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Abstract
Diverse rice germplasm comprising 112 genotypes was evaluated for yield traits across three environments. Pooled and 
environmentwise analysis of variance revealed heterogeneity in the data and significant environment interactions for all 
the yield traits. As per AMMI (additive main effects and multiplicative interaction) and GGE (genotype and genotype x 
environment interaction) biplots, the influence of environment was significant and varying on all the component yield traits 
including grain yield and was not significant in case of flowering date. Dry season at Maruteru in 2014–15 (E1) was the 
most discriminative and representative environment for favourable plant growth in terms of plant height, panicle number 
and panicle length. None of the environments represented ideal environment for the favourable expression of grain number 
while all the environments were equally informative for thousand grain weight and grain yield. Panicle number, grain number 
and thousand grain weight were contributing to grain yield across the environments. Three genotypes Panthdhan 12, Konark 
and Udaygiri were the most stable genotypes for grain yield with favourable combination of associated yield genes for all 
the traits, viz. 1000 grain weight, the number of grains per panicle, the number of filled grains per panicle, productive till-
ers and plant height with higher yield, and grouped in one cluster. Genotyping using previously reported markers revealed 
that favourable alleles of yield genes associated with the number of productive tillers were predominantly found followed 
by alleles for the number of grains/filled grains per panicle correlating with the superior phenotypic value of the respective 
trait. The information on association of yield stability with reported yield genes from this study is useful in marker-assisted 
breeding studies for yield improvement and can be confirmed with various sets of genotypes under multi-environment testing. 
The identified superior genotypes are potential components in future breeding programmes and the development of stable 
adaptable varieties. The present study suggests that yield stability could be effectively achieved with targeted improvement 
of component yield traits associated with favourable alleles.
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Introduction

Rice farming is the backbone of agriculture in Asia as over 
90% of the world’s rice is produced and consumed in this 
region. In India, rice is grown throughout the year across 
diverse ecologies including irrigated lowland, rainfed shal-
low lowland and upland, high elevated hills, below mean 
sea level deep water submerged conditions and also under 
inland and coastal saline ecologies. Improving rice produc-
tion per unit area and per unit time will be a major challenge 
in future due to the expanding population of rice consum-
ers in the world (Balakrishnan et al. 2016). Identification of 
high-yielding stable genotypes for multiple environments 
as in the case of Indian scenario is a challenge in breeding 
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programmes. Therefore, consideration of effect of genotype 
by environment (G × E) interactions is essential in evalua-
tion of genotypes for variety development (Kempton et al. 
1997; Atlin 2000, Abebe et al. 2023). As grain yield is a 
complex quantitative trait, with high environment interac-
tions, continued improvement of grain yield remains the 
top priority in most of the breeding programmes. Hence, 
selection of genotypes based on performance in single 
environment is not effective for varietal identification (Yan 
et al. 2002; Shrestha et al. 2012). It was suggested that an 
increase in grain yield could be effectively achieved through 
yield component improvement since yield components have 
higher heritability than grain yield (Xiong et al. 1992). It 
is essential to carry out selection based on yield stability 
evaluation than average performance in multiple environ-
ment conditions (Kang 1993; Tariku et al 2013; Islam et al. 
2015; Balakrishnan et al. 2016).

Considering the genetic background and unpredictable 
environmental factors which prevail at different locations 
and over time, differential responses are observed from 
the improved genotypes when tested across the environ-
ments (Krishnamurthy et  al. 2016). The variable geno-
typic responses in different environments are called geno-
type × environment (G × E) interactions which goes back to 
the classical work of Allard and Bradshaw (1964). In the 
plant breeding programmes, the G × E interactions play a key 
role in identification of the most desirable genotypes, mega-
environments, representative locations and other adaptation 
targets (Krishnamurthy et al. 2016). The presence of G × E 
makes identification of the real potential of a genotype in 
specific location in which climate varies from year to year 
more challenging (Haji and Hunt 1999). When G × E inter-
action is present, the environmental factor that could play 
a major role causing differential crop performance is to be 
identified and desirable breeding strategies must be deter-
mined based on the same (Asenjo et al. 2003). The quantifi-
cation of G × E is an important consideration in plant breed-
ing programmes, because it reduces the speed of genetic 
advancement through selection (Hill et al. 1975). Selection 
of genotypes for stability and adaptability is required as a 
prior to recommendation in case of a crop such as rice which 
is grown in diverse ecologies.

There are a number of statistical methods reported for the 
evaluation of G × E interaction and its relationship with geno-
typic stability (Krishnamurthy et al. 2015). Stability analysis 
can be conducted on replicated trials over several environ-
ments following environmentwise analysis of variance and 
pooled analysis of variance. Several stability statistics have 
been proposed to estimate G × E. The traditional measures 
use the coefficient of variation (Francis et al. 1978), environ-
mental variance (Lin et al. 1986), stability variance (Shukla 
et al. 1972), regression-based parameters (Finlay et al. 1963) 
and stability analysis (Eberhart et al. 1966). AMMI (additive 

main effect and multiplicative interaction) and GGE (geno-
type and genotype × environment interaction) biplots are excel-
lent tools for visual data analysis for different environments. 
AMMI method has been effective because it captures a large 
portion of the G × E sum of squares and it clearly separates 
main and interaction effects (Gauch and Zobel 1997). AMMI 
is a two-step approach: it first applies the additive analysis of 
variance (ANOVA) model to two-way data and then applies 
the multiplicative principal components analysis (PCA) model 
to the residual from the additive model, i.e. to the interaction. 
The GGE biplot methodology (Yan 2002; Yan and Kang 2003; 
Yan and Tinker 2006) consists of a set of biplot interpretation 
methods, whereby important questions regarding genotype 
evaluation and test environment evaluation can be visually 
addressed. The concept of GGE originates from analysis of 
multi-environment testing (MET) of crop cultivars. The yield 
of a cultivar (or any other measure of cultivar performance) 
in an environment is a mixed effect of genotype main effect 
(G), environment main effect (E) and genotype × environment 
interaction (G × E). In normal METs, E accounts for 80% of 
the total yield variation, and G and G × E each account for 
about 10% (Gauch and Zobel 1997; Yan et al. 2000). For the 
purpose of cultivar evaluation, however, only G and G × E are 
relevant (Gauch and Zobel 1997). Furthermore, both G and 
G × E must be considered in cultivar evaluation, thus the term 
GGE (Yan et al. 2000).

The past few decades showed tremendous advancement in 
understanding the crop genomics, and several yield-related 
genes were detected in rice genome. Genes related to grain 
number, grain size and grain filling, viz. Gn1a, Gs3 and Gif1, 
were identified (Ashikari et al. 2005; Fan et al. 2006; Wang 
et al. 2008), and several of yield genes were cloned and char-
acterized further for utilization in breeding programmes. 
Understanding genetic architecture and status of allelic vari-
ation available in germplasm is of paramount importance to 
initiate further breeding and mapping studies. However, stud-
ies on characterization of Indian cultivars for already known 
genes and their effect on yield superiority or stability are very 
limited. We evaluated the performance of diverse rice geno-
types across three environments to assess the G × E interac-
tions and identify stable high-yielding genotype(s) through the 
yield stability and adaptability analysis using the AMMI and 
GGE models. Further, these genotypes were evaluated for the 
presence of favourable alleles of the known yield genes and 
understand the effect of their presence in the performance of 
superior stable genotypes.
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Materials and methods

Locations

Field experiments were taken up at Regional Agricultural 
Research Station (RARS), Maruteru (latitude 15°58' N; lon-
gitude: 80°05' E; 10MSL), Acharya NG Ranga Agricultural 
University (ANGRAU), Andhra Pradesh, during rabi (dry 
season) of 2014–15 (E1) and ICAR-Indian Institute of Rice 
Research (ICAR-IIRR) farm located in International Crops 
Research Institute for the Semi-Arid Tropics (ICRISAT) 
campus Patancheru (latitude: 17°53' N; longitude: 78°27' E; 
543MSL), Hyderabad, Telangana, India, during kharif (wet 
season) 2015 (E2) and 2016 (E3).

Plant material

A total of 112 diverse rice genotypes (Supplementary 
Table S1) comprising land races, improved varieties, breed-
ing lines, aromatic cultures, mutant lines (CN), MT lines 
(Moroberekan/Vijetha) and NERICA lines—NEwRICe for 
Africa (derived lines of Oryza glaberrima/Oryza sativa) 
were used for morphological and molecular characterization.

Field experimental details

Seeds of the materials under study were sown in nursery 
beds, and 25-day-old seedlings were transplanted in the field 
with single seedling per hill in all the field trials. Seedlings 
were transplanted in two rows of 2 m length, with a spacing 
of 15 × 10 cm in randomized complete block design (RCBD) 
with two replications. Normal package of practices and ferti-
lizer application were followed; weeds, insects and diseases 
were controlled using standard herbicides and pesticides as 
required to avoid yield loss. These same parameters were 
followed uniformly across the seasons and locations. In all 
the three environments, the genotypes were evaluated for 
seven yield traits, viz. days to flowering (DFF), plant height 
(PH) in cm, the number of productive tillers (PN), panicle 
length (PL) in cm, the number of grains per panicle (GN), 
thousand grain weight (TW) in g and grain yield (SPY) in g.

Stability analysis

Analysis of variance was computed for individual environ-
ment; then, a combined analysis of variance was performed, 
considering both environments and genotypes as fixed using 
PB tools (Version 1.4, http://​bbi.​irri.​org/​produ​cts) and R (R 
Core Team 2012) with RCBD. Significance of all effects was 
tested against mean square of error. The performance of all 
the genotypes was tested over three environments and was 

assessed using stability models, viz. (1) additive main effects 
and multiplicative interaction (AMMI) (Gauch and Zobel 
et al. 1997) and (2) GGE biplot or site regression model (Yan 
and Kang et al. 2003). These models were used to interpret 
and visualize the stability and G × E (Genotype Environment 
Interaction) patterns. In the AMMI model, only the G × E 
term is absorbed in the multiplicative component, whereas in 
the GGE model, the main effects of genotypes (G) plus the 
G × E are absorbed into the multiplicative component. The 
AMMI model (Gauch et al. 1988) was used in analysing the 
stability and interaction for yield traits. The AMMI model 
is a combination of analysis of variance (ANOVA) and prin-
cipal component analysis (PCA). The G × E interaction was 
evaluated with the AMMI model by considering the first two 
principal components. ANOVA model was used to analyse 
the trait data with main effects of genotype and environment 
without the interaction; then, a principal component analy-
sis was integrated using the standardized residuals. These 
residuals include the experimental error and the effect of the 
GEI. The analytical model can be written as

where Yij. is the mean yield of ith genotype in jth environ-
ment, μ is the overall mean, δi is the genotypic effect, βj is 
the environment effect, λk is the singular value for PC axis 
k, ik is the genotype eigenvector value for PC axis n, βjk is 
the environment eigenvector value for PC axis, k and "ϵij are 
the residual error assumed to be normally and independently 
distributed (0, σ2/r), σ2 is the pooled error variance and r is 
the number of replicates. GGE biplots display both G (geno-
type) and GE (genotype environment) variation (Kang et al. 
1993) for genotype evaluation. The GGE biplot is based on 
the site regression (SREG) linear–bilinear model (Cornelius 
et al. 1996; Crossa and Cornelius 1997; Crossa et al. 2002). 
The site regression model as a multiplicative model in the 
bilinear terms shows the main effects of cultivars plus the 
cultivar × environment interaction (GGE) and the model is

The GGE biplot graphically represents G and G × E 
effect present in the multi-location trial data using environ-
ment-centred data. GGE biplots were used to evaluate (1) 
mega-environment analysis (which-won-where pattern), 
where genotypes can be recommended to specific mega-
environments, (2) genotype evaluation, where stable spe-
cific genotypes can be recommended across all locations, 
and (3) location evaluation, which explains discriminative 
power of target locations for genotypes under study (Yan 
and Tinker 2006). Sum of square percentage was computed 

Yij = � + �i + �j +

k
∑

k=1

�k�ik�jk + �ij

Yij − �j =

t
∑

k=1

�k�ik�jk + �ij

http://bbi.irri.org/products
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as percentage of sum of squares of components of stability 
analysis of variance per total sum of squares to know the 
contribution of each component, viz. genotype environment 
and GEI. Correlation analysis was performed with Statistical 
Tool for Agricultural Research (STAR) using Pearson’s cor-
relation coefficient method. Significance levels are indicated 
as: ∗ P < 0.05, ∗  ∗ P < 0.01, ∗  ∗  ∗ P < 0.001.

Molecular screening

A mini preparation procedure for the extraction of total 
genomic DNA (modified method of Zheng et al. Zheng 
et al. 1995) from the leaf samples of 112 genotypes was 
adopted. NanoDrop method was used to know the concen-
tration and purity of the isolated DNA. DNA amplification 
was carried out in 10 μl volumes in a Bio-Rad PCR. Each 
reaction mixture contained 3 μl of genomic DNA (50 ng/μl), 
0.5 μl of each primer (at a concentration of 0.2 μM), 1 μl of 
10 × PCR buffer with MgCl2, 1 μl of 2.5 mM dNTP mixture, 
0.1 μl of 5 units/μl Taq DNA polymerase and 3.9 μl of PCR-
grade water. The list of the primer sequence information is 
given in Supplementary Table S2. The temperature profile 
of the first PCR cycle was 95 °C for 5 min and 55–60 °C 
for 2 min, followed by 35 cycles of 1 min at 95 °C, 1 min 
at 55–60 °C and 2 min at 72 °C. The final extension was at 
72 °C for 10 min. The amplified products were separated in 
4 per cent agarose gel prepared in 1X TBE buffer stained 
with ethidium bromide. The gel was run in 0.5X TBE buffer 
at constant voltage of 120 V for a period of 1 h to 2 h. The 
gel was visualized in UV transilluminator and photographs 
taken using Alpha Digidoc gel documentation instrument. 
Clearly resolved, unambiguous bands were scored visually 
for their presence or absence with each primer. The scores 
were obtained in the form of matrix with ‘1’ and ‘0’, which 
indicate the presence and absence of bands in each variety, 
respectively.

Results

Environmental conditions

Among the test environments, total crop growing period 
was observed as extended by almost a month in E1 (dry 
season 2014–15 at Maruteru) compared to the crop growing 
period of E2 and E3 (two wet seasons at Hyderabad in 2015 
and 2016), respectively. Low night temperatures during the 
initial establishment in nursery resulted in poor growth of 
the seedlings and caused delay in the transplanting in E1. 
The grain ripening and maturity in both the wet seasons at 
Hyderabad in 2015 (E2) and 2016 (E3) coincided with drop 
in night temperatures. Since all the three experiments were 
taken up under completely irrigated conditions, differences 

in rainfall or the number of rainy days across the seasons did 
not show any significant effect in the crop growth. The crop 
experienced highest bright sunshine hours after transplant-
ing till maturity in dry season at Maruteru in 2014–15 (E1) 
with greater wind speed. Mean evaporation rate was highest 
during wet season at Hyderabad in 2015 (E2) (Table 1).

Variability of yield and yield‑related traits

Individual environmentwise ANOVA revealed the extent 
of variability available in the genotypes for all the studied 
traits. Effect of the genotypes was significant for all the 
traits across the environments except for panicle number in 
wet season at Hyderabad in 2016 (E3) and thousand grain 
weight in dry season at Maruteru in 2014–15 (E1). How-
ever, ANOVA computed based on pooled data of all the 
three environments indicated significant genotype, envi-
ronment and their interaction effects on all the yield traits 
(Table 2). Interaction effect (σ2

ge) is observed as the most 
important component contributing to phenotypic variance 
(Fig. 1). Among the components of phenotypic variance 
(σ2

p), maximum contribution of genotypic variance (σ2
g) to 

the extent of 74.63% was observed for the trait, days to fifty 
per cent flowering followed by environmental variance (σ2

e) 
of 52.91% to plant height and variance due to interaction 
(σ2

ge) of 44.47 and 41.06% to grain yield and panicle num-
ber, respectively (Fig. 1).

There was a wide range in flowering time among the gen-
otypes in both dry season at Maruteru in 2014–15 (E1) and 
wet season at Hyderabad in 2015 (E2) with late flowering 
in most of the genotypes in E1 and early flowering in wet 
season at Hyderabad in 2016 (E3) with an overall mean of 
65 days across the three environments. The genotypes grew 
taller in dry season at Maruteru in 2014–15 (E1) compared 
to both the wet seasons, and stunted growth was observed 
in wet season at Hyderabad in 2015 (E2) with an average 
of 95 cm across the environments. Similar to the flowering 
time, panicle number also showed a wide range of variation 
in dry season at Maruteru in 2014–15 (E1). Majority of the 
genotypes (75%) had low panicle number and short panicles 
in wet season at Hyderabad in 2015 (E2) while very low 
grain number was observed in dry season at Maruteru in 
2014–15 (E1). As far as thousand grain weight is concerned, 
not much variation was observed across the environments in 
terms of minimum and maximum values and pooled envi-
ronmental average was 20 g. Grain yield range was narrow 
in dry season at Maruteru in 2014–15 (E1) and wet season 
at Hyderabad in 2016 (E3) while maximum outliers were 
observed in wet season at Hyderabad in 2015 (E2) (Fig. 2). 
Environmentwise and pooled mean phenotypic performance 
of the 112 genotypes for the yield traits under study along 
with descriptive statistics are given in Supplementary Tables 
S3 and S4.
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Pooled and environment analysis of the Pearson cor-
relation coefficients revealed positive correlation of grain 
yield with panicle number, grain number and thousand grain 
weight across the environments and it was highly signifi-
cant with panicle number and thousand grain weight in dry 
season at Maruteru in 2014–15. Though grain yield showed 
non-significant positive correlation with panicle length 
in the pooled analysis, it was non-significant negative in 
both dry season at Maruteru in 2014–15 and wet season at 
Hyderabad in 2016 and non-significant positive in wet sea-
son at Hyderabad in 2015. Both days to flowering and plant 
height were non-significant and negatively correlated with 
grain yield in the pooled analysis while they were non-sig-
nificant and variable across the seasons and environments. 
Correlation between days to flowering and grain yield was 
non-significant and negative in dry season at Maruteru in 
2014–15 and wet season at Hyderabad in 2015 while the 
same was non-significant and positive in wet season at 

Hyderabad in 2016. Correlation between plant height and 
grain yield was non-significant and positive in dry season 
at Maruteru in 2014–15 while the same was non-significant 
and negative in both the wet seasons at Hyderabad in 2015 
and 2016. Environmentwise correlations are graphically 
depicted in Fig. 3, and pooled correlation coefficients are 
presented in Table 3.

Stability analysis

For the stability analysis, a combination of season and loca-
tion was considered as an environment. Weather data of the 
three environments revealed relatively low mean tempera-
ture, high relative humidity and rainfall in wet season at 
Hyderabad in 2016 (E3), more number of bright sunshine 
hours and high wind speed in dry season at Maruteru in 
2014–15 (E1) and very high amount of evaporation in wet 
season at Hyderabad in 2015 (E2). For days to flowering, 

Table 2   Analysis of variance (ANOVA) among component yield traits in 112 rice genotypes across three environments using RCBD

DFF—Days to flowering, PH—plant height (cm), PN—panicle number, PL—panicle length (cm), GN—grain number, TW—thousand grain 
weight (g), SPY—single plant yield (g), Trt—treatment, Env—environment, Rep—replication

Trait Source DF Type I SS Mean Square F Value Type I SS Mean Square F Value

DFF E1 Trt 111 10,350 94.2 78.7*** PL 2146 19.3 43.6***
E2 Trt 111 10,824 97.5 90.4*** 646 5.82 6.5***
E3 Trt 111 5638 50.8 15.2*** 1083 9.76 3.23***
Pooled Env 2 106,833 53,416 53,417*** 62,947 31,473 31,473***

rep(Env) 3 24.5 8.18 8.18*** 3.72 1.24 1.24
Trt 111 16,921 152 152*** 2585 23.2 23.29***
Env*trt 222 3542 15.9 15.9*** 3333 15.0 15.01***

PH E1 Trt 111 47,883 431 13.5*** GN 129,743 1168 65.94***
E2 Trt 111 15,230 137 17.6*** 434,289 3912 3.17***
E3 Trt 111 37,200 335 22.8*** 552,713 4979 2.07***
Pooled Env 2 13,470 6735 6735*** 122,351 61,175 61,175***

rep(Env) 3 1.96 0.65 0.65 8.37 2.79 2.79*
Trt 111 3319 29.9 29.9*** 3232 29.1 29.1***
Env*trt 222 2677 12.0 12.06*** 4669 21.0 21.03***

PN E1 Trt 111 1264 11.3 14.7*** TW 4469 40.2 1.42
E2 Trt 111 257 2.31 1.5* 4953 44.6 2.31***
E3 Trt 111 1020 9.19 1.77 4508 40.6 2.86***
Pooled Env 2 4426 2213 2213*** 316 158 158***

rep(Env) 3 15.1 5.03 5.04 6.16 2.05 2.06
Trt 111 754 6.80 6.8*** 317 2.85 2.86***
Env*trt 222 1242 5.59 5.6*** 414 1.86 1.87***

SPY E1 Trt 111 10,383 93.5 14.9***
E2 Trt 111 21,861 196 3.19***
E3 Trt 111 7515 67.6 1.7**
Pooled Env 2 3348 1674 1674***

rep(Env) 3 24.5 8.18 8.18***
Trt 111 16,921 152 152***
Env*trt 222 3542 15.9 15.9***
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environment–vector view of the GGE biplot indicated that 
the influence of environment on flowering date was not sig-
nificant, but flowering pattern in dry season at Maruteru 
(E1) and wet season at Hyderabad in 2015 (E2) was similar 
as compared in wet season at Hyderabad in 2016 (Fig. 4A). 
Most of the genotypes expressed stability in flowering time 
across the environments except two genotypes: Sneha (G63) 
and WGL 915 (G82).

Influence of environments on the trait plant height was 
variable across the locations. Environment–vector view of 
the GGE biplot indicated that dry season at Maruteru in 
2015 (E1) was more favourable for trait expression while 
plant growth was reduced during wet season at Hyderabad in 
2015 (E2) (Fig. 4B) which is also evident from the box and 
whisker plots. Dry season at Maruteru in 2014–15 (E1) is 
the most discriminative and representative environment for 
favourable plant growth in terms of height. In case of panicle 
number (or) the number of productive tillers per plant, as 
observed in case of plant height, the number of productive 
tillers per plant was also variable and poorly expressed in wet 
season at Hyderabad in 2015 (E2) (Fig. 4C). Poor expression 
in panicle number is also depicted in box and whisker plots 
with genotypes under 3rd quartile having only 8.5 panicles 
(Fig. 2c). Wet season at Hyderabad in 2015 (E2) is both 
least discriminating and least representative compared to 
the other two environments while dry season at Maruteru 
was relatively favourable for expression of higher number of 
productive tillers on an average (Fig. 4C). AMMI1 biplots 
indicated highest number of productive tillers per plant in 
WGL 347 (G80) followed by Vajram (G73), Pantdhan 12 

(G74), Satya (G58), Himalaya 2216 (G23) and NLR 34242 
(G48) (Fig. 5a). Average environment coordinate (AEC) 
view of the GGE biplot indicates that they were all stable 
in trait expression and hence are ideal genotypes for panicle 
number (Fig. 6a). Panicle length was poorly expressed in wet 
season at Hyderabad in 2015 (E2) compared to dry season at 
Maruteru in 2014–15 (E1) and wet season at Hyderabad in 
2016 (E3) (Fig. 4D). AMMI1 biplot depicted highest panicle 
length (> 26 cm) in aromatic rice line 1 (G85) followed by 
aromatic rice line 2 (G84) and WGL915 (G82) (Fig. 5d); 
however, as per AEC view of the biplot, only G85 and G84 
were stable with greater stability in the former genotype. 
G85 with highest panicle length and greater stability can 
be considered as ideal genotype for the trait panicle length 
(Fig. 6b). Specific influence by the test environments was 
observed for this trait which was quite similar to the effect 
that was observed with panicle number (Fig. 4D).

As per the AMMI1 biplot, high grain number (> 200) 
was observed in seven genotypes, viz. JGL 11470 (G28), 
Vasundhara (G76), MTU 1061 (G41), SRAC 34997 (G65), 
Kavya (G33), JGL 3855 (G31) and Ravi 003 (G2) (Fig. 4E), 
with stable trait expression in the order of G33 > G31 > G2
8 > G2 > G76 > G41 > G65 as depicted in AEC view of the 
GGE biplot. G28 can be considered as the ideal genotype 
with high grain number and greater stability (Fig. 6c). Envi-
ronment–vector view of the GGE biplot indicated variable 
influence of the test environments on grain number. Further, 
dry season at Maruteru in 2015 (E1)) was least informative 
and none of the environments represented ideal environ-
ment for the favourable expression of grain number. MGD 

DFF PH PN PL GN TW SPY
Interaction 14.58 26.09 41.06 35.42 24.69 22.62 44.47
Genotype 74.63 15.68 6.80 11.59 20.87 9.68 5.46
Replication within Environment 0.40 0.00 1.31 0.00 0.24 1.00 0.05
Environment 6.16 52.91 3.94 39.62 2.21 4.12 6.83
Residual 4.23 5.32 46.87 13.38 51.98 62.59 43.19
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Fig. 1   Proportion of variance components to the total phenotypic variance
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103 (G38), JGL 3855 (G31), BPT 5204 (G13), JGL 17004 
(G29), NLR 30491 (G47), Ramappa (G55) and MTU 3626 
(G7) are the generally adapted genotypes (Fig. 4E). Seven 
genotypes, viz. Tella Hamsa (G69), Nilagiri (G45), VL Dhan 
(G98), Pokkali (G95), Triguna (G70), PR 118 (G52) and 
PSB 68 (G53), recorded high TW as per AMMI1 biplot 
(Fig. 5d). AEC view of the GGE biplot indicated greater 
stability in terms of TW in Nilagiri (G45) followed by PSB 
68 (G53), PR 118 (G52) and VL Dhan (G98) (Fig. 5f). Envi-
ronment–vector view of the GGE biplot indicated equally 
informative test environments and wet season at Hyderabad 
in 2015 (E2) was the most ideal environment for the favour-
able expression of TW (Fig. 4F).

High grain yield (higher than standard check G6-NDR 
359) was observed in eight genotypes, viz. Udaygiri (G71), 

Vajram (G73), Pantdhan 12 (G74), Konark (G35), MGD 101 
(G37), Kavya (G33), Vasundhara (G76) and WGL 11427 
(G78), as per AMMI1 biplot (Fig. 5e). However, in terms 
of stability, only three genotypes were stable and Pant-
dhan 12 (G74) is the highly stable genotype followed by 
Konark (G35) and Udaygiri (G71). Considering high yield 
and stability, Pantdhan 12 (G74) and Konark (G35) are the 
ideal genotypes (Fig. 6e). Positive correlation was observed 
among the three test environments which was highly signifi-
cant between wet season at Hyderabad in 2015 (E2) and wet 
season at Hyderabad in 2016 (E3) (Fig. 4G). Wet season at 
Hyderabad in 2016 (E3) was least informative while both E1 
(rabi 2015) and wet season at Hyderabad in 2015 (E2) are 
equally discriminating environments. However, wet season 
at Hyderabad in 2015 (E2) being closer to the AEA is more 

Fig. 2   Box plot showing the differences in yield and related traits 
among genotypes. a Box plot for days to flowering; b box plot for 
plant height; c box plot for panicle number; d box plot for panicle 

length; e box plot for grain number; f box plot for test weight; g box 
plot for single plant yield; dots represent outliers
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representative than dry season at Maruteru in 2014–15 (E1). 
Hence, E2 can be considered as ideal among the three test 
environments (Fig. 4G).

Molecular characterization

Amplification of genomic DNA of the 112 rice genotypes 
with 25 gene-specific SSR markers related to yield traits 
showed 17 markers with clear amplification and 12 mark-
ers were found to show more than two alleles per marker. 
The polymorphic information (PIC) content varied from 
0.51 (S9) to 0.83 (S3204 and RM 18600) with an average of 
2.25. PCR-based marker analysis of the yield genes in 112 
rice genotypes revealed presence of trait-specific allele in 
majority of the genotypes with high mean performance for 
such traits based on stability analysis (Table 4).

All the rice genotypes identified with high panicle num-
ber based on AMMI1 biplots were also marker positive to 
S4603, a gene-specific marker linked to panicle number. All 
the genotypes with high mean performance for grain number 

identified from biplot analysis were marker positive to grain 
number-specific genes, dep1 and APO1 except Ravi003 (G2) 
and Kavya (G33). However, Kavya (G33) has favourable 
alleles of EP3 associated with filled grains per panicle. Two 
genotypes VL Dhan (G98) and Pokkali (G95) with high 
mean performance for thousand grain weight were marker 
positive for HGW and SRS, genes for high thousand grain 
weight. Vajram (G73), Pantdhan 12 (G74), Konark (G35) 
and WGL 11427 (G78) have EP3 and APO1 meant for high 
grain number. Vasundhara (G76) has both EP3 and APO1 
for grain number and panicle number and WGL 11427 for 
APO1 for panicle number. It is interesting to note that the 
genotypes identified with high grain yield, Udaygiri (G71) 
and Kavya, have favourable alleles for all the traits, viz. 
thousand grain weight, the number of grains per panicle, 
the number of filled grains per panicle, productive tillers and 
plant height with higher yield. Some of the high-yielding 
germplasm lines like IR 1552, HIM 799, NLR34242 and 
RNR19186 are having the positive alleles for the traits, the 
number of grains per panicle and plant height. Additionally, 

Fig. 3   Graphical representation of the correlation matrices of 
yield traits in three seasons. a Correlogram of rabi 2014–15 sea-
son at Regional Agricultural Research Station (RARS), Maruteru, 
ANGRAU, Andhra Pradesh, India—534,122; b and c ICAR-Indian 

Institute of Rice Research (ICAR-IIRR) farm located in International 
Crops Research Institute for the Semi-Arid Tropics (ICRISAT) cam-
pus Patancheru, Hyderabad, Telangana, India, during kharif season 
2015 (E2) and kharif season 2016 (E3), respectively

Table 3   Pearson correlation 
coefficients of quantitative 
characters for pooled 
environments in genotypes

DFF—Days to flowering, PH—plant height (cm), PN—panicle number, PL—panicle length (cm), GN—
grain number, TW—thousand grain weight (g), SPY—single plant yield (g)
ns P > 0.05; * P <  = 0.05; ** P <  = 0.01, ns—non-significant

DFF PH PN PL GN TW SPY

DFF 1
PH -0.1628 ns 1
PN -0.1783* 0.0079 ns 1
PL 0.0783 ns 0.2639** -0.0747 ns 1
GN 0.2016* 0.0081 ns -0.0549 ns -0.0244 ns 1
TW -0.0226 ns 0.0872 ns 0.0899 ns 0.1968* -0.2838** 1
SPY -0.0125 ns -0.0465 ns 0.3993** 0.1598 ns 0.2624** 0.3917** 1
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the positive markers linked to the traits, viz. productive till-
ers and 1000 grain weight, have contributed to their high 
yield in the lines MTU1010, Vasumati and T309.

Dendrogram with DARwin

Genetic diversity among 112 rice genotypes was deter-
mined based on the Jaccard’s pairwise similarity coefficient 
with the scoring data generated based on marker base pair 
position specificity. The dendrogram generated from the 
unweighted pair group arithmetic average (UPGMA) clus-
ter analysis broadly placed 112 rice germplasm into three 
major clusters (Fig. 7). The cluster II was the largest cluster 
comprising 44 genotypes with two subdivisions followed 
by cluster III possessing 40 in two subdivisions and cluster 
I possessing 28 genotypes in two subdivisions. In cluster I, 
grain yield varied from a minimum of 19.7 g (Taramati) to 
a maximum of 24.83 (Udaygiri) with an average of 21.89 g. 
In cluster II, grain yield varied from a minimum of 19.97 g 

(Lalithagiri) to a maximum of 23.32 (MGD 101) with an 
average of 21.49 g. In cluster III, grain yield varied from a 
minimum of 20.38 g (Tetep) to a maximum of 22.86 (NLR 
40065) with an average of 21.45 g. All the stable genotypes 
for grain yield Pantdhan 12, Konark and Udaygiri identified 
in the present study had fallen in cluster I, while the stable 
genotypes for panicle number (WGL 347, Vajram, Pantdhan 
12, Satya, Himalaya 2216 and NLR 34242 in both Cluster 
I and II, panicle length (aromatic rice lines 1 and 2) and 
thousand grain weight (Nilagiri) in cluster II and grain num-
ber (JGL 11470) in cluster III. The details of the genotypes 
present in each cluster are mentioned in Table 1.

Discussion

Grain yield is a complex quantitative trait with multiple con-
tributing traits highly influenced by genotype × environment 
interaction effects. The success of any crop improvement 

Fig. 4   Environment view for all yield contributing traits in 112 rice genotypes. A Days to flowering; B plant height; C panicle number; D pani-
cle length; E grain number; F test weight; G single plant yield
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programme depends on the identification of superior and sta-
ble varieties among the diverse genotypes. A variety can be 
considered superior, if it has potential for high yield under 
favourable environments, and at the same time with a greater 
phenotypic stability. Stability also denotes consistency in 
rank relative to other cultivars in a given set of environments 
(Ghritlahre et al. 2011). Wide spread cultivation of rice in 
various agroecological environments and the unpredicted 
effects of climate change makes the cultivation of stable 
and adaptable genotypes more desirable (Bose et al. 2012; 
Vanave et al. 2014; Balakrishnan et al. 2016). Stability and 
GEI studies are very important for the efficient breeding and 
adoption in multi-environment conditions (Kempton et al. 
1997; Atlin et al. 2000; IRRI 2006; Liang et al. 2015,).

Correlation coefficient analysis is widely used to meas-
ure the degree and direction of relationships between vari-
ous traits including grain yield (Tiwari et al. 2019). In this 
study, we found panicle number, grain number and thousand 
grain weight contributing to grain yield irrespective of the 
season/location/year similar to the findings of Senguttuvel 
et al. (2021). Similar to our findings, Karim et al. (2022) also 
reported positive correlation of the grain yield with panicle 

number and thousand grain weight; however, there were no 
such correlations with grain number. On the other hand, cor-
relation of the grain yield with panicle length, plant height 
and days to flowering was varying across the seasons and 
environments in the present study similar to the findings of 
Balakrishnan et al. (2016) and with ecotypes as reported by 
Li et al. (2019). Contrarily, Karim et al. (2022) observed 
positive correlation of grain yield with plant height in both 
the seasons. These results depicted that increasing the num-
ber of panicles, grains and thousand grain weight that were 
stable over all the environments would enhance grain yield 
and thus could be used as an indirect selection criterion for 
the overall improvement of grain yield.

In our study, analysis of variance indicated significant 
differences among the genotypes for all the yield traits 
studied indicating the presence of vast genetic variability 
in the experimental material. Mean sum of squares due 
to various components as well as their linear components 
including genotype × environment interactions were highly 
significant for grain yield and component traits. Therefore, 
stability parameters could be used reliably for predicting 
genotypic performances. Similar findings were also reported 

Fig. 5   AMMI1 biplots for yield traits in 112 rice genotypes. a Panicle number, b panicle length, c grain number, d thousand grain weight and e 
grain yield
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by Pandey et al. (2020); Saidaiah et al. (2011) and Sreedhar 
et al. (2011) and Wasan et al. (2018). One rabi and two 
kharif season data were used, and significant seasonal vari-
ation was observed for the yield traits. The seasonal vari-
ations were mainly attributed to the difference in weather 
parameters particularly temperature extremities and the 
number of bright sunshine hours. Similarly, Balakrishnan 
et al (2016) reported significant seasonal variation for the 
yield traits. Box plot is a convenient way of graphically 
depicting variation in a group of numerical data. It displays 
varieties in samples of a statistical population without mak-
ing any assumptions of the underlying statistical distribu-
tion (McDermott et al. 2012). Several stresses like drought, 
salinity and extreme temperature greatly affect genotypic 
performance along with environmental conditions. Experi-
mental plot in wet season at Hyderabad in 2015 (E2) was 
affected with salinity stress and environment–vector view 
of the biplot, and box and whisker plots indicated the same 
in terms of reduced plant height, panicle number and pani-
cle length among the genotypes. Further, a yield reduction 
of -4.97% and -19.69% over the best check (MTU 1010) 
was observed in the stress environment in the high-yielding 

stable genotypes Pant Dhan 12 and Konark, respectively. 
Panicle number plays an important role in enhancement of 
the grain yield and is greatly affected by both environmental 
conditions and management (Sadras et al. 2007; Garcia et al. 
2015; Wang et al. 2017). Restricted plant growth in terms of 
plant height, short panicles and lower number of productive 
tillers in wet season at Hyderabad in 2015 (E2) could be due 
to soil conditions as the plot was affected by sodicity. The 
reason for salinity or sodicity is majorly due to the irrigation 
water. Similar results were reported by Sumanth et al. 2017; 
Oniya et al. 2017. Excess salt in soil adversely affects plant 
growth, development and productivity when osmotic stress 
reduces water uptake by roots (Munns and Tester 2008). 
Direct accumulation of salts disturbs metabolic processes 
and all major morpho-physiological and yield-related traits 
including tiller number, panicle length, spikelet number per 
panicle (Khatun et al. 1995), grain filling (Rao et al. 2013), 
plant biomass (Zeng et al. 2007) and photosynthesis (Ismail 
et al. 2007; Baker 2008), leading to significantly decreased 
yield.

Box plots revealed low grain number in dry season at 
Maruteru in 2014–15. Spikelet sterility and grain chaffiness 

Fig. 6   Average environment coordinate (AEC) view of the GGE 
biplots for yield attributing traits and which-won-where plot for grain 
yield in 112 rice genotypes. a Panicle number, b panicle length, c 

grain number, d thousand grain weight, e grain yield and f which-
won-where—GGE biplot for grain yield
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are generally observed during rabi season due to heat stress. 
Rice plants at the reproductive stage, including the processes 
of panicle initiation, male and female gametophyte develop-
ment, anthesis, pollination and fertilization, are more sus-
ceptible to heat stress than at the vegetative stage (Arshad 
et al 2017; Jagadish et al 2015). Heat stress impairs panicle 
initiation and spikelet development, leads to deformed flo-
ral organs and reduces spikelet number and size (Sita et al. 
2017; Xu et al. 2020). Experiment in dry season was con-
ducted with timely irrigation while wet season experiments 
were conducted with adequate rainfall and supplemental 
irrigation. Despite the differences in growing seasons and 
locations, comparable yield levels among the genotypes 
were observed in dry season at Maruteru in 2014–15 (E1) 
and wet season at Hyderabad in 2015 (E2). Thus, rainfall 

had only a secondary impact on grain yield under irrigated 
ecology. Zhang et al 2019 reported similar secondary impact 
of the rainfall and temperature on stability of grain yield in 
rice genotypes. Thus, irrigated ecology maintains a stabi-
lized ecosystem and a microenvironment which support for 
the uniform expression of genotypes even under variable 
weather parameters.

As per the stability analysis, three genotypes were sta-
ble and high yielding. Pantdhan 12 (G74) was identified as 
highly stable genotype followed by Konark (G35) and Uday-
giri (G71). Considering high yield and stability, Pantdhan 
12 (G74) and Konark (G35) are also detected as the most 
ideal genotypes (Fig. 6e). GGE biplots with an intersection 
of average environment axis (AEA) among environmental 
vectors depicted not only the discriminating ability and 

Table 4   Lines with marker specificity and morphological superiority of the trait

* Genotypes in bold font are high yielding

Trait name Marker Lines with marker specificity and morphological 
superiority of the trait

Plant height Osd1 (Kim et al. 2008) MTU 3626, Swarna Sub1A, IR8, aromatic rice line 
4, Pusa 44, BPT 5204, Dular, Siddhi, Savithri, 
WAB450-24–3-2-P18-HB, NL-42, NLR 34242, 
Pant Sugandh15, Rajeshwari, NL-9, NL-3, RNR 
19186, N22, Lalithagiri, NL46, Hasansona, 
Udaygiri, NLR 40065, RP Bio-248, AC41038, 
HIM 799, Sabita, Taramati, IR64, NLR-30491, 
Govindh, PR 106, NL-44, Erramallelu, aromatic 
rice line 3, RP Bio-7(K), IR 1552, Nilagiri, 
MTU1075, RAVI003, MTU 1121, MTU1061

Number of productive tillers per plant S4603 (Ikeda et al. 2007) Pant Dhan 12, NLR 34242, WGL 347, Ramappa, 
Konark, T 309, PR 118, Erramallelu, Varalu, 
Savithri, JGL1798, NLR 40058, Satya, Uday-
giri, Govindh, JGL 3855, IR 1552, Kandagiri, 
Chittimutyalu, Vasumati, HIM 2216, Vajram, 
RP Bio 7(K), HIM 799, Nilagiri, Tella Hamsa, 
WGL11427, RNR19186, WGL 32100, Vasund-
hara, PSB 68, aromatic rice line 1, Pant Sugandh 
15, P1144, Pusa 44, Saket 4, Sona, Minghui 63, 
Tetep, Rasi, Badshabhog, VL Dhan16, aromatic 
rice line 3, FR 13 A

Number of filled grains per panicle S5803-5 and S5803-7 (Piao et al. 2009); S4603 
(Ikeda et al. 2010)

Acharmati, Kavya, Rajeshwari, PR 106, IR64, Jaya, 
Abhaya JGL 17004, SIRI 1253, BPT 1235, NLR 
145, Udaygiri, RASI, PR 118, RP Bio-7(K), BPT 
5204, Vasumati, Lalithagiri

Number of grains per panicle S7 (Huang et al. 2009) 3628–55 and S4603 (Ikeda 
et al. 2007)

JGL 1798, JGL 11470, Acharmati, JGL 3855, 
SRAC 34997, NLR 34242, Rajeshwari, Vasund-
hara, NLR 40065, Kesari, Saket 4, MTU 1061, 
IR 64, Ramappa, PR 106, Udaygiri, Jaya, MTU 
1010, RNR 19186, Rasi, HIM 799, NLR 145, 
HIM 2216,BPT 1235, RP Bio-248, Hasansona, 
Abhaya, IR 1552, FR 13A, Lalithagiri, MTU 
1075, Kandagiri

1000 grain weight WxMAS (Li et al. 2012), N1212del and MS40671 
(Kitigawa et al. 2010)

WAB 450–24-3–2-P18-HB (Oryza hybr), Pokkali, 
WGL 915, VL Dhan16, Minghui 63, NL 46, AC 
38534, MGD 103, AC 41038, NL-44, Udaygiri, 
NBR-16, Vasumati, Rajeshwari, Saket 4, NL 60, 
Mahi Sugandh, MTU 1010, T 309, Govindh
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representativeness of the environments but also the general 
and specific adaptation of the genotypes to the test environ-
ments. Genotypes RP Bio 248 (G18), MTU 1121 (G14), RP 
Bio-7 K (G19) and IR 64 (G24) had a general adaptation 
for days to flowering while improved Pusa Basmati (G85), 
WGL11427 (G78) and Minghui 63 (G100) (Fig. 4A) were 
the generally adapted genotypes for plant height (Fig. 4B). 
MGD 103 (G38), JGL 3855 (G31), BPT 5204 (G13), JGL 
17004 (G29), NLR 30491 (G47), Ramappa (G55) and MTU 
3625 (G7) for grain number (Fig. 4E), improved Pusa Bas-
mati (G85), WGL 11427 (G78) and Minghui 63 (G100) for 
panicle length (Fig. 4D), WGL 347 (G80), Satya (G58), NLR 
40058 (G49), BPT 1235 (G12), Himalaya 799 (G22), P1144 
(G4), Saket 4 (G72) and NL 60 (G111) for panicle number 
are the generally adapted genotypes (Fig. 4C). In case of 
grain yield, 17 genotypes are falling on either side of aver-
age environmental axis and are generally adapted. Udaygiri 
(G71) and Pantdhan 12 (G74) are close to ideal environment 
(Fig. 4G), while 7 genotypes, viz. Vajram (G73), Lalithagiri 
(G37), JGL 11470 (G28), Abhilash (G11), Jaya (G27), NLR 
40058 (G49) and WGL11427 (G78), with specific adapta-
tion to E2 and 8 genotypes, Kavya (G33), Ranbir Basmati 
(G89), Acharmati (G3), Minghiu 63 (G100), WGL32100 
(G79), Nilagiri (G45), JGL 3855 (G31) and Badhshabhog 
(G9), were specifically adapted to E1 (Fig. 4G). For grain 
yield, which-won-where view of the GGE biplot grouped 
the environments into two sectors with E2 and E3 falling in 
the same sector while E1 was independent of them. Uday-
giri (G71), followed by Vajram (G73), Pantdhan 12 (G74), 

improved Pusa Basmati (G85), WGL 11427 (G78) and NDR 
359 (G6) were the winning cultivars in E2 while JGL 1798 
(G30) followed by Ramappa (G55) were the winning cul-
tivars in E1 (Fig. 6f). Which-won-where biplot indicated 
the suitability of JGL 1798 to rabi season and suitability of 
Udaygiri, Vajram and Panthshan 12 to kharif season.

Days to flowering, plant height and thousand grain weight 
are genotype-specific traits while tiller number, productive 
tiller number and grain number are greatly influenced by the 
environmental factors and crop management practices. In the 
present study, days to flowering is highly genotype-specific 
as genotypic variance (σ2

g) as high as 74.63% is control-
ling the phenotype while plant height is greatly influenced 
by the environment and phenotypic variance for thousand 
grain weight is attributed to unexplained residual effect. 
Balakrishnan et al. 2016 reported plant height and 1000 
grain weight as the most stable traits across the seasons. 
Contrarily, thousand grain weight was reported as highly 
unstable by Arumugam et al. 2007. The genotypes with high 
grain yield and stability in the present study did not show 
neither high value nor stability for the component traits for 
grain yield. This clearly signifies the complexity of grain 
yield and importance of assessing stability of the component 
traits along with grain yield. Since all the genotypes did not 
exhibit a uniform stability and response pattern for to the 
component yield traits, it is difficult to generalize stability 
for all genotypes relative to the component traits. Difficulty 
in generalizing the stability of the genotypes relative to all 
the observations was earlier reported by Ahmad and Masoud 

Fig. 7   Unweighted neighbour-
joining tree showing distribu-
tion of 112 rice genotypes based 
on 12 gene-specific SSR allelic 
data. Distances were obtained 
using Jaccard’s pairwise simi-
larity coefficient
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(2011). Thus, the stable expression of grain yield is inde-
pendent of any specific component, but an outcome of inter-
actions of various components which are genotype-specific.

As in our diversity study based on presence of yield-
related genes, Hien et al. 2007 also constructed dendrogram 
using unweighted pair group method with arithmetic mean 
based on the SSR marker analysis and the tested rice varie-
ties were clustered into major groups. Markers specific to the 
number of productive tillers and the number of grains per 
panicle contributed majorly towards higher yield in cluster 
I, whereas, in cluster II, markers for the number of produc-
tive tillers, 1000 grain weight and the number of grains per 
panicle have contributed to enhanced yield of the germplasm 
lines. In cluster III, 1000 grain weight-specific markers con-
tributed more towards higher yield. The accessions in three 
different clusters are distant and some important traits like 
the number of productive tillers, 1000 grain weight and 
grains per panicle aid in forming same cluster which can be 
useful in developing mapping populations for distinct traits 
as suggested by Lakhar and Tanti (2017). Hence, the germ-
plasm with higher yield in different clusters can be selected 
based on the respective gene-linked markers for yield-related 
traits. No significant differences were found in minimum, 
maximum and average yield among the clusters; however, 
the most stable genotypes identified in the present study 
were grouped together in the first cluster. It is interesting 
to observe no definitive patterns in the trait combinations 
influencing stability of the grain yield. Traits in different 
clusters can help in making crosses successfully that might 
help in plant breeding programme.

Though the associations of genotype and phenotype have 
been widely studied, the effect of environment on various 
alleles, interaction and their expression is mostly overlooked 
in genetic analysis of complex traits like yield. There are 
only a few reports on the evaluation of the effect of yield 
genes on yield stability in rice. In the present investigation, 
the rice genotypes identified with high panicle number based 
on AMMI and GGE biplots were also marker positive to 
S4603, a gene-specific marker linked to panicle number 
indicating the stable marker–trait associations. Almost all 
the genotypes with high mean performance for the trait 
grain number identified from biplot analysis were marker 
positive to dep1 and APO1 genes for grain number. The 
genotypes identified with high grain yield have favourable 
allelic combinations for all the yield traits, viz. thousand 
grain weight, grain number, panicle number and plant height 
(sd1 + APO1 + dep1 and EP3 + APO1). The genotypes with 
stability for yield traits and with favourable combination 
of associated yield genes will serve as potential donors for 
incorporating stable trait combinations. Kim et al. (2018) 
evaluated the effect of yield genes and reported a strong 
genetic gain with the use of grain number enhancing genes 
in elite indica cultivars. They found no significant difference 

in grain number per panicle between the two Gn1a alleles 
while the OsSPL14/WFP allele increased grain number 
per panicle by 10.6–59.3% across cropping seasons and 
generations. Reyes et al. (2021) reported significant yield 
improvement with a combination of Gn1a + OsSPL14 the 
in NERICA background while the same was ineffective in 
progenitor background. Pulindala et al. (2022) introgressed 
four yield genes GS3, GS5, qsw5 and LP1 into Samba Mah-
suri (BPT 5204) marker-assisted gene pyramiding and found 
yield advantage of 22–50% in the introgression lines with a 
four-gene combination across the environment over the best 
high-yielding check. Dong et al. (2021) reported enhanced 
grain yield and plant architecture with targeted mutagenesis 
of OsPDCD5. They found 6.25–20.13% yield enhancement 
in 11 popular or newly bred rice cultivars compared to the 
corresponding wild type in OsPDC5 knockout lines. The 
presence of allelic combinations and contributions to the 
stable yield performance help in genomic predictions for 
crop improvement. Stability analysis models helped in the 
identification of superior genotypes with both high mean 
yield and stability coupled with stable expression of associ-
ated genes of the component yield traits across the envi-
ronments. Stable yielding genotypes with combination of 
associated favourable yield genes can be used in breeding 
programmes to develop varieties with high yield, greater 
stability and adaptation.

Conclusion

Across the environments, days to flowering was stable in 
all the genotypes except Sneha and WGL 915. Dry season 
at Maruteru in 2014–15 (E1) is the most discriminative and 
representative environment for favourable plant growth in 
terms of height, panicle number and panicle length. How-
ever, none of the environments represented an ideal environ-
ment for the favourable expression of grain number while 
all the environments were equally informative for thousand 
grain weight and grain yield. Two aromatic rice lines 1 and 2 
were the ideal genotypes for panicle length, and JGL 11470 
is the most ideal genotype for grain number. Greater sta-
bility for thousand grain weight was observed in Nilagiri. 
Three genotypes Panthdhan 12, Konark and Udaygiri were 
the most stable genotypes for grain yield with a favourable 
combination of associated yield genes sd1 + APO1 + dep1 
and EP3 + APO1. Panicle number, grain number and thou-
sand grain weight were contributing to grain yield across the 
environments. Further, it is interesting to observe grouping 
of the stable genotypes for grain yield in the first cluster 
based on yield gene-specific markers. The information on 
association of yield stability with reported yield genes from 
this study is useful in marker-assisted breeding studies for 
yield improvement and can be confirmed with various sets 
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of genotypes under multi-environment testing. The identified 
superior genotypes might be useful for the development of 
potential stable genotypes in future breeding programmes. 
The present study suggests that yield stability could be effec-
tively achieved with targeted improvement of component 
yield traits associated with favourable alleles.
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