92 9.26 12.4 8.1 19.13 56.07 65.79

G19 PBS 29189 40.49 76.41 12.69 11 10.96 12.52 63.27 66.33

G20 PBS 29191 52.57 106.52 11.52 14.47 8.94 27.87 59.25 67.76

G21 PBS 29193 54.78 71.43 10.03 10.77 8.35 13.08 54.38 54.8

G22 PBS 29194 58.08 70.25 10.74 10.93 8.73 14 54.38 54.27

G23 PBS 29197 40.71 104.1 10.72 12.67 9.26 26.05 57 67.33

G24 PBS 29199 48.78 86.21 9.63 13.53 7.65 22.47 58.43 65.3

G25 PBS 29204 50.53 86.44 10.09 14.4 5.16 19.1 54.96 59.09

G26 PBS 29207 50.28 104.05 8.66 11.45 6.59 23 56.09 67.84

G27 PBS 29208 55.55 100.22 12.07 17.53 9.01 36.65 56.78 67.7

G28 PBS 29210 58.09 98.57 11.62 17.43 9.22 27.2 57.72 65.97

G29 PBS 29211 47.01 100.41 10.92 14.6 8.96 31.01 57.07 73.27

G30 PBS 29212 47.14 83.59 7.02 10.5 6.56 13.98 54.27 58.61

G31 PBS 29214 55 99.52 10.65 13.33 7.43 28.63 55.76 64.97

G32 PBS 29218 57.99 102.19 9.07 18.77 6.35 33.76 51.61 67.97

G33 PBS 29219 60.79 90.69 12.35 16.6 9.05 23.59 48.78 56.9

G34 PBS 29223 54.62 83.48 13.24 15.63 9.55 26.12 51.32 60.96

G35 PBS 29228 56.36 67.17 12.69 12.37 8.65 16.46 59 65.51

G36 PBS 29232 47.34 62.23 16.33 17.7 8.18 21.52 61.38 72.85

G37 PBS 29233 46.06 67.76 15.06 19.07 10.69 27.64 61.91 71.36

G38 PBS 29243 44.69 70.53 11.44 15.73 7.89 22.03 59.05 65.53

G39 PBS 29192 54.84 91.1 10.73 13.37 8.59 25.78 58.03 70.55

G40 PBS 29195 54.03 74.97 10.6 10.73 9.44 14.04 55.31 53.16

G41 PBS 29225 55.9 100.57 11.22 14.47 9.35 27.19 57.73 68.33

G42 PBS 29230 50.15 66.56 17.54 21.5 10.58 24 61.02 70.11

G43 Raj Mungpali 3 (C3) 43.22 97.3 10.79 14.5 9.15 27.42 58.19 67.23

CV (%) 1.90 1.1 4.45 3.21 5.45 3.43 1.45 0.96



5

Vol.:(0123456789)

Scientific Reports |         (2024) 14:2943  | https://doi.org/10.1038/s41598-024-52938-z

www.nature.com/scientificreports/

desiccation is a desirable attribute, especially in areas characterised by semi-arid climates, where rainfall patterns 
are unpredictable and the soil undergoes prolonged periods of dryness. Although clay soil has a notable ability 
to hold water, it experiences an increase in volume when it becomes wet and a decrease in volume when it dries 
over long periods of time.

Combined analysis of variance
A thorough examination was conducted (as illustrated in Table 4) to deconstruct the primary impacts and 
evaluate the interconnections among and within the factors of variation. The study’s results revealed significant 
variations in yield (PYP) and related traits (HKW, NPP, SP) as a result of the combined effects of genotypes, sea-
sons, and environments, as well as the interactions between genotype and environment (GEI). These interactions 
encompassed location × Season, location × Genotype, Season × Genotype, and location × Season × Genotype. 
The findings of this study suggest that there were variations in the performance of accessions across different 
locations and years, primarily attributed to differences in environmental conditions. These disparities subse-
quently altered the expression of genotypes in diverse settings and seasons. Furthermore, it should be noted that 
the impact of the environment on genotypes is not consistent, as different genotypes display distinct responses 
in terms of yield and associated traits under different environmental circumstances. This, phenomena has been 
extensively observed by several authors20–28.

Additive main effects and multiplicative interaction1 biplot
The use of the additive main effects and multiplicative interaction (AMMI) model is a prominent statistical 
methodology for investigating genotype by environment interaction (GEI) and genotype stability. The graphical 
representation in Fig. 1 depicts the abscissa and ordinate of the AMMI 1 biplot. These axes are associated with the 
first Interaction principal component (IPCA1) term and the primary impacts of the traits HKW (Fig. 1A), NPP 
(Fig. 1B), PYP (Fig. 1C), and SHP (Fig. 1D). The IPCA1 scores were shown in correlation with these variables 
across all contexts, providing useful insights into the genotype-environment interaction of the studied genotypes. 
The analysis performed by the GEI revealed both similarities and variations across the 43 genotypes, as evidenced 
by the IPCA1 values of 76.68% for HKW, 87.52% for NPP, 95.87% for PYP, and 77.4% for SP. For HKW (as seen 
in Fig. 1A), it was observed that genotypes PBS 29212 (G30), PBS 19018 (G5), and PBS 29165 (G16) exhibited 
significant stability. The proximity of the data points to the origin and their near-zero values on the IPCA1 were 
indicative of this. The observed genotypes exhibit significant adaptability and possess favourable characteristics 
for achieving hundred kernel weight (HKW) under diverse environmental conditions. On the other hand, it is 
noteworthy that the genotypes PBS 29228 (G35), PBS 29197 (G23), PBS 29079B (G10), and PBS 29191 (G20) 
exhibited unstable characteristics, as evidenced by their considerable deviation from the reference point. These 
genotypes also demonstrated a constrained capacity for adaptation and are better suited for environments char-
acterised by limited conditions. The genotype PBS 29228 (G35) exhibited restricted adaptability to environmental 
conditions in Junagadh, whereas the genotype PBS 29297 (G23) exhibited adaptability to Bikaner. Figure 1B 
illustrates that the genotypes PBS 29138 (G13) and PBS 29211 (G29) exhibited minimal scores on the IPCA1. 

Table 3.   Characterization of soil properties of experimental locations.

Location PH Texture Bulk density OC (%) N (Kg/ha) P (Kg/ha) K (Kg/ha)

Bikaner 8.30 Loamy sand 1.55 0.15 92.26 14.62 207

Junagadh 7.85 Clayey 1.34 0.62 235 30 315

Table 4.   Combined pooled Analysis of variance for yield and yield related traits data obtained from trials 
conducted in Bikaner and Junagadh in 2019 and 2020 (environments constitute year–location combinations). 
Coefficient of variation = 0.39. DF = Degree of freedom. SS = sum of squares. MS. = mean square. *Significant at 
p ≤ 0.05. **Significant at p < 0.001.

EFFECT DF

HKW NPP PYP SP

SS MS %SS SS MS %SS SS MS %SS SS MS %SS

Rep 2 2.02 1.01 0.001 3.51 1.75** 0.06 0.36 0.18 0.0009 1.01 0.50 0.004

Environment (L) 1 170202.79 170202.79** 68.63 1250.25 1250.25** 20.95 26381.36 26381.36** 66.67 6047.73 6047.73** 24.72

Season (S) 1 510.38 510.38** 0.20 49.86 49.86** 0.83 377.36 377.36** 0.95 502.00 502.00** 2.05

Genotype (G) 42 46802.85 1114.35** 18.87 3191.22 75.98** 53.46 6099.85 145.23** 15.41 10593.87 252.23** 43.3

L × S 1 458.95 458.95** 0.18 44.89 44.89** 0.75 416.29 416.29** 1.05 592.55 592.55** 2.42

G × L 42 22281.81 530.52** 8.98 1132.27 26.96** 18.97 5960.76 141.92** 15.06 5354.32 127.48** 21.89

G × S 42 3915.15 93.22** 1.57 108.73 2.59** 1.82 121.75 2.90** 0.31 520.58 12.39** 2.13

G × L × S 42 3523.17 83.89** 1.42 99.43 2.37** 1.67 64.20 1.53** 0.16 653.38 15.56** 2.67

Residual 342 304.73 0.89 0.12 88.48 0.26 1.48 144.22 0.42 0.36 196.87 0.58 0.80

Total 515 248001.83 5968.65 39566.15 24462.29
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The genotypes examined in this study were found to be located in close proximity to the origin, suggesting that 
they possess a high degree of adaptation in relation to number of pods per plant (NPP). On the other hand, it is 
worth noting that Girnar 2 (G1), PBS 29079B (G10), PBS 29230 (G42), PBS 29232 (G36), PBS 29189 (G19), and 
PBS 29212 (G30) exhibited a considerable spatial separation from the place of origin and displayed restricted 
levels of adaptation. In relation to the pod yield per plant (PYP) as illustrated in Fig. 1C, it was seen that PBS 
29219 (G33), PBS 29199 (G24), PBS 29167 (G17), and PBS 29078 (G8) demonstrated significant adaptation, as 
evidenced by their closeness to the origin and their virtually zero value on the IPCA1. On the other hand, PBS 
29079B (G10), PBS 29189 (G19), PBS 29208 (G27), and PBS 29218 (G32) demonstrated a significant degree 
of spatial divergence from the reference point and exhibited a restricted scope of adaptability. Genotypes PBS 
29079B (G10), PBS 29208 (G7), and PBS 29160 (G15), which were positioned on the right side of the central 
axis, exhibited increased production. In relation to Shelling percent (SP) as illustrated by Fig. 1D depicts the 
proximity of PBS 19015 (G4), PBS 29199 (G24), and PBS 29210 (G28) to the origin, indicating that they exhibit 
low scores on the first interaction principal component (IPCA1). On the contrary, PBS 29079B (G10), PBS 29069 
(G7), PBS 29082 (G11), and PBS 29211 (G29) exhibit a substantial spatial separation from the point of origin.

In the context of the AMMI1 investigation, it has been observed that genotypes located near the centre region 
of the IPCA1 axis exhibit greater stability with minimal interaction effects. As a result, these genotypes dem-
onstrate a wide range of adaptation to various environmental situations. In contrast, the detection of a positive 
interaction occurs when there is congruent polarity between the genotype and environment on the IPCA axis. 
Conversely, a deleterious interaction arises when there is a discrepancy in polarity between the genotype and 
the environment. The outcomes derived from our research are consistent with the findings documented29–33. The 
findings of present investigation demonstrate that the AMMI model exhibits a satisfactory level of compatibility 
with the collected data, thereby providing empirical justification for the application of AMMI 2. The scholarly 
works of34–37 have been essential in facilitating the creation of the biplot and the calculation of genotype and 
environment effects.

Additive main effects and multiplicative interaction 2 biplot
The findings derived from the AMMI 2 analysis have yielded support for the significance of including IPCA2 
scores in conjunction with IPCA1 scores to enhance our understanding of genotype-environment interactions 

Figure 1.   Additive main effects and multiplicative interaction 1 (AMMI 1) biplots based on PC1 illustrating 
G × E interactions of the 43 groundnut accessions in two seasons and two locations: (A) Hundred kernel weight 
(HKW) (B) No. of pods per plant (NPP), (C) pod yield per plant (PWP), (D) Shelling percent (SP).
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(GEI) across diverse settings. Moreover, the utilisation of this methodology has facilitated the identification of 
genotypic adaptations, as depicted in Fig. 2. The values of IPCA2 index for four variables, namely HKW, NPP, 
PYP, and SP, which were found to be 18.95%, 8.65%, 2.1%, and 16.22% respectively. The findings of the study 
indicate that the initial two IPCAs were responsible for the entirety of the Genotypic-by-Environmental Inter-
action (GEI) variance across the four variables that were investigated. The outcomes of our investigation are 
consistent with the findings34, who noted that the initial two primary components adequately serve as a basis 
for projecting the AMMI model. It is important to acknowledge that38, have proposed the incorporation of the 
initial four primary components within the framework of multi-environment trials. The AMMI2 biplot use the 
distances from the biplot origin to provide insights into the degree of interaction exhibited by genotypes across 
environments, or conversely. Environments with low IPCA1 and IPCA2 scores, located near the origin, have a 
notable influence on genotype stability was reported39. Moreover, these habitats exhibit a constrained impact on 
genotype-by-environment interaction, implying a broad adaptability to diverse developmental circumstances.

Within the framework of HKW, it was noted that genotypes PBS 29212 (G30), PBS 19018 (G5), Mallika (G2), 
and PBS 29219 (G33) exhibited a significant proximity to the origin. In contrast, it was observed that genotypes 
PBS 29197 (G23), PBS 29187 (G18), and PBS 29199 (G24) exhibited a spatial distribution that deviated from the 
central region. In the context of NPP, it was found that certain genotypes, including PBS 29208 (G27), PBS 19018 
(G5), PBS 29210 (G28), and PBS 29211 (G29), demonstrated a close proximity to the origin. However, genotypes 
PBS 29079B (G10) and PBS 29233 (G37) revealed a significant distance from the centre. The interaction between 
genotypic and the environment was observed to be highly impacted by a range of environmental variables. 
Within the framework of NPP, it was observed that PBS 29079B (G10) demonstrated significant adaptability 
towards B20. Conversely, PBS 29137 (G12) exhibited compatibility with J19 and J20, while PBS 29233 (G37) 
displayed a favourable response to B20. In the context of PYP, it was observed that genotypes PBS 29167, PBS 
29232, PBS 29199 (G24), PBS 19018 (G5), and Raj Mungfali 3 (G43) demonstrated proximity to the origin. In 
contrast, genotypes PBS 29137 (G12), PBS 29212 (G30), and PBS 29079B (G10) exhibited a significant deviation 
from the central position. The genotype PBS 29079B (G10) displayed adaptability to B19, whereas PBS 29137 
(G12) indicated remarkable adaptability specifically with J20. Furthermore, PBS 19015 (G4) and PBS 29189 

Figure 2.   Additive main effects and multiplicative interaction 2 (AMMI 2) biplots based on PC1 illustrating 
G × E interactions of the 43 groundnut accessions in two seasons and two locations: (A) Hundred kernel weight 
(HKW) (B) No. of pods per plant (NPP), (C) pod yield per plant (PWP), (D) Shelling percent (SP).
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(G19) exhibited a notable degree of flexibility in relation to J19. In relation to the percentage of shelling, it was 
noted that genotypes PBS 29195 (G40), Mallika (G2), PBS 29219 (G33), and PBS 29165 (G16) demonstrated a 
close proximity to the origin. In contrast, genotypes PBS 29138 (G13) and PBS 29079A (G9) exhibited a notable 
degree of separation from the central point. Furthermore, it was observed that PBS 29079B (G10) exhibited clear 
indications of adaptation when combined with J19 and J20.

The environments B19 and B20, which exhibit longer vectors, demonstrated a heightened level of interactivity 
and a superior capacity to detect changes across genotypes in relation to HKW, NPP, PYP, and SHP, in contrast 
to the J19 and J20 environments, which possessed shorter vectors. The results of the present investigation are 
consistent with the observations made by40, who indicated that genotypes located in closer proximity to the 
centre of the AMMI 2 model biplot tend to exhibit more stability41. has documented similar results in their 
respective studies.

GGE biplot
The GGE biplot model serve as a valuable tool for comprehending the impacts of genotype by environment 
interaction (GEI) and identifying genotypes that exhibit adaptation to certain environments. It acknowledges 
the inherent limitations of genotypes, as they may not consistently excel across all situations. The GGE-biplot 
method is highly appropriate for analysing datasets that encompass multiple environments. This analysis can be 
facilitated by utilising various packages, such as the "which-won-where" pattern package, which aids in determin-
ing the discriminating ability and representativeness of environmental evaluations. Additionally, the genotypic 
evaluation can be conducted by assessing the mean performance and stability across different environments27.

‘Discriminativeness vs. representativeness’ pattern of GGE biplot
Selection of an optimal test environment is of utmost importance in the implementation of a successful breeding 
strategy that results in the identification and cultivation of superior genotypes. Figure 3 depicts the ‘Discrimina-
tiveness vs. representativeness’ view of GGE biplots for four traits being investigated, denoted as pattern A, B, C, 
and D. The vector length associated with each environment provided insight into the discriminatory capacity of 
the environment, while the angle produced by each vector with the abscissa indicated the level of representative-
ness. Environments characterised by longer vectors demonstrate a greater propensity for classifying genotypes in 
comparison to environments characterised by shorter vectors. According to previous studies42 it can be inferred 
that a test environment will be more representative when the angle is less.

The vector with the smallest magnitude among Patterns A, B, C, and D was B20, whereas the vector with 
the largest magnitude was seen for B19. The measurements of angles formed by environment in relation to the 
abscissa line were also documented. In the context of HKW, NPP, PYP, and SP, it was observed that the angle 
formed by B20 was the shortest, while the angles formed by B19 were found to be the longest. Nevertheless, an 
environment characterised by a longer vector that creates a smaller angle with the AEC abscissa line is consid-
ered optimal for the identification and selection of superior genotypes. Among the various patterns, namely A, 
B, C, and D, it was observed that J20 exhibited a tiny angle in conjunction with a lengthy vector, where the AEC 
abscissa indicated that the test environment was both representative and capable of distinguishing itself from 
other settings. The biplot analysis revealed that the B20 environment exhibited the highest proximity to the AEC 
across all the attributes examined. The findings yielded comparable outcomes of43.

Genotype ranking: best genotype assessment
The application of a biplot enabled the determination of optimal and most desirable genotype from a set of 43 
genotypes that were assessed. The ideal genotype is consistently located within the middle region and in close 
proximity to the peak of the arrow within the circular band, as illustrated in Fig. 4. In the instance of HKW (Pat-
tern A), it was noted that genotype G10 (PBS 29079B) was located within the inner circle and considered to be 
optimal. The genotypes that exhibited close spatial closeness to the inner circle were G32 (PBS 29218) and G28 
(PBS 29210). In contrast, it was seen that G3 (PBS 19013) exhibited the greatest distance from the arrowhead in 
the plot, whereas G1 (Girnar 2) and G7 (PBS 29069) followed suit in terms of their proximity to the arrowhead. 
In the specific instance of NPP (as illustrated in Fig. 4: Pattern B), it was observed that the genotype G42 (PBS 
29230) demonstrated the closest proximity to the ideal genotype, followed by G37 (PBS 29233), G1 (Girnar 2), 
G36 (PBS 29232), and G30 (PBS 29212). Conversely, genotypes G16 (PBS 29165) and G26 (PBS 29207) were 
situated further away from the innermost circle. In the context of Pattern C for the pod yield per plant (PYP), 
it is observed that the inner circle did not exhibit any genotypes. The genotypes in close proximity to the inner 
circle were G37 (PBS 29233), G2 (Mallika (C2)), G1 (Girnar 2 (C1)), G29 (PBS 29211), and G15 (PBS 29160). 
In contrast, G30 (PBS 29212), G21 (PBS 29193), and G4 (PBS 19015) were positioned at a substantial distance 
from the circle representing the best genotypes. Regarding the phenomenon of SP, as illustrated in Fig. 4, Pattern 
D, it was noted that there were no genotypes located within the inner circle. The genotypes G36 (PBS 29232) 
and G37 (PBS 29233) were observed in close proximity to the inner circle, but G11 (PBS 29082) and G33 (PBS 
29219) were located at a significant distance from it.

For an effective selection, an ideal and best genotype is required to have both high mean and stability proper-
ties. A ring at the head of the arrow on the horizontal AEC abscissa axis generally represents an ideal genotype, 
and additionally, the best genotype should be positioned in the small circle on the AEC abscissa line20. Plant 
breeders used data from agronomic performance during evaluations on the basis of mean performance and 
stability to choose genotypes best suited to a specific environment within a multi-environment, while genotypes 
close to the ideal genotype were also more promising or appropriate.



9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:2943  | https://doi.org/10.1038/s41598-024-52938-z

www.nature.com/scientificreports/

Mean vs. stability
The graphical representation depicted in Fig. 5 displays the mean and stability perspectives of assessed genotypes. 
The abscissa of the axis of average environment coordination (AEC) is a unidirectional line that traverses the 
biplot origin and is demarcated by an arrow pointing towards the direction of the most proficient genotypes (i.e., 
those with the highest level of dormancy). The AEC ordinate axis, which is horizontal in nature, can be defined 
as the line that traverses through the biplot origin and is perpendicular to the AEC abscissa. The AEC ordinate 
serves as an approximation of the genotypic contribution to the G × E interaction. Closer the genotype to AEC 
abscissa, the more consistent or stable under various test environments44,45. For HKW (Pattern A) genotypes 
were partitioned into two groups based on their ordinate values, namely those that produced yields above and 
below the average. Genotypes, G10 (PBS 29079B), G32 (PBS 29218), G20 (PBS 29191), G41 (PBS 29225), G27 
(PBS 29208) and G34 (PBS 29223) exhibited means that were significantly higher than the average means. In 
contrast, G3 (PBS 19013) succeeded by G1 (Girnar 2), G7 (PBS 29069), and G11 (PBS 29082) exhibit values that 
are comparatively lower than the mean. Genotypes G25 (PBS 29204), G2 (Mallika), G30 (PBS 29212), G5 (PBS 
19018), and G7 (PBS 29069) exhibit the highest degree of stability, while G23 (PBS 29197), G35 (PBS 29228), 
and G22 (PBS 29194) are deemed to be unstable based on their projection on the abscissa towards the ordinate.

Genotypes G1 (Girnar 2), G42 (PBS 29230), G37 (PBS 29233), G36 (PBS 29232), G5 (PBS 19018), and G15 
(PBS 29160) exhibit the highest above-average means for NPP (Pattern B). Conversely, genotypes G30 (PBS 
29212), G16 (PBS 29165), G26 (PBS 29207), and G21 (PBS 29193) demonstrate the below-average means. 
Genotypes, G1 (Girnar 2), G10 (PBS 29079B), and G32 (PBS 29218), were unstable, while G30 (PBS 29212), 
G18 (PBS 29187), G43 (Raj Mungpali 3), and G20 (PBS 29191) were identified as stable.

In the context of PYP (Pattern C), it was observed that the genotypes G10 (PBS 29079B), G27 (PBS 29208), 
and G15 (PBS 29160) exhibited the highest mean values. Conversely, genotypes G30 (PBS 29212), G21 (PBS 
29193), G4 (PBS 19015), and G22 (PBS 29194) displayed mean values that were below average. The genotypes 
G10 (PBS 29079B), G32 (PBS 29218), and G19 (PBS 29189) exhibit a high degree of instability based on the 

Figure 3.   Patterns (A–D). Ranking genotypes based on PC1 and PC2 showing G × E interactions of the 43 
groundnut accessions under two locations and two seasons: (A) Hundred kernel weight (HKW), (B) No. of 
pods per plant (NPP), (C) Pod yield per plant (PYP), (D) Shelling percent (SP).
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projection of AEC ordinate. Conversely, genotypes G42 (PBS 29230), G17 (PBS 29167), G8 (PBS 29078), G33 
(PBS 29219), G38 (PBS 29243), and G25 (PBS 29204) demonstrate a high level of stability.

In Pattern D of the SP dataset, PBS 29079B (G10) followed by PBS 29232 (G36) and PBS 29233 (G37) exhibit 
highest values above the mean, while PBS 29082 (G11) followed by PBS 29219 (G33) and PBS 29143 (G14) exhibit 
values below the mean. The stability of AEC ordinates G4 (PBS 19015), G24 (PBS 29199), G6 (PBS 19029), and 
G12 (PBS 29137) has been determined through projections, revealing that they are stable. Conversely, G10 (PBS 
29079B), G7 (PBS 29069), G40 (PBS 29195), and G32 (PBS 29218) have been found to be unstable.

The study determined that genotypes G37 (PBS 29233) and G42 (PBS 29230) were desirable as they displayed 
high pod yield and stability with consistent performance under different environmental conditions, which was in 
agreement with reports of28. The genotypes PBS 29079B (HKW, PWP, SP) and Girnar 2 (NPP) exhibited superior 
performance, however, their lack of stability suggests that their performance was inconsistent and unpredictable. 
PBS 19013, Girnar 2 (HKW), PBS 29189 (NPP), PBS 29212 (PWP), and PBS 29082 (SP) were found to exhibit 
instability and suboptimal performance. Comparable findings were reported by7,46,47.

BLUP estimated values of 43 genotypes
Figure 6 presents the Best Linear Unbiased Prediction (BLUP) predicted values for 43 groundnut genotypes, 
arranged in a descending order. The genotypes with above-average mean performances are represented by blue 
circles, while genotypes with below-average performances are denoted by red circles. The genotypes positioned 
at the lowermost section of the graph had the lowest level of proficiency. Figure 6 illustrates the 95% confidence 
interval for the expected values of HKW, NPP, PYP, and SP, for each genotype. These estimated values are shown 
by the horizontal error bars. In the context of HKW, PBS 29079B demonstrated the highest mean performance 
(> 85gm in both locations over seasons), followed by PBS 29218, PBS 29191, and PBS 29210, all of which exhibited 
above-average mean performance conversely, the mean performances of PBS 19013, Girnar 2, and PBS 29069 
were found to be the lowest. The NPP was highest in Giranr 2 followed by PBS 29230 and PBS 29233. Conversely, 
the lowest average performance was found in PBS 29212, followed by PBS 29165. In the PYP, G10 (PBS 29079B) 
had highest mean performance closely followed by PBS 29208, PBS 29160, and PBS 29218. On the other hand, 

Figure 4.   Patterns (A–D). Ranking genotypes based on PC1 and PC2 showing G × E interactions of the 43 
groundnut accessions under two locations and two seasons: (A) Hundred kernel weight (HKW), (B) No. of 
pods per plant (NPP), (C) Pod yield per plant (PYP), (D) Shelling percent (SP).
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PBS 29212 exhibited the lowest performance. In terms of SP, PBS 29079B had the highest average performance, 
whilst PBS 29082 presented the lowest average performance.

Which‑won‑where
Use of polygon view of “which-won-where” biplot is a key component of the GGE, which helps to visualize 
the interaction patterns between genotypes and environments, to show the presence of crossover GEI, mega-
environment differentiation, and specific adaptation23,24,45. Figure 7 illustrates the polygon view of GGE biplot 
pattern of Hundred kernel weight (HKW, Pattern A), Number of pods per plant (NPP, Pattern B), Pod yield per 
plant (PYP, Pattern C) and Shelling percent (SP, Pattern D). First and second interaction components (IPCA1 
and PCA2) of G + GE biplot accounted for 91.69%, 96.59%, 98.55%, and 93.26% of the total variation for HKW, 
NPP, PYP, and SP, respectively. The test environments fell into one of the seven sectors, two of the ten sectors, 
two of the eight sectors, and two of the seven sectors outlined on the polygon view for HKW, NPP, PYP, and SP, 
respectively. HKW has one mega environment including both Junagadh and Bikaner, two mega-environments 
for NPP, PYP, and SP with J19, J20 grouped together in a mega-environment, while B19 and B20 is in the second 
mega-environment. G10 (PBS 29079B) and G23 (PBS 29197) are the vertex genotype identified for HKW and 
they are the most responsive to environmental interaction; The most responsive genotypes forming the vertices 
of NPP were G10 (PBS 29079B), G32 (PBS 29218), G1 (Girnar 2), G42 (PBS 29230) and G36 (PBS 29232) for 
the first mega environment (B19&B20); G10 (PBS 29079B), G32 (PBS 29218) and G27 (PBS 29208) with one 
mega environment (B19&B20) and G12 (PBS 29137) with second mega-environment (J19&J20) were the most 
responsive for PYP; whereas genotypes G29 (PBS 29211) and G10 (PBS 29079B) were more responsive with 
Bikaner and Junagadh environments for SP. Some vertex genotypes fell into sectors having no test environment, 
for instance, G3 (PBS 19013), G36 (PBS 29232), G35 (PBS 29228) and G32 (PBS 29218) (Pattern A); G12 (PBS 
29137), G19 (PBS 29189), G7 (PBS 29069), G30 (PBS 29212), G20 (PBS 29191) and G16 (PBS 29165) (Pattern 
B); G19 (PBS 29189), G21 (PBS 29193), G30 (PBS 29212) and G25 (PBS 29204) (Pattern C); G36 (PBS 29232), 
G32 (PBS 29218), G14 (PBS 29143), G11 (PBS 29082) and G7 (PBS 29069) (Pattern D).

Figure 5.   Patterns (A–D). Mean vs. stability based on PC1 and PC2 showing G × E interactions of the 43 
groundnut accessions under two locations and two seasons: (A) Hundred kernel weight (HKW), (B) No. of 
pods per plant (NPP), (C) Pod yield per plant (PYP), (D) Shelling percent (SP).
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The vertex genotypes identified have superior performance and high adaptability to particular mega environ-
ment and are most favoured in those environments43. However, vertex genotypes with no environment in the 
sector are not desirable because of their poor performance across the environments and the genotypes placed 
within the polygon are less responsive to environment than the corner genotypes5,19 The positioning of all envi-
ronmental indicators into one section of biplot directed that a unique genotype performs best under all tested 
environments. Oppositely, different genotypes gained in different environments if the environmental indicators 
were positioned into a different segment of biplot.

Conclusion
The 43 groundnut accessions used in the current investigation showed different variations in their responses to 
locations and seasons due to GEI effect and different expressions of genes that regulate the traits. Bikaner loca-
tion was discriminating and representative and is classified as the superior environment. PBS 29079B was the 
top most-yielding genotype with highest hundred kernel weight in both locations and in both seasons (85.46gm) 
and less stable but specifically adapted to Bikaner location. Genotypes, PBS 29079B (HKW, PYP, SP), Girnar 2 
(NPP) all performed above average but were not stable, and PBS 19013, Girnar 2 (HKW), PBS 29189 (NPP), 
PBS 29212 (PWP), and PBS 29082 (SP) were unstable and had below-average yields. The genotypes PBS 29233 
and PBS 29230 exhibited beneficial characteristics, including above-average pod yield, hundred kernel weight, 
number of pods per plant, and shelling percent. Additionally, these genotypes shown great stability across several 
locations. These genotypes have been identified for cultivation within specific regions or for use as parental lines 
in confectionary groundnut breeding initiatives.

Figure 6.   Patterns (A–D). BLUP estimated values for 43 groundnut genotypes: (A) Hundred kernel weight 
(HKW), (B) No. of pods per plant (NPP), (C) Pod yield per plant (PYP), (D) Shelling percent (SP).
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