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In India, Durum wheat is cultivated in more than 1 million hectares among central and peninsular regions, where the effect
of heat stress is prominent especially during the grain filling period i.e., at the terminal stage of the plant growth effecting
the crop yield drastically. To evaluate the stability and performance of durum wheat under late sown conditions, a field
study was conducted for three seasons i.e., 2010-2011, 2011-12 and 2012-13 respectively, at Indian Agricultural Research
Institute, Regional Station, Indore (Madhya Pradesh) India, involving 102 durum wheat genotypes at two sowing dates i.e.,
late sowing (7™ December) and very late sowing (25" December) every year. Each genotype was sown in two rows of 2.5 m
length each with a row to row spacing of 18 cm in randomized block design in three replications. The stability performance
analysed using AMMI biplots and Biplot analysis have ranked G 40 (HI 8498), G 63 (MACS 9), G 77 (N 59) and G 90 ( RAJ
6516) as most stable genotypes for grain yield similarly G 69 (MACS 3125) and 99 (WH 896) were identified as high yield
genotypes but suitable for specific conditions under late heat stress. G 41 (HI 8550), G 47 (HI 8653), G 71 (Mandsour
Local) and G 78 (NI 5759) were found to be best stable genotypes for high number of tillers under all the environments;
for stable low canopy temperature under pre anthesis stage both model explains that the genotypes G 62 (Line 1172), G
65 (MACS 2694), G 67 (MACS 3061) and G 76 (MPO 1215 having low canopy temperature and were highly stable for all
the environments. GGE and AMMI biplot ranked G 26 (GW 1139), G 27 (GW 1170), G 28 (GW 1209) and G 77 (N 59) as
best stable genotypes for thousand kernel weight. As, Indian durum wheat is comparable with its Canadian and Australian
counterparts in terms of quality for processing, and hence, multi-national food companies doing business in India are
planning to utilize it rather than depending on the imports. This study showed that the genotypes tolerant to post-anthesis
high temperature stress and short growing period can be best suited to the late sown conditions of India increasing the

scope for durum wheat production under late sown and terminal heat stress conditions in India.
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Global climate change and global warming in particular has started to show its impact on crop production. Heat stress is one
of the major abiotic stresses that limits plant growth and development by affecting its photosynthetic capacity [1], metabolic
activity [2,3], by promoting the production of oxidative reactive species [2], reducing pollen tube development and causes
pollen mortality [4], by encouraging ethylene production, thus increasing grain abortion [5] and causes oxidative damage to the
chloroplast which finally affects the grain yield [3]. Heat stress is more detrimental especially when it occurs at reproductive

and grain filling stages [3,5].

The worldwide productivity of wheat was 3.32 ton/ha in 2015, 3.42 tonton/ha in 2016, 3.54 ton/ha in 2017 and 3.43 ton/ha in
2018 whereas Nepal had productivity of wheat 2.59 ton/ha in 2015, 2.33 ton/ha in 2016, 2.55 ton/ha in 2017 and 2.76 ton/ha
in 2018 [6].

Wheat is one of the most sensitive crops which is effected by many abiotic stress including heat stress especially at the time of
grain filling and it is estimated that rise in temperature by 1°C may lead to yield losses between 3—17% (average 11%) in many
Asian countries including India and Pakistan [7]. Among wheat species durum wheat is one of most important wheat species
which serves as the raw material for numerous foods such as macaroni, pasta products and semolina in the nourishment of
world population, and in India for many local products like bafla, suji and dalia etc. [8]. It possesses harder kernel, considerably
higher yellow pigment content and relatively higher grain protein content than common wheat (Triticum aestivum L.). Durum
wheat generally has inextensible gluten and therefore, most of the durum wheat produced worldwide is milled into semolina to
make compact and stiff dough to manufacture pasta products. Durum wheat (Triticum turgidum L. ssp. durum) is cultivated in
many countries, the Mediterranean Basin, North America and South Asia including India [9]. In India durum wheat is cultivated
mostly in central and peninsular regions where effect of heat stress is prominent especially during the grain filling period i.e.,
at the terminal stage of the plant growth [10]. High temperature stress at the end of growing season of wheat crop usually
constrain crop yield potential as this stress coincides with the grain filling period in these regions, so it has become an integral
part of the crop improvement activities of breeders at the national and international level to improve heat stress tolerant
durum wheat genotypes, which helps not only in increasing area under durum wheat cultivation in non-traditional areas, but
will also optimize the durum wheat yield in traditional cultivation under multiple cropping systems [11-13]. Improving yield,
quality and stress resistance are the main objectives of the entire breeding programme. Yield and its components in stress
condition, are still the most effective tools for stress evaluation. Therefore understanding parameters that can judge heat
stress tolerance and development of heat tolerant wheat cultivars are of paramount importance. Genetic diversity for heat
tolerance in wheat is well established [14,15]. Many physiological traits were used for the screening of heat tolerance genotypes
such as canopy temperature, stomatal activities and many more. Several statistical methods like Stability variance [16,17];
environmental variances [18]; coefficient of variability [19]; superiority measure of genotypic performance and multivariate
AMMI [20, 21]; GGE biplot [22] statistical models are available to quantify the G x E interaction. The assessment of stability of
the durum wheat genotypes for grain yield and other yield contributing traits under heat stress conditions is important to select
the reliable durum wheat genotypes for breeding heat stress tolerant high grain yielding cultivars. Thus, the focus should be
given to increase productivity by breaking the yield barrier through genetics and breeding tools, and mitigation of biotic and
abiotic stress to wheat production [23,24]. The present investigation aimed to evaluate stable performance of different yield

contributing and physiological parameters under terminal heat stress conditions.

Genetic material

Set of one hundred and two genetically diverse durum wheat genotypes (Table 1) were selected from the germplasm of
ICAR-Indian Agriculture Research Institute, Regional Station, Indore, India based on their earlier performance under various

environmental conditions.
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S.No. Variety S.No. Variety S.No. Variety S.No. Variety

1 A-9-30-1 27 GW 1170 53 IWP 5004-1 79 NIDW 9

2 A 206 28 GW 1209 54 IWP 5007 80 NIDW 15
3 AKDW 4151 29 GW 1225 55 IWP 5013 81 NIDW 70
4 AKDW 4240 30 GW 1240 56 IWP 5070 82 NIDW 295
5 Altar 84 31 GW 1244 57 Jairaj 83 NP 4

6 Amrut 32 GW 1245 58 Jay 84 NP 404

7 B 4446-WA 33 HD 4502 59 JU 12 85 PDW 215
8 B 4447-BA 34 HD 4672 60 Karnataka Local 86 PDW 233
9 Bansi Local 35 HD 4676 61 Kathia 25 87 PDW 245
10 Baxi 228-18 36 HD 4709 62 Line 1172 88 Raj 1555
11 Bijaga Red 37 HG 110 63 MACS 9 89 Raj 6069
12 Bijaga Yellow 38 HI 7747 64 MACS 1967 90 Raj 6516
13 CDW 04 39 HI 8381 65 MACS 2694 91 Raj 6562
14 CPAN 6236 40 HI 8498 66 MACS 2846 92 Raj 6566
15 DBP 01-09 41 HI 8550 67 MACS 3061 93 Sarangpur local
16 DBP 01-11 42 HI 8591 68 MACS 3063 94 Sawer local
17 DBP 02-08 43 HI 8592 69 MACS 3125 95 Trinakaria
18 Dohad Local 44 HI 8627 70 Malvi Local 96 V21/23
19 DWL 5023 45 HI 8638 71 Mandsaur Local 97 VD 97-15
20 DWR 137 46 HI 8645 72 Meghdoot 98 Vijay

21 GS 27 47 HI 8653 73 Motia 99 WH 896
22 Guji ‘'S’ 48 HI 8663 74 MPO 215 100 WH 912
23 GW 1 49 HI 8666 75 MPO 1106 101 MPO 1243
24 GW 2 50 HI 8671 76 MPO 1215 102 V21

25 GW 1114 51 HI 8691 77 N 59

26 GW 1139 52 HI 8722 78 NI 5759

Table 1: Genotypes used in the experiment

Field evaluation

Afield study was carried out during three rabi seasons i.e., 2010-2011, 2011-12 and 2012-2013 at ICAR-Indian Agricultural Research
Institute, Regional Station, Indore (M.P) India. The experimental field is situated between 22°37’ N latitude to 75°50 E longitude
at 557 m above MSL having semi-arid and humid climate with a temperature range of 23°C to 41°C and 7°C to 29°C in summer
and winter seasons, respectively. 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 experimental material involved 102 durum wheat genotypes sown at two
sowing dates: late (7™ Dec.) and very late (25" Dec.) for three wheat growing seasons, providing us the data for six environments.
Sowing was done in beds having length of 2.5 m in two row plots with a row to row spacing of 18 cm in RBD with three replications
for each sowing. Four irrigations were given during the crop cycle i.e., second between thirty to forty days (vegetative stage),
fifty five to sixty days from the date of sowing (heading time), eighty to ninety days from date of sowing and at milking stage.
Recommended agronomical practices were followed to raise the good crop and care was taken to minimize any variations due to
environmental and cultural conditions. During the crop growth, the days to heading was recorded according to the [25]. Canopy
temperature was measured six times i.e., 3 times from vegetative stage to anthesis and 3 times after post anthesis stage to grain
filling stage, at the time interval of eight days. Parameters like number of tillers per plant, 1000 grain weight and yield per plant
were recorded for further analysis.

Descriptive Statistics

Mean, range, correlation of grain yield and different yield contributing traits of both the environments were computed in the
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pooled form using Genstat release 16.1 [26].
Additive main effects and multiplicative interactions (AMMI) model

Magnitude of genotype, environment and genotype x environment (G x E) interaction was assessed by ANOVA using the AMMI

mode [27] by keeping genotype in fixed and environment in random effects. AMMI was performed by Genstat release 16.1, [26].

The AMMI model for G genotypes and E environments is as
J.'ll-
[}:}) = F’-I_ g: + e_;l' + Z P".-—z Yin ':x_;l'rz + pz’_;u' + Ez'_;l'

n=1

Where, Y, = target trait response of i"" genotype (i =1, 2,.. ., 1) in j" environment j (j = 1, 2,.. ., J); u = is the general mean; g, =
main effect associated to the i"" genotype; e = main effect associated to the j* environment; N = max (G-1, E-1) i.e., the number
of principal axes (principal components) retained in the model to describe the pattern of the interaction between the it" genotype
with the j™ environment; A_ = singular value of the nth principal interaction axis; y, = i element of the singular column vector
associated to axis n; o, is the jth element of the singular row vector associated to axis n; p,is the AMMI residue; and g = pooled

error.
GGE biplot model

GGE biplot [28,29] was constructed using entry means from each environment for kernel micronutrients concentration and grain
yield using Genstat release 16.1 software [26].

GGE biplots using following mathematical model
[:Yz'j - ?j) = MMy + A80m T ey

Where, Yij = average yield of it" genotype in j" environment, ?j = average yield over all genotypes in j* environment and Alﬁunjl
and )\zﬁiznjz = collectively the first and second principal component (PC1 and PC2); A, and A, = singular values for the first and
second principal components, PC1 and PC2, respectively; § and §, = PC1 and PC2 scores, respectively for the i genotype; N, and
n,=PCl1 and PC2 scores, respectively for j* environment; and e,= residual of the model associated with the i*" genotype in the j®
environment.

The data of grain yield and other traits for the one hundred two durum wheat genotypes was pooled across six environments
(three late and three very late sown conditions). The mean, range, heritability and standard error for studied traits summarised
in Table 2. The mean grain yield/plant and 1000 grain weight were 16.8 g and 44.8 g. The mean canopy temperatures during pre
and post anthesis were 20.3 2C and 24.6 2C. Similarly days to flowering and number of tillers per plant were 73.0 days and 9.5
respectively. High broad sense heritability was observed in grain yield per plant (97.9 %) followed by days to flowering (97.8 %),
1000 grain weight (96.8 %) and canopy temperature at pre-anthesis stage (96.2 %). Genetic advance over mean was observed
highest in grain yield per plant (43.6%) followed by number of tillers per plant (38.5 %), 1000 grain weight (29.2 %) and days to
flowering (13.8 %).

Descriptive statistical analysis of grain yield and its contributing components in the pooled data presented in Table 3 showed that
highest grain yield per plant (20.4 g) and number of tillers per plants (11.1) were found in year 2010-11 under late sown conditions
whereas, lowest grain yield per plant (12.5 g), days to flowering (67.6) and number of tillers/plant (8.2) were found in year 2012-13
under very late sown conditions. Highest thousand grain weight (49.1g) was found in the year 2012-13 under late sown conditions
and the lowest (38.8 g) in the year 2011-12 under very late sown conditions, whereas Lowest canopy temperature under pre
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anthesis and post anthesis were found in years 2010-11 very late sown conditions (19.1 °C) and 2012-13 (24.0 °C) under late sown

conditions respectively.

Traits Average in. Max. | h%*(broad Genetic advance SE+
sense) over mean
Days to Flowering 73.0 55.7 85.3 97.8 13.7 4.8
Number of tillers /Plant 9.5 5.4 16.7 93.9 38.5 1.8
1000 grain weight. (g) 44.8 22.7 | 63.1 96.8 29.2 6.6
Canopy temperature (Pre-anthesis) (2C)  20.3 17.4 233 96.2 10.3 1.0
Canopy temperature (Post-anthesis) (2C)  24.6 22.3 289 94.3 8.2 1.0
Grain yield/plant (g) 16.8 6.5 33.5 97.9 43.6 3.6
h?; heredity
Table 2: Mean Maximum, Minimum and Standard Error for the traits
df Days to Number of Canopy Canopy 1000 grain weight  Yield/plant (g)
flowering tillers/plant temperature temperature (g)
(pre-anthesis (post-anthesis
stage) (2C) stage) (2C)
MS TSS MS TSS  MS TSS MS TSS MS TSS (%) | MS TSS
(%) (%) (%) (%) (%)
Total 1835 24.7 3.5 1.1 1.07 43.7 13.5

Treatments 611 | 72.9** 98.5 | 10.08** 96.0 3.21** 974 3.08** 96.0 128.3** 97.8 39.9%** 98.3
Genotypes 101  217.9** 48.7 11.94** 188 4.25** 213 293** 151 286.7** 36.1 64.1** 26.1

Environments 5 3033.2** 33,5 446.3** 34.8 205.8** 51.1 109.6** 28.0 34.9 2233.5** 451

Block 12 4.0 0.11 0.17 0.03 0.51** 0.30 0.69** 042 1.30 0.02 0.20 0.01
Interactions | 505  14.6** 16.3 5.39** 424 1.0** 25.0 2.06** 53.0 42.5** 26.8 13.3%* 27.2

IPCA 1 105  23.4** 5.4 9.38** 153 2.11** 11.0 6.19** 33.1 | 68.5** 9.0 26%* 11.0
IPCA 2 103 15.2** 3.5 5.67** 9.1 1.07** 55 1.36*%* 7.1 43.5%* 5.6 13.4%** 5.6
IPCA 3 101 13.1** 29 4.63** 7.3 0.88** 44 1.23** 6.4 42.5%* 5.4 10.7** 4.3
Residuals 196  10.5** 4.6 3.5%* 10.7 0.42** 4.1 0.64** 6.4 28.0** 6.8 7.9%* 6.2
Error 1212 0.5 1.4 0.21 40 0.04 223 0.06 3.6 1.4 2.1 0.3 1.7

Significance level: * <0.05 and ** <0.01; MS: Mean sum of square, TSS: Total sum of square
Table 3: Pooled AMMI-ANOVA for grain yield and yield contributing traits

Combined AMMI-ANOVA for grain yield and contributing traits

AMMI-ANOVA was performed for grain yield and yield contributing traits to know the contribution of genotype, environment
and G x E interaction (GEI) component to the observed total variation. AMMI-ANOVA for grain yield and other traits showed
significant contribution (p < 0.01) of main effects due to genotype, G x E interaction and environment components (Table 4) In the
present investigation the significant variation among the six test environments showed that the test conditions have provided the
variability for expression of each trait under study. The large GEI results in to different genetic nature of genotypes and control
the diverse processes bringing in the yield stability under different environments. Since GEI was significant, we therefore move
further to estimate stability by AMMI and GGE biplot models to identify the most stable genotype in different environments and
attribute special genotypes to special environments. Major portion of variation was contributed by environment effect for canopy
temperature at pre-anthesis stage (51.1 %) and grain yield per plant (45.1 %). On the other hand genotypic effects was major for
days to flowering (48.7%) and 1000 grain weight (36.1%) whereas, G x E interaction effect for canopy temperature at post-anthesis
stage (53.0 %), and number of tillers per plant (42.4%) was found to be high.

The first three principle components of G x E were highly significant for all the traits. IPCA1 and IPCA2 explained the maximum
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portion of interaction effects ranging from 13.4 % to 62.4% in canopy temperature (post anthesis). Significant contribution of IPCA1
and IPCA2 towards GEI for grain yield and yield contributing traits confirmed the adequacy of the AMMI model, and therefore,

respective biplots construction was justified (Table 3).

Stability analysis for grain yield and other trait by AMMI biplot analysis

Biplot is the most powerful interpretive tool for AMMI model. We plotted a biplot where the main effects (genotype mean and
environment mean) and IPCA scores of both environments and genotypes are plotted against each other.

Grain yield: IPCA 1 of AMMI biplot for grain yield per plant accounted 40.4% of G x E interaction and 11.0% of the total variation
(Table 4). 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 late heat stress in durum wheat. Among the environments, late sown (2011-12) was found to be
the favorable location for the study as it showed average mean yield and near zero IPCA score.

Loca | Days to flowering | Number of tillers/ 1000 grain weight (g) | Canopy temperature | Canopy temperature = Grain vield/plant (g)
tions plant pre-anthesis (°C) post- anthesis (°C)

SEx Mi Ma Me SEx Mi Ma Me SEx Min Max Me SEx Min Max Me SExf Min Max Me SEx Min Max Me
n x an n X an an an an an
Late 0.22 61 86 73.5 0.10 6.6 17.4 11.1 0.34 33.9 63.6 47.8 0.04 18.3 22.1 20.5 0.05 21.6 26.3 24.3 0.19 14.0 35.0 20.4
Sown
2010-
11

Late 0.21 60 81 74.0 0.06 6.0 12.0 83 0.33 35.0 62.6 48.0 0.04 18.9 22.5 20.6 0.34 22.4 26.2 24.6 0.11 12.4 23.6 17.7
Sown

2011-

12

Late 0.25 62 85 76.7 0.11 6.8 15.8 10.5 0.27 36.9 63.0 49.1 0.03 18.6 21.6 20.0 0.03 22.1 25.9 24.0 0.17 10.6 26.8 18.3
Sown

2012-

13

Very 0.23 62 83 71.5 0.09 6.4 15.6 9.7 0.31 31.0 57.6 40.9 0.07 17.2 22.6 19.1 0.09 22.6 29.2 25.4 0.15 10.0 23.6 17.4
late

sown

2010-

11

Very 0.25 64 85 74.8 0.08 6.0 12.6 85 0.28 26.1 51.8 38.8 0.03 18.6 21.3 19.9 0.03 22.5 25.5 24.1 0.15 84 23.0 15.5
late

sown

2011-

12

Very 0.23 55 75 67.6 0.07 4.8 12.8 8.2 0.30 22.0 57.6 46.5 0.04 20.0 23.4 21.6 0.05 22.0 27.2 25.2 0.15 6.0 19.2 125
late

sown

2012-

13

Min; Minimum; Max; Maximum
Table 4: Descriptive statistics of grain yield and yield contributing components of 102 genotypes in

six test environments under terminal heat stress conditions

AMMI biplot placed genotypes G 39 (HI 8381), G 40 (HI 8498), G 63 (MACS 9), G 77 (N 59), G 82 (NIDW 295) and G 93 (Sarangpur
Local) on the IPCA zero line or close to the zero line and high mean yield suggested their suitability for grain yield under both late
and very late sown conditions. As the IPCA score is zero or near to zero, indicates that the GEl effect is less and are less effected by
the environment making these genotypes most adaptable, Whereas, genotypes G 37 (HG 110), G 44 (HI 8627), G 45 (HI 8638), G
55 (IWP 5013), G 69 (MACS 3125) and G 99 (WH 896) which are having high mean yield but with positive IPCA scores indicate that

these genotypes were adapted to specific environment for this traits (Figure 1A).
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Days to flowering

For days to flowering, AMMI biplot analysis between the mean values and the mean of IPCA scores (Figure 2A) indicated that there
is no much distinct behavior among the environments. IPCA1 for days to flowering accounted to 33.1% of G x E interaction and
5.4% of the total variation (Table 4). AMMI biplot placed genotypes G 50 (HI 8671), G 64 (MACS 1967), G 77 (N 59), G 82 (NIDW
295), G 83 (NP 4) and G 98 (VIJAY) on the IPC1 zero line or close to the zero line along with early flowering suggested their stability
across late sown conditions. Several genotypes like G 25 (GW 1114), G 30 (GW 1240), G 32 (GW 1245), G 56 (IWP 5070), G 60
(Karnataka Local), G 69 (MACS 3125) and G 92 (RAJ 6566) were found to be early flowering but were placed away from the IPCA1
zero line revealed that they adapted to specific environment.

Number of tillers per plant

AMMI biplot analysis for number of tillers (Figure 3A) indicated that late sown (2011-12) was the best environment for evaluation
of the genotypes. The environments plotted on the biplot showed their distinct behavior making the selection of high tillering
genotypes in this experiment justified. IPCA1 for number of tillers per plant accounted 36.1% of G x E interaction and 15.3% of the
total variation (Table 3). AMMI 1 biplot placed genotypes G 20 (DW 137), G 27 (GW 1170), G 28 (GW 1209), G 41 (HI 8550), G 47 (HI
8653), G 71 (Mandsour Local), G 77 (N 59), G 78 (N1 5759) G 84 (NP 404) on the IPC1 zero line or closed to the zero line and with
more number of tillers indicating their stability for late sown conditions. Whereas genotypes like G 1 (A 9-30-1), G 2 (A 206), G 7
(B 4446-WA), G 9 (Bansi Local), G 23 (GW 1), G 31 (GW 1244) and G 94 (Sawer Local) with more number of tillers found away from

the IPC1 zero line revealed that they adapted to specific environment for this traits.

Canopy temperature pre anthesis stage

IPC1 of AMMI biplot for canopy temperature at pre-anthesis stage accounted 44.0% of G x E interaction (Table 3). AMMI 1 biplots
placed genotypes G 42 (HI 8591), G 62 (LINE 1172), G 65 (MACS 2694), G 69 (MACS 3125) and G 76 (MPO 1215) on the IPC1
zero line or closed to the zero line suggesting their suitability for general adaptation. Whereas genotypes G 45 (HI 8638), G 72
(MEGHDOOT), G 74 (MPO 215), G 77 (N 59) and G 97 (VD 97-15) with low canopy temperature at pre anthesis and away from the

IPC1 zero line revealed that they adapted to specific environment (Figure 4A).

Canopy temperature at post anthesis stage

IPC1 of AMMI biplot for canopy temperature at post anthesis stage accounted 62.5% of G x E interaction and 33.1% of the total
variation (Table 3). AMMI 1 biplots placed genotypes G 48 (HI 8663), G 50 (HI 8671), G 53 (IWP 5004-1), G 67 (MACS 3061), G 69
(MASC 3125), G 82 (NIDW 295) and G 92 (RAJ 6566) on the IPC1 zero line or closed to the zero line suggesting their suitability for
general adaptation. Whereas genotypes like G 44 (HI 8627), G 52 (HI 8722), G 61 (Kathia 25), G 65 (MACS 2964), G 73 (Motia), G
74 (MPO 215), G 75 (MPO 1106) and G 77 (N 59) with low canopy temperature at post anthesis and away from the IPC1 zero line
revealed that they adapted to specific environment for this traits (Figure 5A).

1000 grain weight

IPCA1 of AMMI ANOVA for 1000 grain weight accounted for 33.6% of G x E interaction and 9.0% of the total variation (Table 3).
AMMII 1 biplots placed genotypes G 23 (GW 1), G 26 (GW 1139), G 27 (GW 1170), G 28 (GW 1209), G 53 (IWP 5004-1), G 77 (N 59),
G 88 (RAJ 1555) on the IPC1 zero line or closed to the zero line and with high 1000 grain weight showing their adaptability across
the various environments. Whereas genotypes G 35 (HD 4676), G 37 (HG 110), G 40 (HI 8498), G 43 (HI 8592), G 50 (HI 8671), G 78
(NI'5759), G 84 (NP 404), G 102 (V 21) with 1000 grain weight found away from the IPCA1 zero line revealed that they adapted to

specific environment for this traits (Figure 6A).

GGE biplot: Identification of stable genotype for grain yield and other traits

GGE biplots were generated to analyze the stability of grain yield and other yield contributing traits under pooled analysis of six
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environments (Figures 1B to 6B). For yield and yield contributing traits, principle component axes explained 57.11 to 80.61% of the
G + G x E interaction variation (days to flowering 80.61%; number of tillers per plant: 57.11%; canopy temperature pre-anthesis
and post-anthesis: 72.80% and 73.75% respectively; 1000 grain weight: 66.35% and grain yield per plant 70.67%). GGE biplots for
grain yield and other traits revealed that the environments under study behaved distinctly making the plotting of biplots justified.

Grain yield per plant

GGE biplot was also employed by using PCA 1 and PCA 2 to ascertain environmental variation and to interpret the genotype-
environment interactions, here PCA 1 score is 55.10 % and PAC 2 is 15.5 % (Figure 1B). The ideal test environment for the expression
of the trait under the study is depicted theoretically in the center of the concentric circles and characterized as fully representative
when it has zero distance from the horizontal axis and giving the maximum discrimination among the cultivar when its vector is the

longest. The environment late sown 2012-13 was most representative environment for grain yield per plant.

According to the GGE biplot, the ideal genotype must have a high PC1 value (high mean productivity) and a PC2 value near zero
(high stability). Based on the graphical interpretation, genotypes G 69 (MACS 3125) followed by G 99 (WH 896) and G 39 (HI 8381)
were found as most ideal genotype for grain yield per plant and G 51 (HI 8691) followed by G 55 (IWP 5013) and G 46 (HI 8645)
were of high yield but unstable for this trait.

Days to flowering

In the GGE biplot for days to flowering, PCA 1 score is 71.30 % and PAC 2 is 9.31 % (Figure 2B). The experimental data showed that
late sown 2012-13 which is close to the ideal environment was the best among six environments for testing days to flowering. Thus,
based on the graphical interpretation, genotypes G 56 (IWP 5070) followed by G 98 (VIJAY), G 68 (MACS 3063) were found to be
most ideal genotype as they are early flowering and stable, whereas G 58 (Jay) followed by G77 (N 59), G 63 (MACS 9) were also of
early flowering but unstable for this trait.

Number of tillers per plant

The biplot for number of tillers per plant showed the PCA 1 score as 30.36 % and PAC 2 as 26.75 % (Figure 3B). The very late sown
2011-12 appears to be the most representative environment for expression of this trait. As the ideal genotype will be stand near
to AEC (absolutely stable) in positive direction, the graphical interpretation shows genotypes viz.,G 84 (NP 404) followed by G 11
(Bijaga Red), G 12 (Bijaga Yellow) and G 28 (GW 1225) were found as most ideal genotype for number of tillers per plant and G 9
(Bansi Local) followed by G 2 (A 206), G 77 (N 59) and G 98 (Vijay) were of more number of tillers but unstable for this trait.

Canopy temperature pre and post anthesis stage

IPCA 1 score of biplot plotted for pre anthesis and post anthesis stages are 59.27 % & 58.01 % and IPAC 2 is 13.5 % & 15.74 %
respectively (Figures 4B and 5B). The late sown 2012-13 was most representative environment for canopy temperature at pre
anthesis, whereas late sown 2010-11 and very late sown 2010-11 were unstable. For canopy temperature at post anthesis late
sown 2010-11 was the most desirable environment. Based on the graphical interpretation, genotypes G 84 (NP 404) followed by
G 50 (HI1 8691), G 66 (MACS 2846) and G 62 (Line 1172) were found most ideal genotype for canopy temperature at pre-anthesis
stage and G 69 (MACS 3125) followed by G 96 (V 21/23) and G 73 (Motia) were having low canopy temperature but unstable for
this trait. For canopy temperature at post anthesis stage genotypes like G 45 (HI 8638) followed by G 48 (HI 8663) and G 43 (HI
8592) were found to be most ideal and stable, whereas G 42 (HI 8591) followed by G 69 (MACS 3125), G 44 (H1 8627) and G 47 (HI
8653) were unstable genotypes.

Thousand grain weight

The comparison biplot of 1000 grain weight showed the IPCA 1 score of 52.32 % & IPAC 2 of 14.03 % (Figure 5A). The environment

late sown 2012-13 was most representative environment. Based on the graphical interpretation, genotypes G 50 (HI 8671) followed
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by G 101 (MPO 1243) and G 32 (GW 1245) were found as most ideal genotype for 1000 grain weight and G 37 (HG 110) followed
by G 56 (IWP 5070), G 62 (Line 1172) and G 46 (HI 8645) were of more number of tillers but unstable for this trait.

Plot of Gen & Env IPCA 3 scores versus means
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Comparison of stability models

Two stability models were compared for their efficiency based on the yield and yield contributing traits under pooled analysis.
The best genotypes identified by both the stability models for the traits under study were almost similar.

The two stability models identified G 40 (HI 8498), G 63 (MACS 9), G 77 (N 59) and G 90 ( RAJ 6516) as most stable genotypes for
grain yield similarly G 69 (MACS 3125) and 99 (WH 896) were identified as high yield genotypes but suitable for specific conditions
under late heat stress.

For stability of days to flowering both AMMI and GGE biplots ranked G 50 (HI 8671), G 77 (N 59), G 82 (NIDW 295) and G 83 (NP
4) as best stable genotypes for early flowering time under for all the environments. Similarly G 56 (IWP 5070), G 60 (Karnataka
Local) and G 69 (MACS 3125) were also grouped by these both the model as high yielding genotypes but not very stable over the

environments.

Both AMMI and GGE bi plot analysis genotypes showed G 41 (HI 8550), G 47 (HI 8653), G 71 (Mandsour Local) and G 78 (NI 5759)
as best stable genotypes for high number of tillers under all the environments; in the same way the genotypes G 2 (A 206), G 7 (B
4448-WA), G9 (Bansi Local), G 23 (GW 1) and G 94 (Sawer Local) were also classified as genotypes having more number of tillers
per plant but unstable; for stable low canopy temperature under pre anthesis stage both model explains that the genotypes G 62
(Line 1172), G 65 (MACS 2694), G 67 (MACS 3061) and G 76 (MPO 1215 having low canopy temperature and were highly stable for
all the environments similarly, genotypes G 72 (MEGHDOOT), G 74 (MPO 215), G 77 (N 59) and G 97 (VD 97-15) were also of low
canopy temperature but unstable genotypes; Genotypes G 50 (HI 8671), G 67 (MACS 3061) and G 82 (NIDW 295) were grouped
for low canopy temperature and stable genotypes for all the environments under post anthesis stage of plant growth, similarly
genotypes G 44 (HI 8627), G 75 (MPO 1106) and G 77 (N 59) were also grouped for low canopy temperature under post anthesis
stage but suitable for specific environments. Stability of 1000 grain weight explained by both GGE and AMMI biplot ranked G 26
(GW 1139), G 27 (GW 1170), G 28 (GW 1209) and G 77 (N 59) as best stable genotypes for this trait and G 35 (HD 4676), G 78 (NI
5759) and G 84 (NP 404), are found to have high grain weight but least stable.

Over the years, genotypes G 39 (HI 8381), G 40 (H1 8498), G 63 (MACS9), G 77 (N 59), G 82 (NIDW 295) and G 93 (Sawer Local) were
the most stable genotypes for grain yield/plant and other contributing traits under study.

Durum wheat showed significant genetic variability for grain yield and yield contributing traits under wide range of environmental
conditions [30,31]. Extensive phenotyping of one hundred and two diverse genotypes selected from Indian Agricultural Research
Institute, Regional Station, Indore germplasm showed ample variability for traits under study in six environments along with
pooled conditions. High heritability coupled with genetic advance was exhibited by the traits also indicate that predominance of
additive gene action in the expression of these characters, and consequently greater chance of improving these traits through
simple selection. The heritability estimation is indicating the presence of positive response of durum wheat improvement
through selection of these traits because of their higher heritability [32-36]. The range of variation showed by the traits under
consideration suggested that the genes responsible for adaptation to wide range of environments under high temperature are
available within the durum wheat germplasm Genetic variability among durum wheat genotypes can be estimated based on
gualitative and quantitative traits. The choice of parents is of paramount importance in the breeding program. For effective
selection, information on nature and magnitude of variation in the population, an association of character with yield and among
themselves, and the extent of environmental influence on the expression of these characters are necessary and therefore grain
yield and the other traits could be improved through appropriate breeding strategies under terminal heat stress [37-39].

Combined AMMI-ANOVA

Stable performance of genotype for the target trait(s) is the key requirement in germplasm enhancement and wider adaptation for
cultivation. Present investigation revealed the presence of significant late sown environments for each trait under study. Significant
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proportions of G and G x E components to the total variation under terminal heat stress conditions which includes both late and
very late sown conditions suggested that selection approaches can be employed in the breeding programme for improvement of
yield and other yield contributing traits simultaneously. Significant level of G x E interaction for grain yield and other traits were
also reported by [28, 40-44].

Stability analysis for grain yield and other trait by AMMI biplot analysis

Biplot is the most powerful interpretive tool for AAMI model. We plotted a biplot where the main effects (genotype mean and
environment mean) and IPCA scores of both environments and genotypes are plotted against each other. 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. AMMI biplot presenting both mean grain yield and stability were used to identify the best performing and
highly adaptable genotypes across all the environments. The AMMI biplot showed that the six environments performed distinctly
different for all the traits under consideration except for days to flowering, depicting the range of expression for a particular trait.
The late sown 2011-12 is found to be the best environment for expression of most of the traits in the experiment. The AMMI biplot
analysis identified the genotypes G77 (N 59) and G 82 (NIDW 295) as the most stable genotypes for grain yield and other traits
under all the environments.

GGE biplot: Identification of stable genotype for grain yield and other traits

The late sown 2012-13 is found to be the best environment for expression of most of the traits in the experiment. The GGE
biplot analysis identified the genotypes G 39 (HI 8381) as the most stable genotypes for grain yield and other traits under all the
environments.

AMMI and GGE were found highly correlated for stability of all the traits. The stable genotypes ranked stable by both GGE and
AMMI models suggested that both GGE and AMMI models are equally effective when contribution of environment variation is
higher than the total variation. Over the years, genotypes G 39 (HI 8381), G 40 (HI 8498), G 63 (MACS 9), G 77 (N 59), G 82 (NIDW
295) and G 93 (Sawer Local) were the most stable genotypes for grain yield/plant and other contributing traits under study by both
the models. Advantage of AMMI and GGE models were also reported in other cereal crops including wheat [45] and maize [46].
Similar to this research, [47,48] also identified the high responsive genotype of wheat in heat-stressed environment using which
-won-where model of GGE biplot; and noted the vertex genotype as wining genotype in the corresponding environment. Also, [49]
were able to identify high-yielding and specifically adapted variety to a specific environment deploying which-won-where model.
Similar, findings were mentioned by [50,51]. Similar observation of stable genotypes was observed using Average Environment
(tester) Coordinate methods by [44,52-54].

The discriminativeness vs representativeness view of GGE biplot allows evaluation of environment that is advantageous over
AMMI biplot [55, 56]. Similarly, it also helps to find the environment capable of selecting superior genotypes in an efficient way.
Discriminative vs. Representative GGE biplot has already been used by [57-61] to compare the discriminating ability and desirability
of the environments.

This study indicates that the GGE and AMMI1 biplots are useful techniques that were able to effectively detect the existence of a
significant amount of GE interaction between 102 durum wheat genotypes across six environments. Both models revealed that G
39 (HI1 8381), G 40 (HI 8498), G 63 (MACS 9), G 77 (N 59), G 82 (NIDW 295) and G 93 (Sawer Local) were the most stable genotypes
for grain yield/plant and other contributing traits indicating that they have the potential to increase durum wheat productivity
under terminal heat stress and therefore are recommended for utilization in further breeding programmes and development of
heat tolerant durum wheat varieties.
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