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The study aimed to evaluate ten wheat cultivars along with 45 F  under different environments to identify best suited environment for potential 1

expression of grain yield and related traits under terminal heat stress.

Ten wheat cultivars and 45 F  were evaluated under three 1

different environments at Rajasthan Agricultural Research Institute, 
Durgapura, Jaipur (SKNAU, Jobner). The experiment was carried out in 
randomized block design with 3 replications and each plot had 2 rows for F  1

and 4 rows for parents with 30×10 cm spacing. The parents of the crosses 
were selected on basis of their superiority in performance across diverse 
ecologies.

The results of present investigation revealed that first two principal 
components contributed to nearly 63 % of total variance that is grouped in two 
clusters. Genotype plus genotype by environment interaction view revealed 
top cultivars and hybrids under terminal heat stress conditions. AMMI biplot 
analysis indicated environment 1 and environment 2 as the best suited 
environments for potential expression of grain yield and related traits. The 
study identified potential donors, cultivars C306, Raj4079, Raj1482 and 
PBW396 for earliness and cultivarsCR43, CR20 and PBW590 for grain yield 
and related traits under terminal heat stress conditions.

The grain yield can be improved by selecting for higher grain 
number, biomass and harvest index as revealed from their positive 
correlations. The presence of G×E interaction provides the opportunity to 
select for the stable genotypes for diverse ecologies. On other hand, environment specific genotypes can be targeted in befitting ecologies. AMMI and 
GGE biplot based stability analysis prove to be an efficient approach in testing the genotypes performance in multi-environment trials for selection of 
stable heat resilient cultivars.
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Materials and Methods

Study site: A field experiment was conducted at the agricultural 
research farm, Rajasthan Agricultural Research Institute (RARI) 
Durgapura, Rajasthan, India during Rabi 2016-17 seasons. Ten 
wheat cultivars along with 45 derivative crosses (Table 1) were 
evaluated under three environments viz., normal sowing (E ), late 1

sowing (E ) and very late sowing (E ) with three replications in 2 3

randomized block design. The experimental material was 
selected on basis of superiority of elite wheat varieties on terms of 
grain yield under diverse ecologies. Each experimental plot had 
four rows of each cultivar and two rows of crosses with 30×10 cm 
spacing. Non-experimental rows were planted all around the 
experiment to eliminate the border effects, if any.

Geographical information of test environment: Experimental 
site comes under climatic zone 3A semi-arid eastern plain zone, 
characterized by mild winter and hot summer with average annual 
rainfall of 564 mm, which is scanty and scattered. Major portion of 
precipitation (over 85% of total precipitation) occurrs during July 
and August. The mean maximum and minimum temperature of the 
area is 40.6 °C and 6.2 °C, respectively. The temperature fluctuates 
extremely to during May-June and 1.0 °C during month of January. 
The mean average temperature is 24.3 °C. The soil is characterized 
by sandy loam in texture to heavy soils, deficient of nitrogen but 
more or less normal in phosphorus and potash content.

Data recording: Observations were recorded on 10 randomly 
selected plants in each of the F1’s progenies along with each 
parent from each replication and the selected plants were tagged. 
Mean values over selected plants were used for statistical 
analysis. Observations of the studied characters were recorded 
on randomly selected plants of each genotype under each 
environment avoiding border plants. Grain yield per plant (g) was 
calculated as the grains produced by selected plants in each plot 
were weighed and the mean value per plant was calculated. 

0Canopy temperature ( C) was measured from flag leaves of wheat 
plants using Infrared Thermometer at the grain filling stage during 
day time of minimum humidity, high temperature, full sunshine 
and least wind velocity, i.e. at 2 to 4 p.m. Harvest index (%) is the 
ratio of grain yield to biological yield expressed in percentage. 
Protein content in grain was determined by Near Infra-red 
Reflectance Spectroscopy method.

Data analysis: The datasets were first tested for normality by 
Anderson and Darling Normality Test (Anderson and Darling, 
1952) and were then subjected to ANOVA. Statistical analysis 
was performed using different libraries in R Studio software. 
Principal component analysis (PCA) was performed with 
appropriate procedure using the package “facto extra 1.0.5” and 
“Facto Mine R1.42”. Correlation matrix was calculated by Library 
Performance Analytics 1.5.2. The array of communality, the 
amount of variance accounted by the common factors together 
was estimated by the highest correlation coefficient in each array 
as suggested by Seiller and Stafford (1985). The ANOVA for 
AMMI analysis was performed using Agricolae package of R 

Introduction

Wheat (Triticum aestivum L.) is one of the important 
cereal crops for nearly 2.5 billion of world population (Ramadas et 
al., 2019). Bread wheat supports the world food supply, providing 
44% of total edible dry matter and 40% of food crop energy 
(Lantican et al., 2005).The crop is cultivated in approximately 
29.31 million ha area in India to produce 103.59 million tonnes of 

-1wheat with average productivity of 2829 kg ha  (FAOSTAT, 2019). 
The possible problems for low productivity of wheat are high 
temperature and erratic distribution of rainfall. Terminal heat 
stress due to high temperature is quite common in all wheat 
growing areas in India, particularly North Western Plain Zone, 
North Eastern Plain Zone, Central Zone and Peninsular Zone. In 
order to meet the challenges of high temperature, considerable 
efforts are required to evaluate and identify germplasm for heat 
tolerance and its subsequent use to develop elite genotypes for 
stressed environments. Multivariate techniques help in 
identification and quantification of relationship between 
dependent and independent variables.

Principal component analysis describes maximum 
variance to total variance of variables within a data set. 
Selection of parents may play an important role in crop 
improvement program as genotype or the performance of 
progenies depend on the genetic constitution of parents. 
Mohamed (1999) found that two traits viz. grain yield and spike 
density accounted for 80.8% of variation among traits in bread 
wheat genotypes. Leilah and Al-Khateeb (2005) studied bread 
wheat genotypes and showed that three components, i.e. grain 
yield, biomass and harvest index accounts for 74.4% of total 
variation. In other words, this data reduction approach guide 
plant breeders to focus on selected key target traits, thereby 
lowering the field cost. Analysis of genotype interaction with 
locations provide information on the stability of performance of 
cultivars (Lin and Binns, 1994). AMMI (Additive Main Effects 
and Multiplicative Interaction) analysis is widely used 
multivariate technique for investigating genotype- environment 
(G×E) interaction (Mohammadi et al., 2010). 

This method has been found effective as it captures a 
large portion of the interaction sum of squares and separates 
main as well as interaction effects (Farshadfar and Sutka, 2006; 
Choudhary et al., 2019). Grain yield is the most important 
agronomical and economical quantitative trait that exhibits high 
G×E interactions due to its polygenic nature (Fan et al., 2007). 
This means that yield is not controlled by same genetic system 
over diverse set of environments (Simmonds 1991; El-Soda et al., 
2014). Therefore, breeders often target to use specific 
adaptations of cultivars to get best performance under particular 
environments (Samonte et al., 2005).The aim of this investigation 
was to provide theoretical foundations to guide wheat breeders 
for genetic association of main morphological traits and their 
influence in wheat productivity. This research reports correlation 
of traits and G×E interaction of cultivars and hybrids under heat 
stress or non-stress environments.
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additional statistics like AMMI and GGE biplot were done to 
identify superior and stable genotypes for grain yield over three 
environments as well as environment specific best performers. 
PCA was conducted to dispense the aggregate variance into the 
PCs to select superior germplasm based on average contribution 
of different traits to PCs. Individual PCA revealed that first two 
PCs contributed nearly 63 % of variance, with cultivars grouped in 
two clusters (Cluster 1 for parents, cluster 2 for crosses). In 
Cluster 1 (among the parents) C306, Raj1482, Raj4120, 
PBW396, PBW 502 and Cluster 2 (among crosses) CR43, CR20, 
CR22, CR23, CR37, CR38 contributed maximum to total 
variance, likewise variables PCA revealed that harvest index, 
grain yield per plant, biomass per plant, protein content and spike 
length contributed maximum towards total variance (Fig. 1 a,b).

The first PC accounts for maximum variability (50.13%) in 
the data with respect to succeeding components. The first PCs 
contained protein content, days to heading, days to maturity and 
yield related traits such as spike length and flag leaf area, 

studio for partitioning of variance to genotype, environment and G 
× E components (RStudio, 2014). The genotype evaluation and 
environment (location) evaluation was performed by ‘Mean 
versus Stability’ and ‘Relation among testers’ option of GGE biplot 
package, respectively (Yan, 2000). The identification of winner or 
best genotypes in specific environments and mega-environments 
was performed using ‘Which-Won-Where’ option.

Results and Discussion

The results of Bartlett's test for homogeneity of variance 
of experimental errors confirmed the homogeneity of errors. 
Hence, combined ANOVA for grain yield was carried out. ANOVA 
results indicated the significance of genotype (G), environment 
(E), G × E effects at 1% probability level. Significance of 
environment effect revealed that environments vary in terms of 
grain yield of cultivars and significance of genotype × 
environment interaction showed that the yield of the genotypes 
varied from one environment to another (Table 2). Thus, 

Table 1: Details of genotypes and environments along with their codes used in experiments

Code used in AMMI Pedigree Code used in Pedigree
and GGE analysis analysis

Parents CR18 PBW-343/C-306
PBW-502 W485/PBW343//RAJ1482 CR19 PBW-343/Raj-1482
PBW-396 CIANO-67/MARIS-FUNDIN //MONCHO/3/

SERI-82; BARBET-1-SELECTION
PBW-343 ND/VG1944//KAL/BB/3//YACO‘s'/4/VEE#5‘s’ CR21 PBW-343/Raj 4120
C-306 RGN/CSK3//2*C591/3/C217/N14//C281 CR22 PBW-343/Raj 4079
Raj-1482 NAPO63/TOBARI66//KALYANSONA/ CR23 PBW-343/Raj 4083

BLUEBIRD;CARTHAGE//KALYANSONA/
BLUEBIRD;PO63/TOBARI66//II8156/
3/KALYANSONA /BLUEBIRD

PBW-590 WH594/RAJ3814//W485 CR24 PBW-343/DBW88
Raj 4120 PBW 373 / V1 CR25 C-306/Raj-1482
Raj 4079 UP2338/WH595 CR26 C-306/PBW-590
Raj 4083 PBW343/UP2442//WR258UP 2425 CR27 C-306/Raj 4120
DBW-88 KAUZ//ALTAR84/AOS/3/MILAN/KAUZ/4/HUITES CR28 C-306/Raj 4079
Crosses CR29 C-306/Raj 4083
CR1 PBW-502/PBW-396 CR30 C-306/DBW88
CR2 PBW-502/PBW-343 CR31 Raj-1482/PBW-590
CR3 PBW-502/C-306 CR32 Raj-1482/Raj 4120
CR4 PBW-502/Raj-1482 CR33 Raj-1482/Raj 4079
CR5 PBW-502/PBW-590 CR34 Raj-1482/Raj 4083
CR6 PBW-502/Raj 4120 CR35 Raj-1482/DBW88
CR7 PBW-502/Raj 4079 CR36 PBW-590/Raj 4120
CR8 PBW-502/Raj 4083 CR37 PBW-590/Raj 4079
CR9 PBW-502/DBW88 CR38 PBW-590/Raj 4083
CR10 PBW-396/PBW-343 CR39 PBW-590/DBW88
CR11 PBW-396/C-306 CR40 Raj 4120/Raj 4079
CR12 PBW-396/Raj-1482 CR41 Raj 4120/Raj 4083
CR13 PBW-396/PBW-590 CR42 Raj 4120/DBW88
CR14 PBW-396/Raj 4120 CR43 Raj 4079/Raj 4083
CR15 PBW-396/Raj 4079 CR44 Raj 4079/DBW88
CR16 PBW-396/Raj 4083 CR45 Raj 4083/DBW88
CR17 PBW-396/DBW88
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whereas the second PC contained grain yield and its related traits 
such as harvest index as most important contributing trait (Fig. 
1b). Hence, it indicates that protein content, days to heading, 
days to maturity, spike length, flag leaf area, grain yield and 
related traits are important traits to target for selection of heat 
stress tolerant cultivars. In addition, PCA revealed closer 
grouping of heat stress tolerant cultivars identified in this study 
(Fig. 1a). Banerjee et al. (2020) reported that PC1 explained 
maximum variability (53.54%) where, transpiration, HI, 
photosynthesis, conductance, NDVI were selected as the most 
important biophysical parameters to characterize different 
drought tolerant wheat genotypes. Similarly, tiller number, yield, 
total dry matter and 1000 seed weight were considered to be the 
most important biophysical parameters in PC2. Dadbakhsh and 
Sepas (2011) reported that wheat cultivars with high PC1 values 
and low PC2 values were stable and high yielders, while cultivars 
with low PC1 values and high PC2 values were unstable and poor 
yielders.

The first two Pcs contributing approximately more than 
half of the variance were plotted to observe relationships 
between the measured traits of wheat. Previously, screening of 
genotypes using different multivariate techniques was 

performed to characterize heat tolerance (Nagar et al., 2015; 
Sahar et al., 2016) and drought tolerance in wheat (Abdolshahi 
et al., 2015; Idrissi et al., 2013). Correlation matrix was used to 
investigate the dependence between multiple variables. The 
correlation coefficient among the traits indicated the relationship 
among the traits (Fig. 2). The correlation coefficient between any 
two traits is approximated the cosine of angle between their 
vectors (Yan and Rajcan, 2002). Range of the mean value for 
corresponding character showed that grain yield was strongly 
related with harvest index and other characters but significant 
negatively correlated with days to heading, days to maturity, plant 
height and canopy temperature (Fig. 2). 

Canopy temperature was found to be negatively 
correlated with grain yield, flag leaf area and protein content. Flag 
leaf area was positively correlated with number of tillers per plant, 
spike length and number of grains per spike, but negatively 
correlated with canopy temperature. Mitra (2001) reported that 
suitable selection traits are the one which exhibit significant and 
positive correlation with grain yield under both control and drought 
conditions. Under water deficit conditions, leaf photosynthesis 
and grain yield were positively correlated (Wada et al., 2008) and 
enhancing the grain weight and leaf photosynthesis might be an 

Table 2: ANOVA and Sum of Squares on G, E and G x E derived from analysis of variance for AMMI stability model

Mean square

Source of variation Df Grain yield per plant Harvest  Index Protein content Canopy temperature

G 54 820.2** 3134.0** 59.8** 227.6**
Reps (Env) 6 1.2 6.0 0.6 1.4
E 2 17722.7** 31823.0** 28.6** 645.5**
G x E Interaction 108 593.6** 4242.0** 36.8** 277.5**
IPCA1 55 447.8** 2945.0** 25.5** 172.4**
IPCA2 53 145.8** 1296.8** 11.3** 105.0**
Pooled error 324 99.0 342.0 30.2 109.7

Fig. 1: Principal components displaying contribution of variability to the total variance of wheat (a) Individual’s PCA (Parents and crosses); (b) Variables 
PCA (different traits).
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29.16% of total variation, respectively, and in total, 73.4% of 
changes were explained by grain yield variance, which was 
sufficient, since 70% is considered as the minimum amount of 
variability for the model to be relatively reliable. For the protein 
content; PC1 explained 70.49% of the variability, the proportion 
attributed to PC2 was 18.41% and both PC1 and PC2 together 
explained 88.90% of the variability.

For canopy temperature, PC1 explained 47.11 % of the 
variability, the proportion attributed to PC2 was 33.89 %. PC1 and 
PC2 together explained 81 % of the variability, while GGE 
polygon of harvest index showed that first and second main 
components govern 45.01 % and 39.82 %, of the variation, 
respectively. Biplot accounted for the total variation of G×E data 
effectively, if over 60% and 10% of (G×GE) variability can be 

effective way to improve wheat yield in semi-arid region. Yan et 
al. (2019) also reported that spike number, 1000 grain weight 
and grain number per spike are important traits for wheat 
breeding in semi-arid region. Ługowska et al. (2004) reported 
that winter wheat yield depend mostly on spike number per unit 
area (Kumar et al., 2017), however Samborski et al. (2005) 
reported number of grains per spike and 1000 grain weight as 
key traits for improving grain yields in wheat.

To identify the best genotypes and mega-environments, 
the GGE polygon view was plotted. Genotypes most distant to the 
biplot centre are linked together by lines and create a polygon and 
lines are drawn perpendicularly on the sides of such polygon from 
the origin (Yan et al., 2007). The results of GGE polygon showed 
that the first and second Pcs were responsible for 61.07% and 

Fig. 2: Distribution of traits and correlation matrix indicating magnitude and significance of correlation among the traits.
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accounted by first two PCs and joint effects of (G×GE), 
respectively (Yan and Tinker, 2006). Based on which/won/where 
polygon, genotypes CR22, CR43, CR38, CR37, CR44 and 
PBW502 falling on the vertices of the polygon is called the best 
genotypes for grain yield Fig. 3a). Genotype CR43 showed the 
highest yield in E  and E . In addition to this genotype CR20, Raj 2

4082 and Raj4079 had high yield under E  and E  environments. 2 3

In fact, these genotypes yielded higher than other genotypes in 
these locations. These two locations can be considered as mega-
environment. Genotype CR37 and CR38 showed the highest 
yield in E , and as a result, this could be introduced as the best 1

genotype in such environment. For protein content (Fig. 3b), 
genotype CR43 showed the highest protein content in E  and E  2 3

3

so these two environments could be considered as mega-
environment. Genotype CR43 followed by CR22 and CR23 had 
high protein content in these environments. Genotype CR38 
showed the highest protein content followed by CR1 and 
PBW343 in E .1

In case of canopy temperature polygon, genotypes 
C306, DBW88, CR20, CR22, CR43 and PBW396 on the vertices 
of polygon were the best genotypes (Fig. 3c). Genotype C306 
showed the highest yield in E  and E . In addition to this genotype, 1 2

genotype CR26 and CR27 had high yield in these locations. In 
fact, these genotypes yielded higher than other genotypes in 
such environment. These two environments can be considered 

Fig. 3: "Which won where" GGE biplot for determining the best cultivars in respective environments for (a) Grain yield; (b) Protein content; (c) Canopy 
temperature and (d) Harvest index.
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as a mega-environment. Genotype DBW88 showed the highest 
yield in E , and as a result, this could be introduced as the best 3

genotype in E . The results of harvest index polygon showed 3

genotypes CR5, CR9, CR43, CR26 CR37, CR23 and CR44 
(falling on the vertices of polygon as the best genotypes for high 
harvest index (Fig. 3d). CR5, CR9 and CR43 showed the highest 
yield in E  and E . In addition to this genotype, genotype CR29 2 3

and PBW590 showed high yield in E  and E . These two 2 3

environments (E  and E ) can be considered as a mega-2 3

environment. Similarly, Kumar et al. (2020b) also found that PBW 
590 emerged as good general combiners in normal sowing and 
late sowing environment under terminal heat stress conditions. 

Genotype CR26 showed the highest yield under E  and can be 1

introduced as the best genotype in E . This revealed that 1

genotypes performing better in one environment could perform 
poor in another environment, while closer relationships among 
different locations indicated non-existence of crossover GE 
suggesting that ranking of genotypes did not change from 
location to location (Kaya et al., 2006; Rao et al., 2011; 
Choudhary et al., 2019; Kumar et al., 2020a). Due to the fact that 
some genotypes were highly responsive to variation in the 
growing environment, while others might show stability since 
response to environment was purely based on combined 
properties of their gene combinations.

Fig. 4: "Mean vs Stability" GGE biplot for 55 wheat genotypes tested under 3 environments for (a) Grain yield; (b) Protein content; (c) Canopy 
temperature and (d) Harvest index.
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Performance and stability of genotypes was visualized 
graphically through Mean vs stability GGE biplot (Fig. 4 a-d). The 
first two PCs explained 84.83 % variation for grain yield, 44.45% 
for protein content, 81 % for canopy temperature and 84.83 % for 
harvest index. Fig. 4(a-d) shows the genotypes ranking based on 
grain yield and stability under different environments. In Fig. 4(a-
d), the line with single arrow head is called AEC abscissa. The 
longer the length of the projection of the cultivars, lesser is the 
stability. Furthermore, the average yield of any genotype is 
approximated by the projections of their markers from the AEC 
abscissa (Rakshit et al., 2014; Choudhary et al., 2019; Kumar et 
al., 2020a). Thus, genotype Raj4079 had the most stable grain 
yield but lesser grain yield than the genotype CR43 whereas 
genotype PBW 502 with farthest distance to the stability axis on 
the end left side of yield axis was least stable and poor in grain 
yield. In terms of mean yield, the genotypes CR43 had maximum 
grain yield followed by CR20 and parent Raj4120 whereas 
minimum grain yield was recorded by DBW88 and PBW502.

For protein content, genotype CR37 was most stable but 
had lower protein content than CR43 and CR38. Genotype CR27 
was most unstable and had least protein content (Fig. 4b). For 
canopy temperature, none of the genotype were found stable, 
however, Raj4120 and CR15 was found relatively stable over 
environment. Genotype CR22 and CR43 with farthest distance to 
stability axis on the end left side of yield axis were most unstable 
and with lowest values for canopy temperature (Fig. 4c). In terms 
of harvest index (Fig. 4d), the genotypes classified as CR43 with 
maximum harvest index while minimum harvest index was 
recorded by CR42 and CR23. Fig 4 (a, d) indicated that genotype 
Raj4079 exhibited average grain yields and high stability over the 
environments for grain yield and harvest index which could be 
explained on the basis that both traits might be governed by same 
set of genes. High mean and stability of genotype CR43 might be 
attributed to the influence of testing environment on the 
cumulative expression of different set of genes (Fig. 4 a, b, d). 
GGE biplot alone would not be of interest to crop and soil scientists 
since it ignores environmental main effects (Gauch et al., 2008).

An ideal genotype is that which exhibits high 
performance for concerned trait along with high stability across 
environments (Yan and Tinker, 2006). Fig. 4a indicated that 
genotype CR43 and CR20 could be considered as nearly ideal 
for grain yield. In case of protein content, genotype CR43 and 
CR38 werefound to be ideal (Fig. 4b). This finding agreed with 
the results of highest mean yield and stability status of these 
genotypes (Fig. 4a-b). However, for canopy temperature, no 
genotype was found to be ideal (Fig. 4c). 

The PCA was conducted to dispense the aggregate 
variance into the PCs to select the superior germplasm based on 
mean values of different traits. The PCA may allow the plant 
breeder more flexibility in finding the number of plants to be 
evaluated and the plant breeder could use the multivariate 
methods by first determining the combination of traits that 
constitute an ideal plant. Multivariate techniques can be used in 
future as a constructive screening tool when comparing a large 

number of genotypes under typical field condition for studying the 
drought tolerance in wheat as well as in other field crops 
(Banerjee et al., 2020). The present investigation revealed that 
number of tillers per plant, number of grains per spike, spike 
length and 1000 seed weight had a strong relation with grain yield, 
suggesting the need for more emphasis on these components for 
increasing the grain yield in wheat (Kumar et al., 2021). In the 
present study G×E interaction was mainly studied using two 
widely used models, i.e. AMMI and GGE biplot models. The study 
revealed that the genotypes C306, Raj4079, Raj1482 and 
PBW396 could serve as potential donors for earliness and 
genotypes CR43, CR20 and PBW590 for grain yield and related 
traits under terminal heat stress conditions. The use of these 
potential donors as parents in crossing programmes and 
selection among the superior crosses would be crucial to develop 
short-duration; protein content rich terminal heat stress resistant 
and high-yielding varieties.
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