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A B S T R A C T   

Castor (Ricinus communis L.) is an important industrial multipurpose non-edible oilseed C3 crop 
belongs to spurge family popularly known as Euphorbiaceae. Its oil has exceptional properties 
which provides an industrial importance to this crop. The present investigation is aimed to judge 
the stability and performance of yield and yield assigning traits and selection of suitable genotype 
for varied locality of western rainfed regions of India. During the study with 90 genotypes, the 
genotype × environment interaction was found to be significant for seed yield per plant as well as 
for plant height up to primary raceme, total length of primary raceme, effective length of primary 
raceme, capsules on main raceme and effective number of racemes per plant. E1 is the least 
interactive and highly representative site for seed yield. Which won where and what biplot 
decipher ANDCI 10-01 as vertex genotype for E3 while ANDCI 10-03 and P3141 for E1 and E2. 
Average Environment co-ordinate identify ANDCI 10-01, P3141, P3161, JI 357 and JI 418 as 
tremendously stable and high seed yielding genotypes. The study outlined the pertinency of Multi 
Trait Stability Index, that calculated based on the genotype-ideotype distance as the multiple 
interacting variables. MTSI evaluated all genotypes and sort ANDCI 12-01, JI 413, JI 434, JI 380, 
P3141, ANDCI 10-03, SKI 215, ANDCI 09, SI 04, JI 437, JI 440, RG 3570, JI 417 and GAC 11 with 
maximum stability and high mean performance of analyzed interacting traits.   

1. Introduction 

Castor (Ricinus communis L.) is an annual or perennial flowering non-edible versatile oilseed species of Euphorbiaceae family. It is a 
fast-growing monotypic C3 plant having 10 diploid set of chromosomes. Castor bean is domesticated 3200 years ago from Ethiopian 
center of origin as a non-edible vegetable oil seed crop [1,2]. Mirza [3] reported 50–55% oil and 26–30% protein in seed. It makes 
uniform solution with alcohol at standard temperature and pressure which enable several chemical reactions for study [4]. Castor oil 
has unique fatty acid named “Ricinoleic acid” which has anti-inflammatory effects [5]. Oil has more than 700 uses ranges from 
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medicine to cosmetics in daily life while used as a biofuel in today’s energy option, used as manure and organic termite controller in 
agriculture [6]. 

Castor is mostly dispersed in tropical, subtropical and warm-temperate areas of the globe. It is particularly widespread on fellow 
land, curbside and residences in rural and urban zones, as well as alongside drought - prone rivers at elevation ranges from 400 to 2700 
m. Castor is noticeably cultivated in (sub) tropical and temperate zones. In India, it is agriculturally most imperative crop having the 
900 (‘000hm2) acreage with 1198 (‘000 t) output [7]. In Asian continent, India is the major producer and exporter of castor seed. It is 
cultivated largely in Gujarat, Andhra Pradesh and Rajasthan in Indian mainland. 

Seed yield is an ultimate product for farmers but it is a polygenic dependent variable influenced by another self-governing variable 
as well as prevailing environment. Environment plays an important role in production of seed yield in castor. As a result, knowledge of 
these yield components is required in order to have a meaningful influence on yield studies aimed at improvement [8]. Use of stable 
genotypes could be a source of yield and oil enhancement in castor across varied environments. However, genotype environment 
interaction (GEI) is an important feature of plant breeding programs for introduction of different crop types in vast region [8]. Baker 
[9] defined GEI as a change in genotypic performance under the influence of different environmental conditions. Different crop va-
rieties have different buffering capacity and they have different response towards changing their micro climate like soil type, nutrient 
availability, biotic and abiotic influences [10,11]. It is therefore domineering that the investigation of GEI takes focal point when 
assessing varieties for adaptation. GEI analysis is prerequisite in breeding programme to recommend specifically or generally adopted 
cultivar which gives high and stable seed yield. As a result, it is critical that the GEI being addressed, properly understood and studied 
using diverse locations and seasons before release of variety for commercial cultivation. 

Various methodologies have been proposed for crop stability evaluation, such as Roemer [12], who initially proposed stability 
analysis utilizing variation across environments as a yield stability indicator. Wricke [13] proposed the notion of ecovalence to get 
access to the stability of each genotype. Shukla [14] recommended to use the variance component of each genotype across a variety of 
environments to assess phenotypic stability. The most common sort of stability analysis is joint regression analysis, which aids in 
estimating genotype characteristics in a liner response to environmental fluctuations [15]. Yates and Cochran [16] developed the joint 
regression analysis strategy which was later improved by Finlay and Wilkinson [17] and Eberhart and Russell [18] and is now a 
frequently used method but it is not able to delineate the environments into few mega environments. 

Among all discussed stability parameters, Additive Main Effect and Multiplicative Interaction (AMMI) model and Genotype ×
Genotype × Environment (GGE) biplot technique is more efficient and frequently used to process multi environmental data. AMMI 
model gives information regarding main and interaction effects including biplot [19]. It is specifically efficient for illustrating adaptive 
response and buffering capacity. But AMMI is incapable to identify close relation between high mean performance and stability. This 
problem is overcome through GGE biplot method [20]. It includes both genotype main effects and GEI effects for the study [21]. As a 
result, the GGE biplot model is used to determine the optimal genotypes and test locations [22]. 

Nowadays, there is a great demand for stable cultivars that perform well in a wide range of environments. This requirement was full 
filled through Smith and Hazel selection index [23,24]. But this index is suffering from multicollinearity effects when applied to MET 
data. This constrain is solved by Multi trait selection index [25]. It evolved as unique techniques for choosing superior genotypes with 
high yield stability and desirable features that might perform better across varied environmental circumstances [26]. Castor is most 
important crop of world especially Brazil, India and China but its improvement is slower compared to other oilseed crops though 
around 50 varieties and hybrids have been developed in India. But to give a pace to castor breeding around the globe, identification of 
high yielding genotypes is prerequisite. Studies are there in this direction but multi-location experiments are very limited moreover 
with very limited genotypes. To generate the information and to fill the gap in this direction, current experiment was conducted to 
evaluate the performance of castor germplasm at multiple locations for stability analysis of genotypes. On the other side, no infor-
mation on biplot, AMMI and MTSI is reported in castor. On the light of above discussion, MET data of castor genotypes were assessed to 
identify highly stable and high performing genotype for cultivation in wide range of locations and seasons. 

2. Materials and methods 

2.1. Planting material and locations for evaluation 

A total of ninety diverse castor genotypes were used in this study (Suppl. Table 1). The field experiment was directed at three 
different locations in 2020–21 in Kharif (an Indian term for monsoon season cropping). These locations are come under agroclimatic 
zone III of middle Gujarat, India but these all location have different soil profile like soil of E1 (Agricultural Research Station, AAU, 
Sansoli) environment is acidic in nature with 6.7 pH value and sandy in texture with poor water holding capacity. E2 (Pulse Research 
Station, AAU, Vadodara) has loamy sand texture with good water holding capacity. Soil reaction was slightly towards alkaline having 
pH 7.7. E3 (Agricultural research Station, AAU, Derol) has neutral soil reaction with 7.1 pH. The soil was sandy loam in texture, 
deprived in organic carbon, average in available phosphorous and rich in available potash. 

2.2. Experimental design and package of practices 

The experiment used a Randomized Complete Block Design (RCBD) with two replications in each site. Each genotype was grown in 
a single row of 6 m length with 120 cm of between row distance and 60 cm of plant-to-plant distance. To avoid damage and border 
effect, the experiment was ringed by a guard row. The crop was successfully raised by following the necessary agronomical and plant 
protection methods. Pendimethalin 30% EC was sprayed as a pre-emergence herbicide shortly after planting to address the initial weed 
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issue. 

2.3. Trait phenotyping 

Thirteen yield and yield attributing traits like days to 50% flowering, days to maturity, node up to primary raceme, plant height up 
to primary raceme (cm), total length of primary raceme (cm), effective length of primary raceme (cm), capsules on main raceme, 
effective racemes per plant, seed yield per plant (g), 100 seed weight (g), oil content (%), shelling out turn (%) and L:B ratio of seed 
were observed from five competitive plants per genotype per replication. For 100-seed weight, the harvested capsules were hand 
cleaned and threshed using a manual decorticator. The weight of 100 seeds of each entry was recorded in grams and used in statistical 
analysis. Shelling out turn (%) was estimated as per Sapovadiya [27]. Days to 50% flowering and days to maturity was recorded on plot 
basis as per Akhila et al. [28]. 

2.4. Analysis of variance 

The data of seed yield and its related traits under three test environments were analyzed through pooled analysis of variance where 
genotypes assumed as fixed and test environments as random factors [29]. 

2.5. GEI analysis 

2.5.1. AMMI analysis 
The data of seed yield per plant was subjected to AMMI analysis [30,31]. Regular ANOVA explained the additive main effects of 

genotype and environments while PCA revealed non-additive portion. The location wise stable genotypes identified by AMMI analysis 
assessed for significance using the Gollob [32] F-test approach [33]. The main effect of means vs the first principal component axis 
(PCA I) and between the first two principal component axes were used to create AMMI biplots. The AMMI stability values (ASV) and 
yield stability index (YSI) were also used to rank genotypes [34,35]. 

2.5.2. GGE biplots 
The site regression genotype-genotype environment interaction (GGEI) biplot models are regarded as a potent tool for successful 

analysis and interpretation of multi-environment data structures in plant breeding [20,36]. The GGE study revealed that the first two 
components which are best match for creating GGE biplots that explain most of the variance. All of the biplots in the research were 
constructed using environment-centered data and the symmetrical technique of singular value partitioning (SVP) method. Mean versus 
stability biplot created with SVP’s row metric preservation approach. 

2.6. Multi-trait stability index (MTSI) 

To measure the stability of each genotype, SVD (Singular Value Decomposition) of the matrix of Basic Linear Unbiased Predictions 
(BLUP) for the GE interaction effects was created using a linear mixed model (LMM). The stability of each genotype was determined by 

Table 1 
Combined analysis of variance for yield and its attributing traits towards total variation among 90 castor genotypes tested at three locations in Kharif 
2020-21.  

Source of 
variation 

Environment (df: 2) Genotype (df: 89) GEI (df: 178) Residual (df: 
267) 

CV (%) 

Trait Mean 
Squares 

% (G + E +
GEI) 

Mean 
Squares 

% (G + E +
GEI) 

Mean 
Squares 

% (G + E +
GEI) 

Mean Squares 

DF 12.91** 0.54 51.38** 96.31 0.84 3.15 2.58 3.626 
DM 6.11 0.03 498.23** 99.44 1.33 0.53 2.84 1.332 
NPR 2.60* 0.56 9.53** 91.56 0.41 7.88 0.85 5.461 
PH 4267.94** 3.51 2280.41** 83.58 176.12** 12.91 68.54 10.607 
SP 322.73** 0.57 1026.12** 79.95 125.04** 19.48 36.21 9.039 
ESL 617.43** 0.87 1311.06** 81.82 138.72** 17.31 49.26 11.556 
CAP 805.37** 0.49 3328.78** 89.85 178.87** 9.66 98.89 13.764 
EB 9.16** 1.07 16.03** 83.07 1.53** 15.86 0.83 15.855 
100SW 9.96** 0.08 294.62** 99.80 0.18 0.12 0.19 1.400 
OC 0.15 0.00 191.66** 99.94 0.06 0.06 0.23 1.406 
SOT 29.63** 0.27 241.69** 99.15 0.70 0.57 2.31 2.660 
LB 0.005* 0.16 0.07** 97.07 0.001 2.77 0.001 2.388 
SY 8851.78** 0.97 17997.54** 87.94 1135.11** 11.09 321.16 11.226 

*,** Significant at p < 0.05 and p < 0.01, respectively, df: degrees of freedom, DF: Days to 50% flowering, DM: Days to maturity, NPR: Nodes up to 
primary raceme, PH: Plant height up to primary raceme, SP: Total length of primary raceme, ESL: Effective length of primary raceme, CAP: Capsules 
on main raceme, EB: Effective number of racemes per plant, 100 SW: 100 seed weight, OC: Oil content, SOT: Shelling out turn, LB: Length/Breadth 
ratio of seed and SY: Seed yield per plant. 
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calculating the Weighted Average of Absolute Scores (WAAS) from the singular value decomposition of the matrix of best linear 
unbiased predictions for the GEI effects derived by a linear mixed-effect model and concurrent selection for mean performance and 
stability were accomplished by employing the WAASBY index [26]. 

The genotype with the lowest MTSI score is more similar to the ideotype and hence has a high mean performance and stability over 
the environments for all traits under study. The most desired genotypes with the best production and stability were chosen with a 15% 
selection intensity. MTSI scores were plotted to demonstrate these selected and non-selected genotypes. 

By generating a Y × WAAS biplot, the genotypes were categorized into four distinct groups, allowing for the combined inter-
pretation of stability and mean performance in varied contexts. This four-quadrant biplot was created with seed yield on the x-axis and 
WAASB values on the y-axis. 

2.7. Statistical packages 

Pooled analysis of variance, AMMI analysis, ASV, YSI, GGE biplots and MTSI were calculated using RStudio, R version 4.0.3 by 
using ‘agricolae’ and ‘metan’ R packages. 

3. Results and discussion 

3.1. ANOVA and mean performance 

A joint analysis of variance revealed a difference among all genotypes for all attributes under evaluation. Total length of primary 
raceme exhibited the most variance towards overall (G + E + GEI) variability (19.48%) followed by effective length of primary raceme 
(17.31%), effective number of racemes per plant (15.86%) and seed yield per plant (11.09%) (Table 1). While genotypes shared the 
highest variation for all characteristics tested across all locations, environment shared the least variation for all traits yet it was found 
significant in all features except Oil content, implying that all environments evaluated were different. The highest variance for 
environment among all variables was 3.51% for plant height up to main raceme and 1.07% for effective number of racemes per plant. 
In the current study, seed yield showed considerable GEI in pooled analysis of variance, indicating that genotype stability should be 
investigated further. Patel et al. [37] and Patel et al. [38] found similar result for pooled analysis of variance for all the traits and 
suggested to go for stability analysis of all characters through Eberhart and Russell model [18]. Mean seed yield was 159.63 g/plant 
over the locations with the range of 154.93 (E1) to 167.69 g/plant (E3). Likewise, Table 2 showed mean over environments of the other 
characters studied which were 44.38 (DF), 126.63 (DM), 16.92 (NPR), 78.05 (PH), 66.58 (SP), 60.74 (ESL), 72.25 (CAP), 5.77 (EB), 
31.69 (100SW), 34.39 (OC), 57.16 (SOT) and 1.56 (LB) and Boxplot (Fig. 1) depict mean of characters of individual environments. 
Movaliya et al. [39] and Akhila et al. [28] reported similar kind of mean and range of different characters. Chaudhari et al. [40] also 
reported comparable results for all traits over the environments. Authors advised that the appearance of diversity across all genotypes 
for all attributes might be a result of differential ability of castor genotype and variable interaction of genes with changing environment 
[40]. 

3.2. GEI analysis 

AMMI analysis for seed yield revealed a significant difference for the additive component of the total sum of squares provided by 
genotypic influence (87.94%), GEI interaction effect (11.09%) and environment (0.97%) (Table 3). This finding revealed that altering 
environmental conditions had a significant impact on seed yield. Dave et al. [41] found parallel results for oil content and Chaudhari 

Table 2 
Mean and range of quantitative traits of castor genotypes tested at three locations in Kharif 2020-21.  

Traits Sansoli Vadodara Derol Mean over environments 

Mean Min Max Mean Min Max Mean Min Max 

DF 44.07 39.00 55.00 44.49 39.00 54.50 44.57 39.50 54.50 44.38 
DM 126.59 107.50 146.50 126.83 107.00 146.50 126.47 106.50 148.50 126.63 
NPR 16.80 13.67 20.00 17.04 13.84 20.61 16.91 14.17 20.17 16.92 
PH 72.93 26.81 159.17 78.60 42.33 153.00 82.62 44.95 137.10 78.05 
SP 66.06 27.00 106.30 65.57 33.95 113.34 68.10 32.99 107.83 66.58 
ESL 59.66 19.50 103.08 59.68 24.15 111.65 62.88 21.61 103.83 60.74 
CAP 70.93 25.33 146.56 71.13 26.78 158.17 74.69 21.47 158.96 72.25 
EB 5.63 2.50 12.75 5.65 2.35 13.25 6.03 2.32 12.75 5.77 
100SW 31.91 19.07 51.56 31.44 19.16 51.00 31.72 18.52 51.58 31.69 
OC 34.37 19.79 45.32 34.37 20.15 45.23 34.42 19.61 45.58 34.39 
SOT 57.55 39.69 70.44 56.74 39.09 70.24 57.19 39.54 69.42 57.16 
LB 1.56 1.29 1.92 1.55 1.31 1.90 1.57 1.26 1.93 1.56 
SY 154.93 46.42 283.10 156.28 45.65 291.97 167.69 56.19 290.65 159.63 

DF: Days to 50% flowering, DM: Days to maturity, NPR: Nodes up to primary raceme, PH: Plant height up to primary raceme, SP: Total length of 
primary raceme, ESL: Effective length of primary raceme, CAP: Capsules on main raceme, EB: Effective number of racemes per plant, 100 SW: 100 
seed weight, OC: Oil content, SOT: Shelling out turn, LB: Length/Breadth ratio of seed and SY: Seed yield per plant. 
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Fig. 1. Box plots showing mean performance of the studied traits across all three environments during Kharif 2020-21. Box plots of mean performance for various characters. (A)DF: Days to 
50% flowering, (B) DM: Days to maturity, (C) NPR: Nodes up to primary raceme, (D) PH: Plant height up to primary raceme, (E) SP: Total length of primary raceme, (F) ESL: Effective length of primary 
raceme, (G) CAP: Capsules on main raceme, (H) EB: Effective number of racemes per plant, (I) 100 SW: 100 seed weight, (J) OC: Oil content, (K) SOT: Shelling out turn, (L) LB: Length/Breadth ratio of 
seed (M) SY: Seed yield per plant, ENV: Environments, E1: Sansoli, E2: Vadodara, E3: Derol. 
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et al. [40] for seed yield in castor. The AMMI model separates the GEI effect into two interaction components known as multiplicative 
effect which was revealed using principal component analysis [42]. According to Yan et al. [43], strong GEI impacts diminish the gain 
for quantitative characteristics such as seed yield, but in the current study, its proportion was found to be medium to low which 
provides potential for seed yield improvement across a wide range of environments. 

3.3. AMMI biplot 

Different biplots were used to depict the potential of genotypes for seed yield, correlation with the environment under investigation 
and genotype stability. The AMMI I biplot was created by presenting mean seed yield across environment on the X-axis, known as main 
effects, and IPCA I score on the Y-axis, which represents multiplicative effects (Fig. 2) [42]. 

Table 3 showed a significant GEI with 11.09% variance, which was further subdivided into two interactive principal components 
that explained 80.88 and 19.12% interactive variation, respectively. As a result, the IPCA I axis accounted the majority of the variance 
(Fig. 2). E1 placed to near the origin with the shortest vector suggested the least changeable environment, whilst E2 and E3 had longer 
vector from the origin indicated highly interactive environment. In the biplot, E2 placed on the right side of the mean seed yield line 
indicated the most favourable environment for high seed yield while E1 and E3 were in left side indicated poor environments for seed 
yield (Fig. 2). Aina et al. [44] validated the current findings by revealing 87.97% deviation for IPCA I axis in cassava. P3 141 (G39), JI 
380 (G56), ANDCI 12-01(G10), and P3163(G40) had near-zero IPCA I value with high mean; therefore, they were positioned on the 
right side of the overall mean line (Fig. 2). They were also portrayed the least interaction with the environment because they positioned 
on the IPCA I line in AMMI I biplot (Suppl. Table 2 and Fig. 2). According to Ebdon and Gauch [42], SH 08 (G78), MI 16 (G26), RB01 
(G42), and JI 446 (G75) placed near the origin were widely accepted to all environments with near-average seed yield performance 
(Fig. 2). 

In the current study, IPCA II was also found to be significant in nature, which successfully explained the interaction of genotype 
with environment. To investigate the IPCA II, AMMI II biplot was created (Fig. 3). The dotted line connecting the vertex genotypes in 
this plot polygon view indicated maximum seed yield in a certain environment. Vertical projection from genotype to environment 
vector demonstrated the degree of interaction with the specific environment. The biplot showed E1 is highly interactive for DCS 103 
(G33) which contribute mainly to GEI. Genotype MI 27 (G28), SI 14 (G20), SKI 316 (G86) exceptionally performed well in E3 while SI 
09 (G19), RG 2561 (G45) and JI 444 (G74) performed well in E2 (Fig. 3). 

AMMI Stability Value (ASV) claimed that ANDCI 07-B (G1), MI 16 (G26), SKI 264 (G84), JI 434 (G68) and JI 35 (G47) had the 
lowest ASV value and ranked first to fifth in terms of environmental stability (Suppl. Table 4). However, according to the yield stability 
index, ANDCI 10-03 (G5), P3141 (G39), ANDCI 12-01 (G10), ANDCI 14 (G11) and JI 380 (G56) ranked first to fifth in the environment 
(Suppl. Table 4). ASV solely assessed genotypic stability, but YSI takes into account genotypic stability as well as genotype mean 
performance. These findings are in accordance with Singamsetti et al. [45]. They obtained a similar finding in maize hybrid during 
evaluating them for different moisture regimes. 

3.4. GGE biplots 

3.4.1. Which-won-where and what? 
Which-won-where and what? pattern analysis assists in determining the best genotype for a particular environment. In this biplot, 

the vertex genotypes are combined to form a polygon (Fig. 4). The polygon is further subdivided into several separate sectors by rays 
(dotted lines) that originate from the plot’s origin and proceed perpendicular to the polygon’s sides. Gauch and Zobel [46] proposed 
that this division aids in genotype recommendation for a specific environment. The biplot depicted two mega environments. Sansoli 
(E1) and Vadodara (E2) are in a single mega environment in this biplot but Derol (E3) is in a distinct mega environment. This result was 
compared with Sakhare et al. [47] in castor by getting two seasons in a single section. Biplot revealed that ANDCI 10-01 (G4) is a high 
yielding vertex genotype for the E3 environment, whereas ANDCI 10-03 (G5) and P3141 (G39) are high yielding vertex genotypes for 
the E1 and E2 environments, respectively (Fig. 4). GP 640 (G13), SI 06 (G18), SI 09 (G19), MI 27 (G28), MI 33 (G29), SKI 003 (G80), SKI 
316 (G86) and SKI 346 (G89) genotypes were also vertex genotypes, however no environment falls in their sector suggested that these 
genotypes were low yielding genotypes at some or all sites. Genotypes around the biplot’s origin were best suited to low yielding 

Table 3 
Analysis of variance based on AMMI model for seed yield per plant across three locations (Kharif-2020-21).  

Source df MS Total Explained variation (%) GEI Contributed (%) 

Environment (E) 2 8851.78** 0.97 – 
Replication (E) 3 190.77 – – 
Genotype (G) 89 17997.54** 87.94 – 
GEI 178 1135.11** 11.09 – 
PC1 90 1815.66** – 80.88 
PC2 88 439.10* – 19.12 
Residuals 267 321.16 – – 
Total 717 2942.69 – – 

*,** Significant at p < 0.05 and p < 0.01, respectively, df: degrees of freedom, MS: Mean sum of square, PC: Principal component, GEI: Genotype 
environment interaction. 
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conditions because they are stable in nature. These findings are consistent with those made by Nzuve et al. [48] for maize hybrids. They 
discovered three mega-environments through which won where biplot and selected the X16, X24 and X40 as the top performers for the 
mega-environments of Kabate, Kiboko and Kakamega, respectively. Similarly, Sakhare et al. [47] carried out GGE biplot analysis for 
castor hybrids and extracted Aruna, 48-1, AKC 1, DCH 177 and DCS 9 as a poor yielder for seed yield. 

3.4.2. Mean seed yield vs stability 
2-D visualization of seed yield vs stability constructed on PC I and PC II scores and was developed according to reports of Laurie and 

Booyse [49] and Samyuktha et al. [50]. This plot is ideal for genotype assessment because it was created using the row metric 
preservation approach (Supplemental Fig. S1). The genotypes’ stability was shown using an average environment coordination (AEC) 
view with an arrow on the AEC line indicating the increasing mean direction. A short perpendicular line to the AEC axis denoted very 
stable genotypes. ANDCI 12-01 (G10), P3141 (G39), P3 163 (G40), JI 357 (G53), JI 380 (G56) and JI 418 (G62) genotypes were 
extremely stable and with good yielding ability. Sakhare et al. [47] used this biplot (mean seed yield versus stability plot) to decipher 
high seed yield generating hybrids GCH-7 and DCH 519 with good and poor stability, respectively. 

3.4.3. Discriminativeness vs representativeness 
The relationship between two environments is explained by the cosine angle between environmental vectors [51]. A perfect 90◦

angle between two environments implies no association, an acute angle indicates positive correlation and an obtuse angle indicates 
negative correlation [52]. Supplemental Fig. 2 revealed a positive association among all settings. In contrast, the longest vector with E2 
(Vadodara) and E3 (Derol) environments revealed the most discriminative environment. On the biplot, the length of the environment’s 
vector is proportional to the standard deviation within the same environment and provides information about the environment’s 
discriminating capacity [50]. To determine the representativeness of the environment, the average environment axis (AEA) must be 
used. The greater the angle between the AEA and the environmental vector, the lower the representativeness and vice versa. E1 
(Sansoli) is a highly representative environment. This study demonstrated that generally adopted genotypes were chosen from the E1 

Fig. 2. AMMI I biplot (seed yield per plant vs IPCA I) of 90 castor genotypes (Blue text) and three environments (Green text) for seed yield evaluated 
during Kharif 2020-21. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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(Sansoli) environment, whereas specially adapted genotypes were chosen from the E2 (Vadodara) and E3 (Derol) environments. The 
results for selecting an optimum environment for a general and specific genotype were consistent as per the results of Sserumaga et al. 
[53], Samyuktha et al. [50] and Sholihin [54]. 

3.4.4. Y × WAAS biplot 
Y × WAAS biplot built using seed yield on the X-axes and WAAS value on the Y-axes (Fig. 5 and Supplementary Table S3). This plot 

separates genotypes into four quadrants, allowing for simultaneous genotype selection with high seed yield and stability of included 
variables. According to the biplot (Figs. 5), 17 genotypes including E1 (Sansoli) and E3 (Vadodara) are in the first quadrant demon-
strated greater instability of genotypes with low productivity and a strong discriminating ability, whereas 7 genotypes including E2 
(Derol) are in the second quadrant featured with poor stability and higher seed yield which advised for paying extra attention to the 
environment in order to increase seed yield [55]. The third quadrant included 35 genotypes having more stability (due to the low 
WAAS value) but lesser productivity while the remaining 31 genotypes were found in the fourth quadrant had greater stability and 
fantastic performance for seed yield production. 

3.5. Multi-trait stability index (MTSI) 

Traditional stability indicators based on first degree statistics were utilized by the majority of plant breeders. The assortment of a 
stable genotype based on mean, regression and deviation from regression parameters may not be sufficient to provide a simple 
interpretation of mean performance and trait stability. As a result, the MTSI technique has evolved into a sophisticated quantitative 
genetic tool for exploiting suitable variants in all crop species [26]. 

PH, SP, ESL, CAP, EB and SY were found significant for GEI (p < 0.05) in pooled ANOVA. MTSI included all GEI significant traits. 
The Weighted Average of Absolute Scores of Stability with Yield (WAASBY) values generated using a Pearson’s correlation matrix and 
the retrieved high magnitude relationships were combined as a common factor. Exploratory factor analysis using six characters, 

Fig. 3. AMMI II biplot (IPCA I vs IPCA II) of 90 castor genotypes (Blue text) and three environments (Green text) for seed yield evaluated during 
Kharif 2020-21. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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resulted two PCs with cumulatively variation of 70.65% (Table 4). Communality, an indication of shared variance among traits, ranged 
from 0.133 (PH) to 0.936 (ESL) with an average value of 0.706 after varimax rotation. Six traits were grouped in the two factors by 
extracting WAASBY value from each character given in Table 5. PH, SP and ESL were grouped in the FA1 CAP, EB and SY were in FA2 
(Table 5). The selection differential for mean performance as well as WAASBY index were positive. The range of mean performance 
was found between 1.84 (EB) to 67.54 (SY) while range of WAASBY index was found between 5.73 (SP) to 22.73 (SY) (Table 5). The 
selection performed in Fig. 6 was used as a basis to calculate mean of the selected genotypes (XS) which was higher than the mean of the 
original population for mean performance of particular trait. Based on the WAASB index, Abdelghany et al. [56] selected ZDD12828 
and ZDD12832 genotype for protein content, WDD01583 and WDD03025 for oil content, ZDD23040 for palmitic acid, WDD00033 for 
stearic acid, ZDD23822 for oleic acid, ZDD11183 for linoleic acid, and ZDD08489 for linolenic acid. A similar approach adopted to 
evaluate the relative effects of abiotic stress in sunflower by Kaya et al. [57]. 

The most significant aspect of stability analysis is the selection of stable genotypes with higher mean performance for various 
characteristics [58]. It was carried out with the use of genotype-ideotype Euclidian distance-based scores. Exploratory factor analysis 
yielded scores for 90 genotypes as well as ideotype estimates in the first two factors (Supplementary Table S4). 

MTSI help to select genotype having higher stability with a higher mean performance of all significant interacting variables. 
Likewise, Benakanahalli et al. [59] selected guar genotypes by the MTSI index presented desired values for 13 out of 15 productive and 
biochemical traits. Lower MTSI valued genotypes were selected with 15% selection intensity. According to Fig. 6, ANDCI 12-01 [G10 
(MTSI = 3.508)], JI 413 [G60 (MTSI = 3.526)], JI 434 [G68 (MTSI = 3.529)], JI 380 [G56 (MTSI = 3.586)], P3141 [G39 (MTSI =
3.593)], ANDCI 10-03 [G5 (MTSI = 3.700)], SKI 215 [G83 (MTSI = 3.772)], ANDCI 09 [G3 (MTSI = 3.801)], SI 04 [G16 (MTSI =
4.114)], JI 437 [G70 (MTSI = 4.187)], JI 440 [G71 (MTSI = 4.387)], RG 3570 [G46 (MTSI = 4.413)], JI 417 [G61 (MTSI = 4.447)] and 
GAC 11 [G14 (MTSI = 4.466)] were selected with maximum stability and high mean performance of analyzed traits. Red circle in Fig. 6 
indicated the cutoff point with MTSI value of 4.466 for GAC 11 (G14). Genotype JI 442 (G72) had a higher MTSI value (MTSI = 7.976) 
followed by GP 640 [G13 (MTSI = 7.854)], SKI 315 [G85 (MTSI = 7.574)] and ANDCI 10-08 [G8 (MTSI = 7.120)], these genotypes 
were recognized as an unstable genotype with the poor performance for traits under study. Similarly, Koundinya et al. [60] selected 

Fig. 4. Which-won-where view of 45 genotypes of 90 castor genotypes (Blue text) and three environments (Green text) for seed yield evaluated 
during Kharif 2020-21. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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highly stable twenty-five cassava genotypes for increasing performance of leaf area index, yield per plant, harvest index, dry matter 
and starch yield per plant. 

MTSI aids in the selection of genotypes with a high mean for multiple characteristics that are more stable. ANDCI 10-03 (G5), SKI 
215 (G83), JI 380 (G56), P3141 (G39), JI 413 (G60) and ANDCI 12-01 (G10) were detected in the fourth quadrant of the Y × WAAS 
biplot, which were stable with low MTSI value indicating high seed yield generating genotypes. SKI 346 (G89), SKI 316 (G86), SKI 003 
(G80), GP 640 (G13), SI 06 (G18), SI 09 (G19) and JI 444 (G74) were also vertex genotypes for Which won where and what biplot 
indicating unstable nature for seed yield. High MTSI values also validated this conclusion. While genotypes ANDCI 10-03 (G5), ANDCI 

Fig. 5. Seed yield per plant × WAASB biplot based on combined interpretation of productivity (SY) and stability (WAASB) for 90 castor genotypes 
evaluated across three environments during Kharif 2020-21. 

Table 4 
Eigen values, explained variance, factorial loadings after varimax rotation, communalities and uniqueness obtained in the factor analysis of the six 
GEI significant variables studied in 90 castor genotypes across three environments during Kharif 2020-21.  

Traits FA1 FA2 Communality Uniqueness 

PH − 0.231 0.283 0.133 0.867 
SP − 0.956 0.009 0.913 0.087 
ESL − 0.965 0.068 0.936 0.064 
CAP − 0.861 0.237 0.798 0.202 
EB 0.082 0.835 0.703 0.297 
SY − 0.179 0.850 0.755 0.245 
Eigen value 2.824 1.415 0.706a  

Variance (%) 47.065 23.590   
Accumulated (%) 47.065 70.655   

FA: Factor Analysis, PH: Plant height up to primary raceme, SP: Total length of primary raceme, ESL: Effective length of primary raceme, CAP: 
Capsules on main raceme, EB: Effective number of racemes per plant and SY: Seed yield per plant. 

a Average of the communality. 
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12-01 (G10) and P3141 (G39) contribute to mega environments, they also had lower MTSI values and were more competitive. These 
selected genotypes can contribute to a more stable genetic basis for future breeding programmes for wide tracts. Similar genotype 
selection was adopted by Abdelghany et al. [56] in soyabean. They selected 14 genotypes for their average performance for all traits 

Table 5 
Selection differential for mean of the traits and WAASBY index for 6 traits of 90castor genotypes across three environments during Kharif-2020-21.  

Traits Factor Mean performance WAASBY 

Overall (X0) Selected genotype (Xs) SD (%) Overall (X0) Selected genotype (Xs) SD (%) 

SP FA 1 66.57 70.24 3.67 56.053 61.783 5.730 
ESL FA 1 60.73 66.83 6.09 58.444 65.714 7.270 
CAP FA 1 72.24 93.40 21.16 51.888 65.055 13.167 
PH FA 2 78.05 86.70 8.65 45.978 55.132 9.154 
EB FA 2 5.76 7.61 1.84 48.162 61.346 13.184 
SY FA 2 159.63 227.17 67.54 57.180 79.911 22.731 

FA: Factor Analysis, SP: Total length of primary raceme, ESL: Effective length of primary raceme, CAP: Capsules on main raceme, PH: Plant height up 
to primary raceme, EB: Effective number of racemes per plant, SY: Seed yield per plant, SD: Selection differential and WAASBY: Weighted average of 
absolute scores of stability with yield. 

Fig. 6. Genotype ranking and selected genotypes among 90 castor genotypes for multi trait stability index (MTSI) considering 15% selec-
tion intensity. 
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with greater stability through MTSI with 10% selection intensity. 

4. Conclusions 

Seed yield is an important character as it is highly influenced by the altering environment. In the present study, selected material 
showed considerable variability over wide range of environment for different characters. Due to the course of evolution castor became 
stable over different environments so, most of the characters show continuous stability over environment. Only yield attributing traits 
are responsive to light period, irrigation, fertilizer and micro environment of particular locations. These attributes are unstable in 
nature. AMMI model helps to select stable and high yielding genotype which can be used for commercial cultivation as well as breeding 
purpose in wide range of environment. According to which won where and what biplot, ANDCI 10-01 (G4) as a vertex genotype for 
mega environment E3 while ANDCI 10-03 (G5) and P3141 (G39) recommended for the E1 and E2, respectively. Moreover, ANDCI 10-03 
(G5) and P3141 (G39) were selected through MTSI for all interacting traits and they had high enough exploratory factor analysis score 
give the strong support to its ideotype. Ideotype of this selected genotype performed constant in fluctuating environment. Constant 
seed yielding ability of ANDCI 10-03 (G5) and P3141 (G39) was also effectively proven by Y × WAAS biplot. These were fallen in the 
fourth quadrant which indicated perfect stability and high seed yield across the environment regimes. So, selection through MTSI is as 
effective as other parameters. As per the MTSI, ANDCI 12-01 (G10), JI 413 (G60), JI 434 (G68), JI 380 (G56), P3141 (G39), ANDCI 10- 
03 (G5), SKI 215 (G83), ANDCI 09 (G3), SI 04 (G16), JI 437 (G70), JI 440 (G71), RG 3570 (G46), ANDCI 10-04 (G6) and GAC 11 (G14) 
were the best suited genotypes for increased performance for interacting traits under wide range of environment. 
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