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ABSTRACT 

The abrupt increase of temperatures during and after the flowering period 
of wheat is defined as terminal heat stress, and it causes severe reductions 
in productivity. One hundred two durum wheat lines were evaluated 
against this stress for three consecutive cropping seasons (2014–2017) in 
Indore, Madya Pradesh (India). The main objectives were to assess their 
grain yield potential, stability, and rheological quality characteristics 
under these conditions, and identify other contributing traits to 
adaptation. Combined ANOVA across environments showed significant 
differences (P < 0.01) for all factors, and high broad sense heritability was 
recorded for hectoliter weight, 1000-grains weight, grain yield, number of 
grains per spike, spike length, days to maturity, total carotene and 
sedimentation values. Grain yield showed significant (P < 0.01) positive 
associated with biomass, harvest index, hectoliter weight and significant 
negative associations with day to heading and maturity. Genotypes 
showed explicit variation to environmental condition as supported by 
significant (P < 0.01) for genotype × environment interaction (GEI). The 
traits like early heading, maturing, high biomass and hectoliter weight 
were the most critical traits for adaptation under terminal heat stress. To 
determine effects of GEI data were subjected to GGE biplot analysis, which 
identified as the most stable and performing across seasons G-30 (GW 1240) 
for hectoliter weight and G-98 (Vijay) for grain yield. These entries can 
now be combined via breeding to develop superior heat stress tolerant 
varieties. 
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INTRODUCTION 

Durum wheat (Triticum turgidum spp. durum) is the 10th most 
important cereal crops in the world that is grown on 8 to 10% of the total 
wheat-cultivated area [1,2]. Durum wheat is mostly cultivated in the 
Mediterranean basin [3] as it is used in the traditional diet in the form of 
pasta, couscous, bulgur and many local food products [4–6]. The largest 
durum wheat growers are the European Union, followed by Canada, 
Turkey, United States, Algeria, India, Mexico, Kazakhstan, and Syria [7–14]. 
India is one of the prime producers of durum wheat with some 1.5 million 
hectares dedicated to its cultivation each year, accounting for 
approximately 10% of total wheat production [8]. In India during rabi 
season 2021–22 total cultivated area of wheat was 33.2 million hectare 
with the record production of around 106 metric ton and total wheat 
growing area in Madhya Pradesh was 8.71 million hectare with total wheat 
production was 18 million metric tons whereas durum wheat covered 
around 1.3 million hectare, with production of 1.5 million metric ton 
(Progress report State Department of Agriculture Government of India 
2023). 

The atmospheric temperature plays a critical role in determining the 
growth and development of the crop. Temperatures exceeding 22 °C 
detrimental for durum wheat growth, and are hence commonly defined 
as “heat stress” [15–19]. When temperatures abruptly increase at the end 
of the growing seasons these are defined as “terminal heat stress”. In 
particular, when this occurs during or immediately after the flowering of 
the crops it can be extremely damaging [8,14,20,21]. In the optic of the 
globally raising temperatures, developing better varieties adapted to cope 
with terminal heat stress is critical to ensure productive farming can 
continue [22]. 

Due to the importance and difficulty of the challenge, many studies 
have been conducted to assess the response of genotypes to this stress in 
search of novel sources of tolerance [23–27]. The identification of stable 
and high yielding genotypes is critical to achieve sustainable durum wheat 
farming in arid and semi-arid regions [28,29], especially when 
accompanied by strategic agronomical practices [30,31]. Grain yield in 
wheat is influenced by genotype (G), environment (E), and their 
interaction Genotype × environment (GEI) [29,32]. Genotypes that respond 
consistently to different environmental conditions are defined as “stable” 
and tend to be less influenced by GEI [33]. Because of the unpredictability 
of climatic conditions, farmers are extremely interested by “stable” 
varieties capable of tolerating more extreme variations. The identification 
of traits contributing to stability are important for breeding new cultivars 
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with improved adaptation to the environmental constraints [34–36]. It was 
reported that the additive main effects and multiplicative interaction 
Additive Main-Effects and Multiplicative Interaction (AMMI) model help 
to distinguish the GEI pattern from the random error components [37,38]. 
Thus, the present study was conducted to assess the grain yield stability 
and performance of 102 durum wheat genotypes under terminal heat 
stress condition during three cropping seasons to identify stable genotypes. 

MATERIALS AND METHODS 

Genetic Material 

Based on the earlier performance under various environmental 
conditions, 102 genetically diverse durum wheat genotypes were selected 
from the germplasm developed by the ICAR-Indian Agriculture Research 
Institute, Regional Station, Indore, India (Supplementary Table S1). 

Field Experiments 

The field trials were carried out during three consecutive rabi seasons 
2014–15, 2015–16, and 2016–17 at the ICAR-Indian Agricultural Research 
Institute, Regional Station, Indore, Madhya Pradesh India. The 
experimental field is situated between 22°37′ N latitude to 75°50′ E 
longitude at 557 m above Mean Sea Level (MSL) having semi-arid and 
tropical climate with temperatures shifting from 23 °C to 41 °C and 7 °C to 
29 °C in summer and winter seasons, separately, in January before 
flowering 7 °C to 24 °C and in February after flowering from 23 °C to 31 °C 
(Figure 1). In this area, most of the rainfall is received during south-west 
monsoon, i.e., between June to September, with occasional showers in 
winter. The sowing was done on the 7th of December each season, which 
corresponds to late sown conditions as a way to maximize exposure to 
higher temperatures during the flowering transition. Sowing was done in 
beds having length of 2.5 m in two row plots with a row to row spacing of 
18 cm. The experimental design was a randomize block design (RBD) with 
three replications. Four gravity irrigations of 30 mm were provided during 
the crop cycle: germination irrigation just after sowing, vegetative stage 
between 30 to 40 days after sowing, flowering time 55 to 60 days after 
sowing, and milking stage 80 to 90 days from date of sowing. 
Recommended agronomical practices were followed to ensure no inputs 
deficiencies and minimize external effects. All agronomic parameters 
were recorded (days to heading [39], days to maturity, spike length, 
number of grains/spike, grain yield/plant, harvest index, and biomass) and 
several rheological traits (hectoliter weight, yellow pigment, 
sedimentation value, and 1000 grain weight). 
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Figure 1. Temperature (°C), Humidity (%), Wind Speed (mph) during crop cycle over the years. 

Statistical Analysis 

Genstat release 16.1 [40] was used for computing descriptive statistics 
and correlation analysis. The combined analysis of variance (ANOVA) was 
performed using Genstat release 16.1 [40], considering genotypes as fixed 
effects, while years and replications were considered as random effects. 
The broad sense heritabilities were calculated for each trait using the 
standard equation [41]. The Additive Main-Effects and Multiplicative 
Interaction (AMMI) model [42] was run using the Genstat software version 
16.1 [40]. The GGE biplot [43,44], was constructed using entry means from 
each environment for grain yield and quality traits using Genstat software 
version 16.1 [40]. The GGE biplots model was calculated as follows: 

�𝑌𝑌𝑖𝑖𝑖𝑖  −  𝑌𝑌� 𝑗𝑗� =  λ1ξ𝑖𝑖1𝜂𝜂𝑖𝑖1 + λ2ξ𝑖𝑖2𝜂𝜂𝑖𝑖2 +  𝑒𝑒𝑖𝑖𝑖𝑖  (1) 

Where, Yij = average yield of ith genotype in jth environment,  𝑌𝑌� 𝑗𝑗  = 
average yield over all genotypes in jth environment and λ1ξi1ηj1 and λ2ξi2ηj2 
= collectively the first and second principal component (PC1 and PC2); λ1 
and λ2 = singular values for the first and second principal components, PC1 
and PC2, respectively; ξi1 and ξi2 = PC1 and PC2 scores, respectively for the 
ith genotype; ηj1 and ηj2 = PC1 and PC2 scores, respectively for jth 
environment; and eij = residual of the model associated with the ith 
genotype in the jth environment. 

RESULTS 

The descriptive results for the combined analysis across seasons are 
presented in Table 1. Mean value of selected traits based on BLUEs of 
genotypes 2014–2017 showed diversity among the genotypes. 
(Supplementary Table S2). The set of genotypes tested generated a 
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potential genetic gain of 20.8% for grain yield over the mean, and rates 
ranging from 3.8% for Days to maturity to 38.0% for total carotene. 

Table 1. Mean, range, standard error, genetic advance, genetic advance over mean for different traits in 
durum wheat under terminal heat stress condition. 

Max: Maximum; Min: Minimum; GA: genetic advance; DF: day to heading; DM: days to maturity; SL: spike length; NG: 

number of grains/spike; BM: biomass; HI: harvest index; TGM: 1000 grain weight; HW: hectoliter weight; T. Car.: total 

carotene; SDS: sedimentation value; GY: grain yield/plant. 

Table 2. Combined analysis of variance for 102 durum wheat genotypes across three cropping seasons 
under heat stress conditions. 

Statistic DF DM SL NG BM HI TGW HW T. Car. SDS GY 

H2 0.88 0.72 0.74 0.77 0.54 0.31 0.78 0.86 0.71 0.70 0.77 

GV 10.9** 4.7** 0.4** 36.9** 21.2** 4.2** 16.0** 4.6** 0.8** 12.7** 4.0** 

G × E 4.4** 5.3** 0.4** 31.6** 51.9** 26.9** 13.2** 1.9** 1.0** 15.5** 3.6** 

RV 0.6 0.4 0.1 2.9 7.6 3.8 1.7 1.1 0.1 1.6 0.4 

GM 74.8 113.1 7.3 51.6 55.9 34.8 48.3 78.4 4.5 32.4 18.8 

LSD 3.2 3.2 0.8 8.1 8.7 4.7 5.3 2.2 1.4 5.4 2.7 

CV (%) 1.0 0.6 3.0 3.3 4.9 5.6 2.7 1.3 8.5 3.9 3.3 

** significant at 5% and 1% level of probability, respectively; H2: Heritability; GV: Genotypic Variance; G × E: Genotypic × Environment; 

RV: Residual Variance; GM: Grand Mean; LSD: Least significant difference; CV: Coefficient of variation; DF: day to heading; DM: days 

to maturity; SL: spike length; NG: number of grains/spike; BM: biomass; HI: harvest index; TGW: 1000 grain weight; HW: hectoliter 

weight; T. Car.: total carotene; SDS: sedimentation value; GY: grain yield/plant. 

In Table 2 is summarized the descriptive statistics for the combined 
analysis. All the studied traits over the years revealed significant effects  
(P < 0.01) for the years. The coefficient of variation (CV) for the investigated 
traits across environments varied between 0.58% (days to maturity) to  
8.49% (total carotene). The lowest CV was observed for number of grains 
per spike (3.33%), followed by sedimentation value (3.94%), biomass 
(4.94%), harvest index (5.26%), and highest for total carotene (8.49%). The 
heritability ranges from 0.31 (harvest index) to 0.88 (days to heading) 
across the environments. The heritability for grain yield across 

Traits Mean Max Min SE± Genetic advance GA over mean (%) 
DF (days) 74.8 81.8 61.7 0.6 6.6 8.8 
DM (days) 113.1 116.2 101.9 0.4 4.3 3.8 
SL (cm) 7.3 9.5 5.8 0.0 1.1 15.2 
NG 51.6 68.8 33.6 2.9 12 23.3 
BM (g) 55.9 71.3 42.5 7.6 8.1 14.5 
HI (%) 34.8 45.1 27.1 4.3 6.8 19.6 
TGW (g) 48.3 59.7 39.2 1.7 7.8 16.1 
HW (g) 78.4 82.1 70.6 1.1 4.0 5.1 
T. Car. (ppm) 4.5 7.7 2.7 0.1 1.7 38.0 
SDS (mL) 32.4 43.2 22.3 1.6 6.9 21.3 
GY (g) 18.8 26.8 13.9 0.4 3.9 20.8 
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environments was 0.77, indicating the influence of environment on grain 
yield, but also indicating that efficient selection and genetic gain can be 
made. High estimates of heritabilities were observed for hectolitre weight 
(0.86), followed by 1000 grain weight (0.78), grain yield (0.77), number of 
grains per spike (0.77), spike length (0.74) and other traits like days to 
maturity, total carotene and SDS values were an indicator that these traits 
have a strong genetic component under limited environmental influence. 

Phenotypic Correlation among the Traits under Terminal Heat Stress 

Phenotypic correlations between grain yield and the other traits are 
presented in Table 3 (Supplementary Figure S1). The most significant (P < 
0.01) contributing traits were biomass (0.63), harvest index (0.45), 
hectoliter weight (0.23), while significant (P < 0.01) negative correlation 
were identified with day to heading (−0.17) and days to maturity (−0.18). 
As it can be expected, day to heading showed highly positive association 
with days to maturity (0.80) but also number of grains/ spike (0.26), total 
carotene (0.29), and a negative association with spike length (−0.26) and 
1000-grains weight (−0.41). The number of grains/spike showed positive 
association with hectoliter weight (0.41), total carotene (0.26). and 
sedimentation value (0.24). Biomass showed negative association with 
harvest index (−0.39). 

Table 3. Phenotypic correlation coefficients between mean yield and other traits across three cropping 

seasons under heat stress conditions. 

Traits DF DM SL NG BM HI TGW HW T. Car. SDS 

DM 0.80**          
SL −0.26** −0.26**         
NG 0.26** 0.15 ns 0.04 ns        
BM −0.13 ns −0.06 ns 0.19* 0.19*       
HI −0.03 −0.10 ns −0.12 ns −0.10 ns −0.39**      
TGW −0.41** −0.28** 0.14 ns −0.18* 0.11 ns −0.03 ns     
HW 0.05 ns −0.03 ns −0.21** 0.41** 0.19* 0.04 ns 0.03 ns    
T. Car. 0.29** 0.32** 0.06 ns 0.28** 0.05 ns −0.06 ns −0.20* 0.06 ns   
SDS 0.08 ns 0.04 ns 0.02 ns 0.24** −0.08 ns 0.17* −0.02 ns 0.21* 0.29**  
GY −0.17* −0.18* 0.13 ns 0.11 ns 0.63** 0.45** 0.07 ns 0.23** 0.01 ns 0.09 ns 

*, ** significant at 5% and 1% level of probability, respectively; ns: non-significant; DF: day to heading; DM: days to 

maturity; SL: spike length; NG: number of grains/spike; BM: biomass; HI: harvest index; TGW: 1000 grain weight; HW: 

hectoliter weight; T. Car.: total carotene; SDS: sedimentation value; GY: grain yield/plant. 

Stability Analysis for Grain Yield and Other Trait by Additive Main-
Effects and Multiplicative Interaction (AMMI) Biplot Analysis 

Additive Main-Effects and Multiplicative Interaction (AMMI) was 
performed for grain yield to assess GEI (Supplementary Table S3). Biplot is 
the most powerful interpretive tool for Additive Main-Effects and 
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Multiplicative Interaction (AMMI) model. We constructed a biplot for each 
trait where the main effects and IPCA scores are plotted against each other 
for genotypes and environments (Supplementary Table S3). 

DF: The distribution of the environments indicates that the 
environments used are distinct for this trait. PCA 1 and PCA 2 were both 
significant and accounted for 63.4% and 36.6% of the phenotypic variance, 
respectively. The biplot placed indicated that G-11 (Bijaja Red), G-47 (HI 
8653), G-8 (B 4447-BA) and G-81 (NIDW 70) were the most stable genotypes 
under terminal heat stress condition (Figure 2a,b). 

 

Figure 2. (a) The “which-won-where” view of the GGE biplot based on the G × E data for days to flowering. 
It explained 100% of the total G + GE. The genotypes are labeled as 1 to 102 and the environments are labeled 
as E1 to E3. (b) The biplot display of days to heading (DtH), biplot explains variability and regression 
coefficient of genotypes, it also explains adaptability and stability of the genotypes for days to heading, 
under terminal heat stress conditions. 

SL: PCs of Additive Main-Effects and Multiplicative Interaction (AMMI) 
biplot for spike length showed that PCA 1 and PCA 2 were significant. PC1 
and PC2 accounted for 54.4% and 45.6% of variance respectively. It means 
that by using PC1 and PC2, the analysis could explain 100% variation 
(Supplementary Table S3). The genotypes G-19 (DWL 5023), G-24 (GW 2), 
G-26 (GW 1139), G-4 (HI 8550), G-40 (HI 8498), G-42 (HI 8591), G-44 (HI 8627), 
G-45 (HI 8638), G-48 (HI 8663), G-51 (HI 8691) and G-6 (Amrut) were the 
most adaptable genotypes for spike length, similarly G-27 (GW 1170), G-4 
(AKDW 4240) and G-90 (Raj 6516) were the most stable genotypes and G-4 
(AKDW 4240) was the most adaptable and stable genotypes for spike 
length yield under terminal heat stress condition. 

NG: PCs of Additive Main-Effects and Multiplicative Interaction (AMMI) 
biplot for number of grains/spike showed that PCA 1 and PCA 2 were 
significant. PC1 and PC2 accounted for 52.3% and 47.7% of variance 
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respectively. It means that by using PC1 and PC2, the analysis could 
explain 100 % variation (Supplementary Table S3). The distribution of the 
environments in the biplot with variable environment means and IPCA 
scores indicate that the environments behaved very distinct compared 
each other and selecting of the adaptable and high yielding genotypes 
among these environments will be useful for terminal heat stress in 
durum wheat. Among the environments, E2 had short vectors and they did 
not exert strong interactive forces while E1 and E3 with long vectors were 
more differentiating environments. The genotypes near the origin are not 
sensitive to environmental interaction and those distant from the origin 
are sensitive and have more G × E interactions. The genotypes G-1 (A-9-30-
1), G-100 (WH 912), G-3 (AKDW 4151), G-38 (HI 7747), G-39 (HD 4709), G-5 
(Altar), G-52 (HI 8722), G-53 (IWP 5004-1), G-56 (IWP 5013), G-74 (MPO 215), 
G-86 (PDW 233) and G-99 (WH 896) were the most adaptable genotypes for 
number of grains/spike, similarly G-12 (Bijaga Yellow) and G-55 (IWP 5013) 
were the most stable genotypes for number of grains/spike under terminal 
heat stress condition (Figure 3a,b). 

 

Figure 3. (a) The “which-won-where” view of the GGE biplot based on the G × E data for days to flowering. 
It explained 100% of the total G + GE. The genotypes are labeled as 1 to 102 and the environments are labeled 
as E1 to E3. (b) The biplot display of number of grains per spike (NG), biplot explains variability and 
regression. coefficient of genotypes, it also explains adaptability and stability of the genotypes for number 
of grains per spike under terminal heat stress conditions. 

BM: PCs of Additive Main-Effects and Multiplicative Interaction (AMMI) 
biplot for biomass showed that PCA 1 and PCA 2 were significant. PC1 and 
PC2 accounted for 74.6% and 25.4% of variance respectively. It means that 
by using PC1 and PC2, the analysis could explain 100% variation 
(Supplementary Table S3). Among the environments, E2 had short vectors 
and they did not exert strong interactive forces while E1 and E3 with long 
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vectors were more differentiating environments. The genotypes near the 
origin are not sensitive to environmental interaction and those distant 
from the origin are sensitive and have more G × E interactions. The 
genotypes G-25 (GW 1114), G-27 (GW 1170), G-30 (GW 1240), G-31 (GW 
1244), G-37 (HG 110), G-40 (HI 8498), G-51 (HI 8691), G-55 (IWP 5013), G-6 
(Amrut), G-62 (Line 1172), G-77 (N 59), G-82 (NIDW 295), G-89 (Raj 6069) 
and G-90 (Raj 6516) were the most adaptable genotypes for biomass, 
similarly only G-12 (Bijaga yellow) was the most stable genotype for 
biomass under terminal heat stress condition. 

HI: PCs of Additive Main-Effects and Multiplicative Interaction (AMMI) 
biplot for harvest index showed that PCA 1 and PCA 2 were significant. PC1 
and PC2 accounted for 66.8% and 33.2% of variance respectively and IPC3 
contribute 0.0% variation of the total with Pr. F value more than 0.00. It 
means that by using PC1 and PC2, the analysis could explain 100 % 
variation (Supplementary Table S3). Among the environments, E2 had 
short vectors and they did not exert strong interactive forces while E1 and 
E3 with long vectors were more differentiating environments. The 
genotypes near the origin are not sensitive to environmental interaction 
and those distant from the origin are sensitive and have more G × E 
interactions. The genotypes G-10 (Baxi 228-18), G-15 (DBP 01-09), G-25 (GW 
114), G-27 (GW 1170), G-5 (Altar 84), G-50 (HI 8671), G-6 (Amrut), G-71 
(Mandsaur local), G-74 (MPO 215), G-77 (N 59), G-89 (Raj 6069), G-9 (Bansi 
local) and G-97 (VD 97-15) were the most adaptable genotypes for harvest 
index, similarly G-33 (HD 4502), G-41 (HI 8550), G-77 (N 59) and G-91 (Raj 
6562) were the most stable genotypes and G-77 (N 59) was the most 
adaptable and stable genotypes for harvest index under terminal heat 
stress condition. 

TGW: PCs of Additive Main-Effects and Multiplicative Interaction 
(AMMI) biplot for 1000 grain weight showed that PCA 1 and PCA 2 were 
significant. PC1 contribute 52.9% variation to the total whereas PC2 
contribute 47.1% to the total variation. It means that by using PC1 and PC2, 
the analysis could explain 100% variation (Supplementary Table S3). 
Additive Main-Effects and Multiplicative Interaction (AMMI) biplot placed 
genotypes G-10 (Baxi 228-18), G-11 (Bijaga Red), G-14 (CPAN 6236), G-29 
(GW 1225), G-31 (GW 1244), G-44 (HI 8627), G-45 (HI 8638), G-46 (HI 8645), 
G-47 (HI 8653), G-48 (HI 8663), G-66 (MACS 2846), G-68 (MACS 3063), G-71 
(Mandsaur local) and G-91 (Raj 6562) were the most adaptable genotypes 
for 1000 grain weight, similarly G-67 (MACS 3061) and G-82 (NIDW 70) 
were the most stable genotypes and G11 (Bijaga Red) and G-8 (B 4447-BA) 
were the most adaptable and stable genotypes for 1000 grain weight under 
terminal heat stress condition (Figure 4a,b). 
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Figure 4. (a) The “which-won-where” view of the GGE biplot based on the G × E data for TGW. It explained 
100% of the total G + GE. The genotypes are labeled as 1 to 102 and the environments are labeled as E1 to E3. 
(b) The biplot display of 1000 grain weight, biplot explains variability and regression coefficient of genotypes, 
it also explains adaptability and stability of the genotypes for 1000 grain weight under terminal heat stress 
conditions. 

HW: PCs of Additive Main-Effects and Multiplicative Interaction (AMMI) 
biplot for hectoliter weight showed that PCA 1 and PCA 2 were significant. 
PC1 and PC2 accounted for 69.9% and 30.1% of variance respectively. It 
means that by using PC1 and PC2, the analysis could explain 100% 
variation (Supplementary Table S3). Among the environments, E1 had 
short vectors and they did not exert strong interactive forces while E2 and 
E3 with long vectors were more differentiating environments. The 
genotypes G-10 (Baxi 228-18), G-15 (DBP 01-09), G-25 (GW 114), G-27 (GW 
1170), G-5 (Altar 84), G-50 (HI 8671), G-6 (Amrut), G-71 (Mandsaur local), G-
74 (MPO 1215), G-77 (N 59), G-89 (Raj 6069), G-9 (Bansi local) and G-97 (VD 
97-15) were the most adaptable genotypes Hectoliter weight, similarly G-
22 (Guji ‘S’), G-26 (GW 1139), G-30 (GW 1240), G-50 (HI 8671), G-68 (MACS 
3063), G-83 (NP 4) and G-87 (PDW 245) were the most stable genotypes and 
G-30 (GW 1240) was the most adaptable and stable genotypes for hectoliter 
weight under terminal heat stress condition. 

T. Car.: For total carotene, Additive Main-Effects and Multiplicative 
Interaction (AMMI) biplot analysis between the mean values and the mean 
of IPCA scores (Figure 5a,b) indicated that there is no much distinct 
behavior among the environments. PCs of Additive Main-Effects and 
Multiplicative Interaction (AMMI) biplot showed that PCA 1 and PCA 2 
were significant. PC1 and PC2 accounted for 66.9% and 33.1% of variance 
respectively. It means that by using PC1 and PC2, the analysis could 
explain 100% variation (Supplementary Table S3). Additive Main-Effects 
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and Multiplicative Interaction (AMMI) biplot placed genotypes G-18 
(Dohad local), G-19 (DWL 5023), G-24 (GW 2), G-25 (GW 1114), G-30 (GW 
1240), G-67 (MACS 3061), G-71 (Mandsaur local), G-74 (MPO 215), G-77 (N 
59), G-78 (NI 5759), G-96 (V 21/23) were the most adaptable genotypes for 
total carotene under terminal heat stress condition. 

 

Figure 5. (a) The “which-won-where” view of the GGE biplot based on the G × E data for total carotene. It 
explained 100% of the total G + GE. The genotypes are labeled as 1 to 102 and the environments are labeled 
as E1 to E3. (b) The biplot display of total carotene (T. car.), biplot explains variability and regression. 
coefficient of genotypes, it also explains adaptability and stability of the genotypes for total carotene under 
terminal heat stress conditions. 

SDS value: For sedimentation value, Additive Main-Effects and 
Multiplicative Interaction (AMMI) biplot analysis between the mean 
values and the mean of IPCA scores (Figure 6a,b) indicated that there is no 
much distinct behavior among the environments. PCs of Additive Main-
Effects and Multiplicative Interaction (AMMI) biplot showed that PCA 1 
and PCA 2 were significant. PC1 and PC2 accounted for 60.1% and 39.9% of 
variance respectively. It means that by using PC1 and PC2, the analysis 
could explain 100% variation (Supplementary Table S3). Additive Main-
Effects and Multiplicative Interaction (AMMI) biplot placed genotypes G-
19 (DWL 5023), G-24 (GW 2), G-27 (GW 1170), G-31 (GW 1244), G-32 (GW 
1245), G-34 (HD 4672), G-5 (Altar 84), G-63 (MACS 9), G-72 (Meghdoot), G-89 
(Raj 6069), G-90 (Raj 6516) and G-95 (Trinakria) were the most adaptable 
genotypes for sedimentation value, similarly G-19 (DWL 5023) and G-52 
(HI 8722) were the most stable genotypes and G-19 (DWL 5023) was the 
most adaptable and stable genotypes for sedimentation value under 
terminal heat stress condition.(Figure 6a,b). 
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Figure 6. (a) The “which-won-where” view of the GGE biplot based on the G × E data for sedimentation value. 
It explained 100% of the total G+GE. The genotypes are labeled as 1 to 102 and the environments are labeled 
as E1 to E3. (b) The biplot display of sedimentation value (SDS), biplot explains variability and regression. 
coefficient of genotypes, it also explains adaptability and stability of the genotypes for sedimentation value 
under terminal heat stress conditions. 

 

Figure 7. (a) The “which-won-where” view of the GGE biplot based on the G × E data for grain yield. It 
explained 100% of the total G + GE. The genotypes are labeled as 1 to 102 and the environments are labeled 
as E1 to E3. (b) The biplot display of grain yield (GY), biplot explains variability and regression. coefficient 
of genotypes, it also explains adaptability and stability of the genotypes for grain yield under terminal heat 
stress conditions. 
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Grain yield/plant: PCs of Additive Main-Effects and Multiplicative 
Interaction (AMMI) biplot for grain yield/plant showed that PCA 1 and PCA 
2 were significant. PC1 and PC2 accounted for 61.7% and 38.3% of variance 
respectively. It means that by using PC1 and PC2, the analysis could 
explain 100% variation (Supplementary Table S3). Among the 
environments, E2 had short vectors and they did not exert strong 
interactive forces while E1 and E3 with long vectors were more 
differentiating environments. The genotypes near the origin are not 
sensitive to environmental interaction and those distant from the origin 
are sensitive and have more G × E interactions. 

The genotypes G11 (Bijaga Red), G12 (Bijaga yellow), G-13 (CDW 04), G-
44 (HI 8627), G-56 (IWP 5070), G-64 (MACS 1967), G-69 (MACS 3125), G-8 (B 
447-BA), G-90 (Raj 6516), G-96 (V 21/23), G-98 (Vijay) and G-99 (WH 912) 
were the most adaptable genotypes for grain yield, similarly G-2 (A 206), 
G-27 (GW 1170), G-38 (HI 7747), G-83 (NP 4) and G-98 (Vijay) were the most 
stable genotypes and G-98 (Vijay) was the most adaptable and stable 
genotypes for grain yield under terminal heat stress condition. 
(Supplementary Table S4) (Figure 7a,b). Diversity of most stable genotypes 
were observed for various traits under terminal heat stress over the years 
(Table 4). 

Table 4. Performance of genotypes for various traits over the years under terminal heat stress conditions. 

Overall Yield Early DtH BM TGW SL T. Car. SDS NG 

HI 8627 Bijaja Red GW 1114 Baxi 228-18 DWL 5023 Dahod local DWL 5023 A-9-30-1 

Bijaga yellow HI 8653 GW 1170 Bijaga Red GW 2 DWL 5023 GW 2 WH 912 

CDW 04 B 4447-BA GW 1240 CPAN 6236 Gw 1139 GW 2 GW 1170 AKDW 4151 

IWP 5070 NIDW 70 HG 110 GW 1225 HI 8550 GW 1114 GW 1244 HI 7747 

MACS 1967  HI 8498 HI 8627 HI 8498 GW 1240 GW 1245 HD 4709 

MACS 3125  HI 8691 HI 8645 HI 8591 MACS 3061 MACS 9 Altar 

Raj 6516  IWP 5013 HI 8653 HI 8627 MPO 215 Meghdoot HI 8722 

V 21/23  Line 1172 HI 8663 HI 8638 N 59 Raj 6069 IWP 5004-1 

HI 7747  Raj 6069 MACS 2846 HI 8663 NI 5759 HD 4672 PDW 233 

NP 4  Raj 6516 MACS 3063 HI 8691 V 21/23 HI 8722 WH 896 

DISCUSSION 

High temperature occurring during reproduction and grain filling 
period reduce wheat productivity [20,45,46]. The use of delayed sowing 
ensured that flowering and grain filling stages occurred under warmer 
conditions (Figure 1) [18]. Our results confirmed that genetic diversity 
exists for the response to terminal heat stress, with some genotypes better 
suitable to tolerate this stress. High heritability values were exhibited for 
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most traits, suggesting that genetic gain is possible for them. This is 
accordance with what previously reported [47,48]. Low heritability values 
of traits like biomass and harvest index suggest that selection for these 
characters would not be effective due to predominant effects of non-
additive components and the high influenced by the environmental 
factors [33,49–52]. 

Maximum expected genetic advance was observed for total carotene, 
number of grains per spike, sedimentation value, grain yield/plant and 
harvest index promoting these for breeding selection [53]. Especially, 
those traits with high heritability and high genetic advance are the most 
interesting targets for breeders [54–56]. Bijaga Red, Bijaga yellow, CDW 04, 
HI 8627, IWP 5070, MACS 1967, MACS 3125, B 447-BA, Raj 6516, V 21/23, 
Vijay and WH 912 were the most adaptable genotypes for grain yield, were 
the most adaptable genotypes for grain yield, similarly A 206, GW 1170, HI 
7747, NP 4 and Vijay were the most stable genotypes and Vijay was the 
most adaptable and stable genotypes for grain yield under terminal heat 
stress condition [57,58]. 

Under terminal heat stress, our correlation study confirmed that 
genotypes heading and maturing earlier tend to yield significantly more. 
Furthermore, high biomass production was confirmed to be a critical trait 
for adaptation, together with hectoliter weight [59–61]. However, it is 
valuable to underline that grains number and TGW were not important to 
determine overall performances of genotypes under terminal heat stress 
[62,63]. Hence, breeders interested in developing varieties better adapted 
to terminal heat stress should target short duration types capable of 
producing high biomass and converting it to yield via seeds having high 
hectoliter weight, but not TGW [64–71]. Our results also suggest genotypic-
dependent heat stress effects on grain quality attributes as suggested by 
[72–75]. 

Stability Analysis for Grain Yield and Other Trait by Additive Main-
Effects and Multiplicative Interaction (AMMI) Biplot Analysis 

Combined analysis of variance showed that both genotype and 
environment mean sum of squares were significant for grain yield as it 
was in the ADDITIVE MAIN-EFFECTS AND MULTIPLICATIVE 
INTERACTION (AMMI) model. Biplot analysis was conducted and 
visualized to determine the differences among the environments, to 
evaluate stable and wide adaptable genotypes, and to evaluate the 
environments which differentiates the genotypes. In this biplot, the usual 
interpretation of a biplot assay is that if a genotype or an environment has 
IPCA score nearly zero, it has small interaction effects and found to be 
stable, results of present study are in conformity with [76–84]. The 
distribution of the environments in the biplot with variable environment 
means and IPCA scores indicate that the environments behaved very 
distinct compared to each other and selection of the adaptable and high 
yielding genotypes among these environments will be useful for late heat 
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stress in durum wheat. In the current study, environments E1 and E3 had 
long vectors which resulted in most variation to differentiate the 
genotypes [85–95]. A 206, GW 1170, HI 7747, NP 4 and Vijay were the most 
adaptable and stable genotypes over the years. On the basis of adaptation 
and stability, genotypes G-11 (Bijga Red), G-8 (B 4447-BA) for day to 
heading, G-97 (VD 97-15) for days to maturity, G-4 (AKDW 4240) for spike 
length, G-77 (N 59) for harvest index, G-30 (GW 1240) for hectoliter weight, 
G-19 (Bansi local for sedimentation value) and G-98 (Vijay) for grain yield 
were highly adapted and most stable for different traits across the 
environments, and can be used in convergent durum wheat breeding 
program to develop heat stress tolerant varieties. 

SUPPLEMENTARY MATERIALS 

The following supplementary materials are available online at 
https://doi.org/10.20900/cbgg20230004. Supplementary Table S1: List of 
genotypes used in the experiment. Supplementary Table S2: Mean value 
of selected traits based on BLUEs of genotypes 2014–2017. Supplementary 
Table S3: Analysis of variance of principle components of biplot genotype 
and location of the traits across three cropping seasons under heat stress 
conditions. Supplementary Table S4: Performance of genotypes for 
adaptability, stability and both genotypic adaptability and stability for all 
the selected traits under terminal heat stress conditions. Supplementary 
Figure S1: The biplot based on the correlation data for grain yield with 
other yield contributing traits. It explained 69.74% of the total G + GE 
where PC1 and PC2 accounted for 42.36% and 27.38% of variance 
respectively. 

DATA AVAILABILITY 

The dataset of the study is available from the authors upon reasonable 

request. 

AUTHOR CONTRIBUTIONS 

AG: Performed field evaluations and data analyses and writing original 

draft; SVSP & AJ: Guided during the whole experiment; FB: Provided a 

critical review of the manuscript and approved the final manuscript. 

CONFLICTS OF INTEREST 

The authors declare that there is no conflict of interest. 

FUNDING 

This research was funded by ICAR-IARI-RS Indore. 

 

 

Crop Breed Genet Genom. 2023;5(3):e230004. https://doi.org/10.20900/cbgg20230004  

https://doi.org/10.20900/cbgg20230004
https://doi.org/10.20900/cbgg20230004


 
Crop Breeding, Genetics and Genomics 16 of 23 

ACKNOWLEDGMENTS 

The authors thank the Head, ICAR-IARI-RS, Indore for providing 
needful support throughout the experiment and the editor of Crop 
Breeding, Genetics and Genomics for providing helpful comments and 
corrections on earlier drafts of this manuscript. 

REFERENCES 

1. United States Department of Agriculture. Wheat Data. Available from: 

http://www.ers.usda.gov/dataproducts /wheat-data.aspx. Accessed 2019 Sep 

26. 

2. FAO. FAOSTAT. Available from: http://faostat.fao.org. Accessed 2022 May 15. 

3. Elias EM, Manthey FA, Stack RW, Kianian SF. Breeding efforts to develop 

fusarium head blight resistant durum wheat in north Dakota. Available from: 

https://scabusa.org/pdfs/forum05_proc_complete.pdf#page=42. Accessed 2023 

Jul 10. 

4. Malosetti M, Ribaut JM, Van Euwijk FA. The statistical analysis of multi-

environment data: Modeling genotype-by-environment interaction and its 

genetic basis. Front Physiol. 2013;4:44. 
5. Bonjean AP, Angus WJ, van Ginkel M. The world wheat book: A history of 

wheat breeding. Paris (France): Lavoisier Publishing; 2016. 

6. Karabina K, Leonardi E. Turkey grain and feed annual report: TR6015. 

Available from: http://agriexchange.apeda.gov.in/marketreport/Reports/ 

Grain%20and%20Feed%20Annual_Ankara_Turkey_3-29-2016.pdf. Accessed 

2023 Jul 12. 
7. Sakin MA, düzdemir O, Sayaslan A, Yukse F. Stability properties of certain 

durum wheat genotypes for major quality characteristics. Turk J Agric For. 

2011;35(4):343-55. 

8. Joshi AK, Mishra B, Chatrath R, Ferrara GO, Singh RP. Wheat improvement in 

India: present status, emerging challenges and future prospects. Euphytica. 

2007;157:431-46. 

9. Kadkol GP, Sissons M. Durum wheat: overview. In: Wrigley C, Corke H, 

Seetharaman K, Faubion J, editors. Encyclopedia of Food Grains. 2nd ed. 

Oxford (UK): Academic Press; 2016. p. 117-24. 

10. Richards RA, Rebetzke GJ, Condon AG, van Herwaarden AF. Breeding 

opportunities for increasing the efficiency of water use and crop yield in 

temperate cereals. Crop Sci. 2002;42(1):111-21. 

11. Li YF, Wu Y, Hernandez-Espinosa N, Peña RJ. Heat and drought stress on 

durum wheat: Responses of genotypes, yield, and quality traits. J Cereal Sci. 

2013;57(3):398-404. 

12. Sissons M, Ovenden B, Adorada D, Milgate A. Durum wheat quality in high 

input irrigation systems in south eastern Australia. Crop Pasture Sci. 

2014;65(5):411-22. 

Crop Breed Genet Genom. 2023;5(3):e230004. https://doi.org/10.20900/cbgg20230004  

https://doi.org/10.20900/cbgg20230004
http://www.ers.usda.gov/dataproducts%20/wheat-data.aspx
https://scabusa.org/pdfs/forum05_proc_complete.pdf%23page=42
http://agriexchange.apeda.gov.in/marketreport/Reports/Grain%20and%20Feed%20Annual_Ankara_Turkey_3-29-2016.pdf
http://agriexchange.apeda.gov.in/marketreport/Reports/Grain%20and%20Feed%20Annual_Ankara_Turkey_3-29-2016.pdf
https://www.researchgate.net/journal/Turk-Tarim-ve-Ormancilik-Dergisi-Turkish-Journal-of-Agriculture-and-Forestry-1303-6173


 
Crop Breeding, Genetics and Genomics 17 of 23 

13. Mariani BM, D’Egidio MG, Novaro P. Durum wheat quality evaluation: 

influence of genotype and environment. Cereal Chem. 1995;72:194-7. 

14. Bergkamp B, Impa SM, Asebedo AR, Fritz AK, Jagadish SVK. Prominent winter 

wheat varieties response to post-flowering heat stress under controlled 

chambers and field based heat tents. Field Crops Res. 2018;22:143-52. 

15. Pradhan GP, Prasad PVV, Fritz AK, Kirkham MB, Gill BS. Effects of Drought 

and High Temperature Stress on Synthetic Hexaploid Wheat. Funct Plant Biol. 

2012;39(3):190-8. 

16. De Costa WAJM. A review of the possible impacts of climate change on forests 

in the humid tropics. J Natl Sci Found. 2011;39(4):281-302. 

17. Hennessy K, Fawcett R, Kirono D, Mpelasoka F, Jones D, Bathols J, et al. An 

assessment of the impact of climate change on the nature and frequency of 

exceptional climatic events. Available from: http://hdl.handle.net/102.100. 

100/122078?index=1. Accessed 2023 Jul 10. 

18. Fleitas MC, Mondal S, Gerard GS, Hernández-Espinosa N, Singh RP, Crossa J, 

et al. Identification of CIMMYT spring bread wheat germplasm maintaining 

superior grain yield and quality under heat-stress. J Cereal Sci. 

2020;93:102981. 

19. Dias AS, Lidon FC. Evaluation of grain filling rate and duration in bread and 

durum wheat, under heat stress after anthesis. J Agron Crop Sci. 

2009;195(2):137-47. 

20. Dwivedi SK, Basu S, Kumar S, Kumar G, Prakash V, Kumar S, et al. Heat stress 

induced impairment of starch mobilization regulates pollen viability and 

grain yield in wheat: Study in Eastern Indo-Gangetic Plains. Field Crops Res. 

2017;206:106-14. 

21. Mahdavi S, Arzani A, Maibody SAMM, Mehrabi AA. Photosynthetic and yield 

performance of wheat (Triticum aestivum L.) under sowing in hot 

environment. Acta Physiol Plant. 2021;43(7):106. 

22. Farooq M, Bramle H, Palta JA, Siddique KH. Heat stress in wheat during 

reproductive and grain-filling phases. Crit Rev Plant Sci. 2011;30(6):491-507. 

23. Mondal S, Singh RP, Crossa J, Huerta-Espino J, Sharma I, Chatrath R, et al. 

Earliness in wheat: a key to adaptation under terminal and continual high 

temperature stress in South Asia. Field Crop Res. 2013;151:19-26. 

24. Khan A, Kabir M. Evaluation of spring wheat genotypes (Triticum aestivum L.) 

for heat stress tolerance using different stress tolerance indices. Cercet Agron 

Mold. 2014;47(4):49-63. 

25. Mondal S, Singh RP, Mason ER, Huerta-Espino J, Autrique E, Joshi AK. Grain 

yield, adaptation and progress in breeding for early-maturing and heat-

tolerant wheat lines in South Asia. Field Crops Res. 2016:192;78-85. 

26. Kamrani M, Hoseini Y, Ebadollahi A. Evaluation for heat stress tolerance in 

durum wheat genotypes using stress tolerance indices. Arch Agron Soil Sci. 

2017;64(1):38-45. 

Crop Breed Genet Genom. 2023;5(3):e230004. https://doi.org/10.20900/cbgg20230004  

https://doi.org/10.20900/cbgg20230004
http://hdl.handle.net/102.100.100/122078?index=1
http://hdl.handle.net/102.100.100/122078?index=1


 
Crop Breeding, Genetics and Genomics 18 of 23 

27. Sunita K, Munjal R, Ram K, Kumar N, Dhanda SS. Heat stress implications on 

yield and yield component in recombinant inbred lines of bread wheat at 

reproductive stage. Int J Pure App Biosci. 2017;5(3):1001-7. 

28. Nouri A, Etminan A, Teixeira da Silva JA, Mohammadi R. Assessment of yield, 

yield-related traits and drought tolerance of durum wheat genotypes 

(Triticum turjidum var. durum Desf.). Aust J Crop Sci. 2011;5(1):8-16. 

29. Rad MRN, Kadir MA, Rafii MY, Jaafar HZE, Naghavi MR, Ahmadi F. Genotype 

× environment interaction by AMMI and GGE biplot analysis in three 

consecutive generations of wheat (Triticum Aestivum) under normal and 

drought stress conditions. Aust J Crop Sci. 2013;7(7):956-61. 

30. Hagos HG, Abay F. AMMI and GGE biplot analysis of bread wheat genotypes 

in the Northern part of Ethiopia. Turkish J Field Crops. 2013;6(1):64-8. 

31. Kumar B, Hooda E, Hooda BK. GGE biplot analysis of multi-environment yield 

trials for wheat in northern India. Adv Res. 2018;16(2):1-9. 

32. Ashwini KVR, Ramesh S, Sunitha NC. Comparative BLUP, YREM-based 

performance and AMMI model-based stability of horse gram [Macrotyloma 

uniflorum (Lam.) Verdc.] genotypes differing in growth habit. Genet Resour 

Crop Evol. 2021;68:457-67. 

33. Kumar S, Kumari J, Bansal R, Upadhyay D, Srivastava A, Rana B, et al. Multi-

environmental evaluation of wheat genotypes for drought tolerance. Indian J 

Genet Plant Breed. 2018;78(1):26-35. 

34. Mohammadi R, Amri A. Assessment of the suitability of Triticum turgidum 

accessions for incorporation into a durum wheat breeding program. 

Euphytica. 2022;218(6):70. 

35. Ullah A, Nadeem F, Nawaz A, Siddique KHM, Farooq M. Heat stress effects on 

the reproductive physiology and yield of wheat. J Agron Crop Sci. 

2022;208(1):1-17. 

36. Yang C, Fraga H, Van Ieperen W, Trindade H, Santos JA. Effects of climate 

change and adaptation options on winter wheat yield under rainfed 

Mediterranean conditions in southern Portugal. Clim Chang. 2019;154:159-78. 

37. Mohammadi R, Haghparast R, Amri A, Ceccarelli S. Yield stability of rainfed 

durum wheat and GGE biplot analysis of multi-environment trials. Crop 

Pasture Sci. 2010;61(1):92-101. 

38. Sareen S, Tyagi BS, Sarial AK, Tiwari V, Sharma I. Trait analysis, diversity, and 

genotype × environment interaction in some wheat landraces evaluated under 

drought and heat stress conditions. Chilean J Agric Res. 2014;74(2):135-42. 

39. Zadoks JC, Chang TT, Konzak CF. A decimal code for the growth stages of 

cereals. Weed Res. 1974;14(6):415-21. 

40. Ltd International VSN. Genstat 1.16 Release (Windows for Genstat 2013). 

Available from: https://www.shouldiremoveit.com/genstat-16th-edition-64-

bit-115275-program.aspx. Accessed 2023 Jul 11. 

Crop Breed Genet Genom. 2023;5(3):e230004. https://doi.org/10.20900/cbgg20230004  

https://doi.org/10.20900/cbgg20230004
https://www.shouldiremoveit.com/genstat-16th-edition-64-bit-115275-program.aspx
https://www.shouldiremoveit.com/genstat-16th-edition-64-bit-115275-program.aspx


 
Crop Breeding, Genetics and Genomics 19 of 23 

41. Falconer DS, Mackay TFC. Introduction to Quantitative Genetics. Harlow (UK): 

Longman; 1996. 

42. Gauch HG. Statistical analysis of regional yield trials: AMMI analysis of 

factorial designs. Amsterdam (Netherlands): Elsevier; 1992. 

43. Yan W, Tinker NA. Biplot analysis of multi-environment trial data: Principles 

and applications. Can J Plant Sci. 2006;86(3):623-45. 

44. Yan W. GGE Biplot vs. AMMI Graphs for the Genotype-by-Environment Data 

Analysis. J Indian Soc Agricul Stat. 2011;65(2):181-93. 

45. Asseng S, Cammarano D, Basso B, Chung U, Alderman PD, Sonder K, et al. Hot 

spots of wheat yield decline with rising temperatures. Glob Change Biol. 

2017;23(6):2464-72. 

46. Ni Z, Li H, Zhao Y, Peng H, Hu Z, Xin M, et al. Genetic improvement of heat 

tolerance in wheat: Recent progress in understanding the underlying 

molecular mechanisms. Crop J. 2017;6(1):32-41. 

47. Sachan MS, Singh SP. Genetics of yield and its components in durum wheat 

(Triticum durum Desf.). J Interaca. 2003;7(2):140-3. 

48. Kumar A, Daware A, Kumar A, Kumar V, Krishnan SG, Mondal S, et al. 

Genome-wide analysis of polymorphisms identified domestication-associated 

long low-diversity region carrying important rice grain size/weight 

quantitative trait loci. Plant J. 2020;103(4):1525-47. 

49. Pinto RS, Reynolds MP, Mathews KL, McIntyre CL, Olivares-Villegas JJ, 

Chapman SC. Heat and drought adaptive QTL in a wheat population designed 

to minimize confounding agronomic effects. Theor Appl Genet. 

2010;121:1001-21. 

50. Mohammed A, Amsalu A, Geremew B. Genetic variability, heritability and 

trait association in durum wheat (Triticum turgidum L. var. durum) genotypes. 

Afri J Agric Res. 2011;6(17):3972-9. 

51. Khan A, Munir A, Mukhtar A, Gill KS, Zahid A. Association analysis for 

agronomic traits in wheat under terminal heat stress. Soudi J Biol Sci. 

2021;28(12):7404-15. 

52. Gopal K, Patel JA, Prajapati KP, Patel PJ. Estimation of genetic variability, 

heritability and genetic advance for seed yield and its attributes in sesame 

(Sesamum indicum L.). Int J Bioresour Stress Manag. 2020;11(3):219-24. 

53. Kashif M, Ahmad J, Chowdhry MA, Perveen K. Study of genetic architecture 

of some important agronomic traits in durum wheat (Triticum durum Desf.). 

Asian J Plant Sci. 2003;2:708-12. 

54. Johnson HW, Robinson HF, Cornstock RE. Estimates of genetic and 

environmental variability in Soybeans. Agron J. 1995;47(7):314-8. 

55. Kashif M, Khalıq I. Heritability, correlation and path coefficient analysis for 

some metric traits in wheat. Int J Agri Biol. 2004;6(1):138-42. 

 

Crop Breed Genet Genom. 2023;5(3):e230004. https://doi.org/10.20900/cbgg20230004  

https://doi.org/10.20900/cbgg20230004


 
Crop Breeding, Genetics and Genomics 20 of 23 

56. Hossain MM, Azad MAK, Alam MS, Eaton TEJ. Estimation of Variability, 

Heritability and Genetic Advance for Phenological, Physiological and Yield 

Contributing Attributes in Wheat Genotypes under Heat Stress Condition. Am 

J Plant Sci. 2021;12(4):586-602. 

57. Khokhar MI, Hussain M, Zulkiffal M, Sabir W, Mahmood S, Jamil Anwar MW. 

Studies on genetic variability and inter-relationship among the different 

traits in wheat (Triticum aestivum L.). Krmiva. 2010;52(2):77-84. 

58. Manisha S. Genetic variability, heritability, correlation coefficient and path 

analysis of yield and yield contributing traits in bread wheat (Triticum 

aestivum L.). Int J Plant Sci. 2017;12(2):173-80. 

59. Flagella Z, Giuliani MM, Luigia G, Volpi C, Stefania M. Influence of water 

deficit on durum wheat storage protein composition and technological 

quality. Eur J Agron. 2010;33(3):197-207. 

60. Weber VS, Araus JL, Cairns JE, Sanchez C, Melchinger AE, Orsini E. Prediction 

of grain yield using reflectance spectra of canopy and leaves in maize plants 

grown under different water regimes. Field Crops Res. 2012;128:82-90. 

61. Mondal S, Joshi AK, Huerta-Espino J, Singh RP. Early Maturity in Wheat for 

Adaptation to High Temperature Stress. Available from: 

https://web.archive.org/web/20190318111110id_/https://core.ac.uk/download/

pdf/81272886.pdf. Accessed 2023 Jul 10. 

62. Ashish VS, Singh SK, Madaan S, Kumar P, Verma A. Divergence of bread wheat 

genotypes (Triticum Aestivum L.) assessed by multivariate biplot analysis 

based on important markers. J Crop Weed. 2022;18(1):166-73. 

63. Gautam A, Sai Prasad SV, Jajoo A, Malviya P. Heritability and correlation of 

yield and its contributing traits under terminal heat (late sown) situations in 

durum wheat. Prog Res. 2013;8(2):203-8. 

64. Leilah AA, Al-Khateeb SA. Statistical analysis of wheat yield under drought 

conditions. J Arid Environ. 2005;61(3):483-96. 

65. Villegas D, Garcia del Moral LF, Rharrabti Y, Martos V, Royo C. Morphological 

traits above the flag leaf node as indicators of drought susceptibility index in 

durum wheat. J Agron Crop Sci. 2007;193(2):103-16. 

66. Guoth A, Tari I, Csiszar J, Pecsvaradi A, Cseuz L, Erdei L. Comparison of the 

drought stress responses of tolerant and sensitive wheat cultivars during 

grain filling: Changes in flag leaf photosynthetic activity, ABA levels, and 

grain yield. J Plant Growth Regul. 2009;28:167-76. 

67. Jha UC, Bohra A, Singh NP. Heat stress in crop plants: Its nature, impacts and 

integrated breeding strategies to improve heat tolerance. Plant Breed. 

2014;133(6):679-701. 

68. Sehgal A, Sita K, Siddique KHM, Kumar R, Bhogireddy S, Varshney RK, et al. 

Drought or/and heat-stress effects on seed filling in Food Crops: Impacts on 

functional biochemistry, seed yields, and nutritional quality. Front Plant Sci. 

2018;9:1705. 

Crop Breed Genet Genom. 2023;5(3):e230004. https://doi.org/10.20900/cbgg20230004  

https://doi.org/10.20900/cbgg20230004
https://www.researchgate.net/profile/Zina-Flagella-2?_sg%5B0%5D=Sk0kwZ8IUT1FI0kcXgCGcGoGiY1WIfZDO8wto0PEYFXalDgxJNsyelaDN2JSDJDXcFzeD6o.Cqu2nTaOdKOmyXu3fcXbGoZPuMKpjMPra69yCBmY43gqcH1OBfwMZPwS-6UGenRft0FIiWw7Kr_aRSMOCMZaow&_sg%5B1%5D=rS3vlD_liqYnRHycN9wfrMNOjA0u-xpoyNzo-klLKohrGprVWNSXsqxHHZxEaZ3Zyx5aNPc.KPjY73X_yXv55EI9SAT3vHoaijFjYsk7ZaCjRHuDvk3W_1D5kaPCzQiUxPUqq473IAKiRV-CGctBpy96IEdRfw
https://www.researchgate.net/profile/Marcella-Giuliani?_sg%5B0%5D=Sk0kwZ8IUT1FI0kcXgCGcGoGiY1WIfZDO8wto0PEYFXalDgxJNsyelaDN2JSDJDXcFzeD6o.Cqu2nTaOdKOmyXu3fcXbGoZPuMKpjMPra69yCBmY43gqcH1OBfwMZPwS-6UGenRft0FIiWw7Kr_aRSMOCMZaow&_sg%5B1%5D=rS3vlD_liqYnRHycN9wfrMNOjA0u-xpoyNzo-klLKohrGprVWNSXsqxHHZxEaZ3Zyx5aNPc.KPjY73X_yXv55EI9SAT3vHoaijFjYsk7ZaCjRHuDvk3W_1D5kaPCzQiUxPUqq473IAKiRV-CGctBpy96IEdRfw
https://www.researchgate.net/scientific-contributions/Luigia-Giuzio-2021232659?_sg%5B0%5D=Sk0kwZ8IUT1FI0kcXgCGcGoGiY1WIfZDO8wto0PEYFXalDgxJNsyelaDN2JSDJDXcFzeD6o.Cqu2nTaOdKOmyXu3fcXbGoZPuMKpjMPra69yCBmY43gqcH1OBfwMZPwS-6UGenRft0FIiWw7Kr_aRSMOCMZaow&_sg%5B1%5D=rS3vlD_liqYnRHycN9wfrMNOjA0u-xpoyNzo-klLKohrGprVWNSXsqxHHZxEaZ3Zyx5aNPc.KPjY73X_yXv55EI9SAT3vHoaijFjYsk7ZaCjRHuDvk3W_1D5kaPCzQiUxPUqq473IAKiRV-CGctBpy96IEdRfw
https://www.researchgate.net/profile/Stefania-Masci?_sg%5B0%5D=Sk0kwZ8IUT1FI0kcXgCGcGoGiY1WIfZDO8wto0PEYFXalDgxJNsyelaDN2JSDJDXcFzeD6o.Cqu2nTaOdKOmyXu3fcXbGoZPuMKpjMPra69yCBmY43gqcH1OBfwMZPwS-6UGenRft0FIiWw7Kr_aRSMOCMZaow&_sg%5B1%5D=rS3vlD_liqYnRHycN9wfrMNOjA0u-xpoyNzo-klLKohrGprVWNSXsqxHHZxEaZ3Zyx5aNPc.KPjY73X_yXv55EI9SAT3vHoaijFjYsk7ZaCjRHuDvk3W_1D5kaPCzQiUxPUqq473IAKiRV-CGctBpy96IEdRfw
https://www.researchgate.net/journal/European-Journal-of-Agronomy-1161-0301
https://www.researchgate.net/profile/Arun-Joshi-7?_sg%5B0%5D=VV6fyXnvfkzbP3Y5WKNbxzCWQp85a5VkxrG557TANVrPfy1i5wI3ZkGzcp15aTRo96jVvt0.emTxzcougMQtdr4UdxIAITQyAn_N200b6oszgoJ5XKJJlWsSNzC7B-_AsbDggeSPlkKxztptiSHNQ-8WXauLaw&_sg%5B1%5D=fmDYhCVmF_mTkObZmKxVpTqw2O2uVihGUIq119AO8Ejj1TE_9ezs0sRY2HSjKQIiz-GwK1I.2MsJr6acu5q6JD4c633AV3Pp0CUAPMcrKa5Q6xGTiklkePNBnueHiheB44P-s-0b5koSUKPEe5_1B2IHcOsdNg
https://web.archive.org/web/20190318111110id_/https:/core.ac.uk/download/pdf/81272886.pdf
https://web.archive.org/web/20190318111110id_/https:/core.ac.uk/download/pdf/81272886.pdf


 
Crop Breeding, Genetics and Genomics 21 of 23 

69. Zhang J, Zhang S, Cheng M, Jiang H, Zhang X, Peng C, et al. Effect of drought 

on agronomic traits of rice and wheat: A meta-analysis. Int J Environ Res 

Public Health. 2018;15(5):839. 

70. El Hassouni K, Belkadi B, Filali-Maltouf A, Tidiane-Sall A, Al-Abdallat A, Nachit 

M, et al. Loci controlling adaptation to heat stress occurring at the 

reproductive stage in durum wheat. Agronomy. 2019;9(8):414. 

71. Fabian A, Safran E, Szabo-Eitel G, Barnabas B, Jager K. Stigma functionality 

and fertility are reduced by heat and drought co-stress in Wheat. Front Plant 

Sci. 2019;10:244. 

72. Vargas M, Combs E, Alvarado G, Atlin G, Mathews K, Crossa J. META: A suite 

of SAs programs to analyze multi-environment breeding trials. Agron J. 

2013;105(1):11-9. 

73. Balla K, Karsai I, Bonis P, Kiss T, Berki Z, Horvath A, et al. Heat stress responses 

in a large set of winter wheat cultivars (Triticum aestivum L.) depend on the 

timing and duration of stress. PLoS One. 2019;14(9):e0222639. 

74. Kaur V, Singh S, Behl RK. Heat and drought tolerance in wheat: Integration of 

physiological and genetic platforms for better performance under stress. Ekin 

J Crop Breed Genet. 2016;2(1):1-14. 

75. Reynolds MP, Pask AJD, Hoppitt WJE, Sonder K, Sukumaran S, Molero G, et al. 

Strategic crossing of biomass and harvest index—source and sink—achieves 

genetic gains in wheat. Euphytica. 2017;213:1-23. 

76. Tahir MA, Tariq A, Muhammad F, Ghulam S. Silicon-induced changes in 

growth, ionic composition, water relations, chlorophyll contents and 

membrane permeability in two salt-stressed wheat genotypes. Arch Agron 

Soil Sci. 2012;58(3):247-56. 

77. Zobel RW, Wright MJ, Gauch HG. Statistical analysis of a yield trial. Agron J. 

1998;80(3):388-93. 

78. Singh C, Gupta A, Gupta V, Kumar P, Sendhil R, Tyagi BS, et al. Genotype × 

environment interaction analysis of multi-environment wheat trials in India 

using AMMI and GGE biplot models. Crop Breed Appl Biotechnol. 2019;19:309-

18. 

79. Bishwas KC, Poudel MR, Regmi D. AMMI and GGE biplot analysis of yield of 

different elite wheat line under terminal heat stress and irrigated 

environments. Heliyon. 2021;7:e07206. 

80. Dabi A, Alemu G, Geleta N, Delessa A, Solomon T, Zegaye H, et al. Genotype × 

environment interaction and stability analysis for grain yield of bread wheat 

(Triticum aestivum) genotypes under low moisture stress areas of Ethiopia. 

Am J Plant Biol. 2021;6(3):44-52. 

81. Kumar A, Chand P, Thapa RS, Singh T. Assessment of stability performance 

and G×E interaction for yield and its attributing characters in bread wheat 

(Triticum aestivum L.). Electron J Plant Breed. 2021;12(1):235-41. 

Crop Breed Genet Genom. 2023;5(3):e230004. https://doi.org/10.20900/cbgg20230004  

https://doi.org/10.20900/cbgg20230004


 
Crop Breeding, Genetics and Genomics 22 of 23 

82. Hanif U, Gul A, Amir R, Munir F, Sorrells ME, Gauch HG, et al. Genetic gain 

and G × E interaction in bread wheat cultivars representing 105 years of 

breeding in Pakistan. Crop Sci. 2022;62(1):178-91. 

83. Alemu G, Dabi A, Geleta N, Duga R, Solomon T, Zegaye H, et al. Genotype × 

environment interaction and selection of high yielding wheat genotypes for 

different wheat-growing areas of Ethiopia. Am J Biosci. 2021;9:63-71. 

84. Awaad HA. Performance, adaptability and stability of promising bread wheat 

lines across different environments. In: Awaad H, Abu-hashim M, Negm A, 

editors. Mitigating Environmental Stresses for Agricultural Sustainability in 

Egypt. Cham (Switzerland): Springer; 2021. p. 187-213. 

85. Adil N, Wani SH, Rafiqee S, Mehrajuddin SOFI, Sofi NR, Shikari AB, et al. 

Deciphering genotype × environment interaction by AMMI and GGE biplot 

analysis among elite wheat (Triticum aestivum L.) genotypes of himalayan 

region. Ekin J Crop Breed Genet. 2022;8(1):41-52. 

86. Kaya Y, Akcura M, Taner S. GGE-biplot analysis of multi-environment yield 

trials in bread wheat. Turk J Agric For. 2006;30(5):325-37. 

87. Akcura M, Aner MT, Kaya Y. Evaluation of bread wheat genotypes under 

irrigated multi-environment conditions using GGE biplot analyses. 

Agriculture. 2011;98(1):35-40. 

88. Abate F, Mekbib F, Dessalegn Y. GGE biplot analysis of multi-environment 

yield trials of durum wheat (Triticum turgidum Desf.) genotypes in north 

western Ethiopia. Am J Exp Agric. 2015;8(2):120-9. 

89. Ilker E, Geren H, Unsal R, Sevim D, Fatma AT, Muzaffer T. AMMI-biplot 

analysis of yield performances of bread wheat cultivars grown at different 

locations. Int J Curr Microbiol App Sci. 2020;9(5):377-89. 

90. Alam MA, Farhad M, Hakim MA, Barma NCD, Malaker PK, Reza MMA, et al. 

AMMI and GGE biplot analysis for yield stability of promising Bread wheat 

genotypes in Bangladesh. Pak J Bot. 2017;49(3):1049-56. 

91. Bavandpori F, Ahmadi J, Hossaini SM. Yield stability analysis of bread wheat 

lines using AMMI model. Agric Commun. 2015;3(1):8-15. 

92. Khairnar SS, Bagwan JH, Yashavantha KKJ, Baviskar VS, Honrao BK, Surve VD, 

et al. Studies on genetic variability parameters and character association in 

bread wheat (Triticum aestivum L.) under timely and late sown environments 

of irrigated conditions. Electron J Plant Breed. 2018;9(1):190-8. 

93. Wardofa GA, Asnake D, Mohammed H. GGE Biplot analysis of genotype by 

environment interaction and grain yield stability of bread wheat genotypes 

in central Ethiopia. J Plant Breed Genet. 2019;7(2):75-85. 
94. Tekdal S, Kendal E. AMMI model to assess durum wheat genotypes in multi-

environment trials. J Agric Sci Technol. 2018;20(1):153-66. 

 

 

Crop Breed Genet Genom. 2023;5(3):e230004. https://doi.org/10.20900/cbgg20230004  

https://doi.org/10.20900/cbgg20230004


 
Crop Breeding, Genetics and Genomics 23 of 23 

95. Fernandez G. Effective selection criteria for assessing plant stress tolerance. 

Available from: https://worldveg.tind.io/record/72511#record-files-collapse-

header. Accessed 2023 Jul 11. 

 

 

How to cite this article:  

Gautam A, Sai Prasad SV, Jajoo A, Bassi FM. Evaluation of Indian Durum Wheat Genotypes for Yield and Quality 

Traits Using Additive Main-Effects and Multiplicative Interaction (AMMI) Biplot Analysis under Terminal Heat Stress 

Conditions. Crop Breed Genet Genom. 2023;5(3):e230004. https://doi.org/10.20900/cbgg20230004 

  

 

Crop Breed Genet Genom. 2023;5(3):e230004. https://doi.org/10.20900/cbgg20230004  

https://doi.org/10.20900/cbgg20230004
https://worldveg.tind.io/record/72511%23record-files-collapse-header
https://worldveg.tind.io/record/72511%23record-files-collapse-header
https://doi.org/10.20900/cbgg20230004

	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	REFERENCES

