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ABSTRACT 

Fourteen promising durum wheat lines, representing the elite durum 
germplasm for rainfed conditions, along with three check cultivars were 
assessed under drought and irrigated conditions for three growing 
seasons. The main objectives were to (i) evaluate the agronomic 
performance of durum wheat genotypes under different moisture stress 
conditions (mild, moderate, severe) and (ii) investigate the traits 
significantly contributing to drought tolerance. Combined ANOVA across 
environments for grain yield and the traits studied showed significant 
differences (P < 0.01) for genotype, year, moisture condition, year × 
moisture condition, genotype × year, and genotype × moisture condition 
interactions. There were differences in trait associations across the years 
and moisture conditions showing that the traits were significantly affected 
by the year and moisture conditions effects. Heading date, plant height, 
spike length and SPAD-reading with low ratio of σ2

ge/σ2
g showed a high 

value for heritability. Genotypes showed specific adaptation to different 
environmental condition as supported by significant (P < 0.01) for 
genotype × moisture condition interaction. Heading date, peduncle 
extrusion, plant height, days to maturity and 1000-kernel weight with 
lower genotype × moisture interaction than grain yield, were the traits 
contributing the most to drought tolerance. It is concluded that these traits 
could aid in the selection of durum wheat subject to moderate and severe 
stress, particularly in early generations. Under severe water stress 
condition, earliness to heading was an important drought escape 
mechanism, but inherent drought tolerance could be inferred from 
responses of a few genotypes. To determine effects of GE interaction on 
grain yield, data were subjected to GGE biplot analysis, which identified 
breeding lines G16, G12, G15 and G10 as the most stable and high yielding 
genotypes across different moisture stress conditions that can be used in 
convergent durum breeding program to develop drought tolerant 
varieties. The breeding lines which out-yielded the check cultivars are the 
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stand out as the best promising germplasm but present different sets of 
favorable traits under stressed or favorable conditions. 

KEYWORDS: durum wheat; drought stress; agro-physiological traits; 
heritability; genotype × moisture conditions 

INTRODUCTION 

Wheat is one of the major cereal crops in the world and provides about 
20% of the calories of the world’s population [1]. Durum wheat (Triticum 
turgidum L. var. durum) represents for less than 10% of total wheat 
production [2], playing an important role in food security for urban 
populations in small geographical areas [3]. Drought stressed regions, 
including in Iran, are defined as those mega-environments (MEs), where 
water availability, mainly through precipitation, is less than 500 mm [4].  

An increase in weather extremes has been recorded in recent years [5]. 
Climate change scenarios in Mediterranean environments predict less 
rainfall over the next 100 years, predicting higher frequencies of severe 
droughts; thus, the development of drought-tolerant cultivars is essential 
for maintaining high and stable productivity. Genetic variability in 
germplasm collections is important for generating improved varieties 
with desired characteristics that help to increase crop productivity that 
can improve food supplies, employment and incomes and thus enable 
adequate nutrition [6,7].  

Although physiological traits regulate the uptake, use, and distribution 
of resources such as carbon, water, and nutrients and finally determine 
growth and reproduction [8], yield is used as the main criterion in the 
selection of wheat varieties for dry Mediterranean environments. It has 
been proposed that selection of genotypes using yield assisted by 
morphological and physiological traits associated with yield under the 
drought stress is more efficient in selecting high yielding genotypes for dry 
environments [9].  

Investigations on drought tolerance variation were extensively 
reviewed and reported in wheat [10,11]. The relative extent of specific 
adaptation to drought-prone and moisture-favorable conditions as 
indicated by the size of the relevant genotype × environment (GE) 
interaction can help to define adaptation targets and selection 
environments for crop breeding. Knowledge of traits associated with 
drought tolerance would be useful for developing breeding materials for 
target environments. Efforts have been made to enhance the efficiency of 
selection for drought-tolerant genotypes based on yield and specific 
physiological traits [10].  

Several studies have addressed yield under drought stress as a function 
of single physiological traits in attempts to understand which metabolic 
processes and/or morphological traits are crucial in ensuring high yield 
performance under a wide range of environments [10,12,13]. In a study 
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conducted with durum wheat, Mohammadi et al. [14] demonstrated how 
yielding capacity is related to an environment-related agro-physiological 
trait such as canopy temperature, SPAD reading, plant height, flag-leaf 
length and heading date, which suggests that these traits could be useful 
for screening durum wheat genotypes for drought tolerance.  

A good plant breeding program has to take into consideration the 
influence of the genotype × environment (GE) interactions and the 
correlations of important traits. This is because the growing areas are now 
located worldwide while the breeding is still done in temperate regions. 
The main purpose of multi-environment trials (METs) is to observe 
stability of genotypes across the environments, the identification of 
superior genotypes and of the location that best represents the target 
environment for production. 

The objectives of this study were to: (i) evaluate the genetic variation 
and heritability of the most relevant agro-physiological characteristics of 
new durum wheat breeding lines and check cultivars, (ii) identify traits 
contributing to drought tolerance in the genetic materials and (iii) identify 
durum wheat genotypes with high and stable yield across different 
moisture stress conditions. 

MATERIALS AND METHODS 

The experiments were conducted at the Dryland Agricultural Research 
Institute (DARI) Sararood station, Kermanshah, Iran (34°19′ N; 47°17′ E; 
1351 m a.s.l.) that represent areas with moderate cold conditions. This 
research station is located in the west of Iran with annual month averages 
of minimum and maximum temperature of −15 and 45 °C, respectively, 
and 60–100 days of freezing temperatures annually. The average long-
term annual precipitation is estimated to 425 mm. The soil at the station is 
clay loam.  

The study included 17 wheat genotypes consisting of one modern 
durum cultivar (G1; Saji), one old durum variety (G2; Zardak), one old 
bread wheat variety (G3; Sardari) as check genotypes and 14 promising 
durum breeding lines (G4–G17) selected, based on agronomic 
performance, from the national durum wheat breeding program of Iran. 
Among the check genotypes, Sardari is a local bread wheat genotype 
which has been grown on a large scale in rainfed cold and moderate cold 
regions for 40 years in Iran. Similarly, Zardak landrace is a local durum 
old variety with very limited cultivation area in the past. The modern 
durum cultivar (Saji) is an outstanding durum wheat cultivar, released by 
the DARI, for rainfed and supplemental irrigation conditions in moderate 
cold and warm regions of Iran, and is well appreciated by farmers. It is a 
high yielding cultivar with stable performance and tolerant to drought, 
high pasta quality, and resistance to lodging and leaf diseases.  

To evaluate the genotypes for drought tolerance under dryland 
conditions, we carried out two field experiments under rainfed (Ys) and 
supplemental irrigation (Yp) conditions during three cropping seasons of 
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2011–2012, 2012–2013 and 2013–2014. Irrigated experiments received two 
irrigations, each with 25 mm using sprinkler system, at anthesis to mid-
grain filling period, to mitigate terminal drought stress in the study. 

At each cropping season, experimental layout was a randomized 
complete block design with three replications. Plot size was 7.2 m2 (6 rows, 
6 m long and 0.2 m row spacing). Fertilizer rate was 50 kg·N·ha−1 and 50 kg 
P2O5 ha−1 applied at planting. Recommended management practices for 
each trial were followed in all the experiments.  

The morpho-physiological traits data were recorded on randomly 
selected five representative plants in all the genotypes in each replication. 
The SPAD reading was recorded for three flag leaves in each plot by the 
SPAD chlorophyll meter (Minolta Co. Ltd., Tokyo, Japan). The recording of 
observations for morphological traits included: plant height (PH), 
peduncle length (PL), peduncle extrusion (PE), flag-leaf length (FL), spike 
length (SL), days to heading (DH), days to maturity (DM), grain yield (YLD), 
1000-kernel weight (TKW) and number of gain per spike (NGPS). Heading 
date was recorded as the number of days from the emergence to the time 
when the spikes of about 50% of the tillers had emerged from the flag leaf 
sheaths for approximately half of their length. Days to maturity was 
recorded when ~50% of the plants in a plot had yellow leaves. The plant 
height (distance from the ground to the tip of the spike), peduncle length 
(distance from upper node to the basal node of spike), peduncle extrusion 
length (distance from insertion of flag leaf blade to basal node of spike), 
flag leaf length (distance from base to tip of the flag leaf blade), spike 
length (distance from the base to the end of spike) and NGPS (The number 
of grains per spike) were measured based on five randomly samples for 
each genotype at physiological maturity. After harvest, the TKW was 
recorded based on weight of 1000 grains for each genotype. The plot yields 
were converted to productivity per hectare (kg·ha−1) and subjected to 
statistical analyses.  

A combined analysis of variance (ANOVA) for the grain yield data and 
other studied traits were performed using MSTAT-C software (Michigan 
State University, Michigan, USA) to determine the effects of year, moisture 
condition, genotype, and all possible interactions between these factors. 
The effects of moisture condition and genotypes were considered as fixed 
effects, and years and replications were considered as random effects. 

The broad-sense heritabilities were calculated for each trait in single 
and across environments using the following equation [15]: 

𝐻𝐻𝑏𝑏2 = 𝜎𝜎𝑔𝑔2/(𝜎𝜎𝑔𝑔2 +
𝜎𝜎𝑔𝑔𝑔𝑔2

𝑒𝑒 +  
𝜎𝜎𝑔𝑔2

𝑟𝑟𝑒𝑒) (1) 

where 𝜎𝜎𝑔𝑔2  = genotypic variance, 𝜎𝜎𝑔𝑔𝑔𝑔2  = GE interaction variance, 𝜎𝜎𝑔𝑔2  = 
environmental variance, r = number of replications, and e = number of 
environments.  

A drought stress tolerance index (STI), which combines the relative 
performance of a genotype under drought with its potential yield under 
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irrigated conditions, was estimated for each genotype according to 
Fernandez [16],  

STI = �
YS
YS
��

YI
YI
��

YS
YS
� = �

YSYI
YI
2 � (2) 

where YS and YI are the genotype mean yield under drought and irrigation 
conditions, respectively, and YS and YI are the mean yield of all genotypes 
growing under drought and irrigated conditions, respectively. STI was 
calculated only for grain yield and a cut-off value of STI to determine the 
tolerant from susceptible lines to drought stress was applied.  

To assess how much each trait contributed to drought tolerance, 
multiple linear regressions of the traits, with STI as the dependent variable, 
were performed for each level of drought stress conditions. Pearson 
correlation coefficients between the phenotypic traits were calculated per 
environment and over the environments to give a measure of the strength 
of linear association and a cluster and discriminate analyses using SPSS 
software (Ver., 21).  

To determine the effects of GE interaction on grain yield and other 
studied traits the genotype plus genotype × environments interaction (GGE) 
biplot and the genotype by trait (GT) biplot, which graphically display 
genotype by environment data and genotype by trait data, respectively, 
were applied to facilitate genotype evaluation on the basis of MET data 
and multiple traits [17–19]. The GGE and GT biplots analysis were done 
using GenStat 15th edition (VSN International, Ltd, Hemel Hempstead, UK). 

RESULTS  

The amount and distribution of rainfall differed from year to year 
(Supplementary Figure S1), which caused contrasting growing conditions 
and therefore a range of yield potentialities under rainfed conditions. 
Rainfall distribution pattern considerably varied among years, and 
genotypes were exposed to different levels of drought stress. The growing 
conditions were characterized by lower rainfall (302.9, 394.3 and 401.3 
mm, in 2011–2012, 2012–2013 and 2013–2014 seasons, respectively) when 
compared with the long-term average rainfall (425 mm). Significant 
variation in average temperature was also observed among cropping 
seasons, in which the winter 2012–2013 season was considerably warmer 
than the other two seasons. In the three cropping seasons, drought and 
high temperature are key stress factors during the post-heading (i.e., 
during anthesis and grain-filling stages of growth), with high potential 
impact on crop yield. This phenomenon often shortened grain filling 
period, reducing grain weight and consequently grain yield in wheat 
experiments under rainfed conditions of Iran.  

Pearson correlation coefficients were calculated between grain yields 
and monthly and overall rainfall and average temperatures across three 
cropping seasons to give a better picture about the effect of monthly 
distribution of rainfall as well as temperature on crop productivity (Table 

 
Crop Breed Genet Genom. 2021;3(1):e210002. https://doi.org/10.20900/cbgg20210002 



 
Crop Breeding, Genetics and Genomics 6 of 25 

1). The total rainfall under Mediterranean condition was not significantly 
correlated to yield (r = −0.16), as can be supported by the same total rainfall 
of 2012–2013 and 2013–2014 seasons (394.3 and 401.3 mm, respectively), 
but with remarkable difference in mean productivity (897 vs 3175 kg/ha). 
Rainfall in February, March and April was positively correlated with crop 
productivity, while the rainfall in these months was the least in 2012–2013 
in compared to those in the other seasons (Supplementary Figure S1). The 
wheat growth stages of tillering and stem elongation generally coincided 
with the period from February to April. The low rainfall in February also 
coincided with a remarkable rise of temperature in 2012–2013. The low 
rainfall and high temperature in 2012–2013 caused a severe drought stress 
condition for crop growth leading to a remarkable loss in productivity.  

Table 1. Correlation coefficients between mean yield (YLD) and monthly and total rainfall and average 
temperature across three cropping seasons (2011–2014). 

  OCT NOV DEC JAN FEB MAR APR MAY JUN Total 
YLD with 
Rainfall 

−0.094 −0.511 0.115 −0.737 0.561 0.862 0.597 −0.948 0.221 −0.160 

YLD with 
Temperature 

−0.948 −0.461 −0.98 −0.942 −0.942 −0.308 0.997 0.883 0.276 −0.857 

Combined ANOVA across years and moisture levels of all the studied 
traits revealed significant effects (P < 0.01) for the year (except for NGPS 
and SPAD reading), moisture condition (except for PH and SL), year × 
moisture condition (except for SPAD reading), genotype (except for TKW), 
genotype × year interaction (except for TKW, NGPS, PH, FL, and SPAD 
reading), and genotype × moisture condition (except for TKW and FL) 
(Table 2). The relative magnitudes of different sources of variation varied 
greatly, as indicated by the variance components expressed as percentages 
of total variation. For example, 40.3% of the total variation in grain yield 
was explained by differences in moisture condition, 16.5% by differences 
among years, 14.2% explained by year × moisture condition, 4.6% by 
genotype × year interaction, 2.6% by genotype × moisture condition, 1.9% 
by genotype, 1.9% by genotype × year × moisture condition, and the 
remaining variation was attributed to error.
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Table 2. Combined analysis of variance for 16 durum and one bread wheat genotypes tested in three years (2011–2014) and two different moisture conditions. 

Source df YLD TKW NGPS PH SL PL PE FL SPAD DH DM 
Year (Y) 2 37,409,549.5 ** 620.3 ** 147.0 ns 2839.6 ** 75.4 ** 2700.4 ** 1636.4 ** 214.2 ** 10.3 ns 547.6 ** 9945.4 ** 
Moisture  
condition (M)  

1 183,394,664.1 ** 17,820.8 ** 4620.0 ** 235.1 ns 0.0 ns 447.4 ** 202.1 ** 65.7 ** 200.3 ** 544.0 ** 712.7 ** 

Y × (M) 2 32,344,277.5 ** 1152.1 ** 379.6 ** 2952.4 ** 0.6 ns 1073.2 ** 445.8 ** 44.9 ** 15.5 ns 348.7 ** 669.9 ** 
Block/(Y × M) 12 1,764,437.1 79.7 100.3 106.0 1.0 36.2 35.4 7.8 10.2 24.2 1.9 
Genotype (G) 16 548,037.3 ** 40.6 ns 239.4 ** 529.2 ** 6.3 ** 99.9 ** 75.8 ** 27.0 ** 119.2 ** 51.5 ** 14.1 ** 
G × Y 32 660,756.5 ** 40.6 ns 25.9 ns 46.3 ns 1.0 ** 23.9 * 14.8 * 3.4 ns 9.2 ns 9.2 ** 4.1 ** 
G × M 16 744,194.5 ** 45.8 ns 105.8 ** 61.1 ** 0.7 * 23.1 * 10.5 * 3.2 ns 24.6* 3.5 ** 7.0 ** 
G × Y × M 32 264,857.5 ns 25.9 ns 25.8 ns 54.4 * 0.4 ns 30.1 * 18.2 * 4.9 ns 5.5 ns 1.2 ** 4.9 ** 
Error 192 314,657.4 39.7 35.3 28.9 0.375 14.9 10.2 3.4 10.8 0.604 0.988 
Total 305            

CV%  18.9% 17.7% 18.7% 8.0% 9.4% 13.1% 24.8% 11.9% 6.3% 0.4% 0.5% 
H2b  0.43 0.32 0.76 0.89 0.88 0.74 0.77 0.78 0.84 0.96 0.83 

*, ** significant at 5% and 1% level of probability, respectively; ns: non-significant; 

YLD: grain yield; TKW: 1000-kernel weight; NGPS: number of grains per spike; PH: plant height; SL: spike length; PL: peduncle length; PE: peduncle extrusion; FL: flag-leaf 

length; SPAD: Chlorophyll content or SPAD-reading; DH: days to heading; DM: days to maturity. 

Table 3. Codes, name/pedigree and geographic origin of 16 durum and one bread wheat genotypes, and mean yields and drought tolerance index (STI) for grain 
yield of genotypes under two moisture conditions (rainfed; irrigated) across three cropping seasons.  

Genotype 2011–2012 2012–2013 2013–2014 

Code Name Origin  Ys * Yi STI Ys Yi STI Ys Yi STI 

G1 Saji (check) Iran 2432 c 3594 c 0.61 1238 c 3638 c 0.33 3153 c 3770 c 0.85 
G2 Zardak (check) Iran 2057 c 2812 c 0.40 1488 c 2845 c 0.31 3442 a 3648 c 0.90 
G3 Sardari (check) Iran 2228 c 2649 c 0.41 1183 c 3276 c 0.29 3949 a 3904 c 1.10 
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Table 3. Cont. 

Genotype  2011–2012 2012–2013 2013–2014 

Code Name Origin Ys * Yi STI Ys Yi STI Ys Yi STI 
G4 TOPDY_18/FOCHA_1//ALTAR 

84/3/AJAIA_12/F3LOCAL 
(SEL.ETHIO.135.85)//PLATA_ 
13/4/SOMAT_3/GREEN_22 

CIMMYT 2347 c 3108 c 0.51 724 e 3174 c 0.17 3361 c 4083 c 0.98 

G5 RASCON_37/4/MAGH72/ 
RUFO//ALG86/RU/3/PLATA_16/5/ 
PORTO_3*2/6/ARMENT//SRN_3/ 
NIGRIS_4/3/CANELO_9.1 

CIMMYT 1701 e 3694 c 0.44 793 e 2931 c 0.17 3008 c 4169 c 0.90 

G6 M84859 Iran 2457 c 2616 c 0.45 781 e 3421 c 0.20 2914 c 3434 c 0.72 
G7 M141979 Iran 2458 c 3952 c 0.68 1110 c 2914 c 0.24 3053 c 3675 c 0.80 
G8 M141982 Iran 2747 c 3602 c 0.69 940 d 3981 c 0.28 3106 c 3166 c 0.70 
G9 M141994 Iran 2893 c 4050 c 0.82 414 e 4514 c 0.14 3189 c 3910 c 0.89 
G10 M141995 Iran 2478 c 4052 c 0.70 602 e 3769 c 0.17 3764b 3829 cc 1.03 
G11 M142005 Iran 2714 c 3429 c 0.65 1190 c 3557 c 0.31 2939 c 3607 c 0.76 
G12 M142017 Iran 2767 c 4355 c 0.84 636 e 4505 c 0.21 2758 c 3881 c 0.77 
G13 M142025 Iran 2518 c 4540 c 0.80 1324 c 3776 c 0.37 3369 c 3559 c 0.86 
G14 M142038 Iran 2616 c 3879 c 0.71 931 cd 4164 c 0.29 2631 c 3329 c 0.63 
G15 M142045 Iran 2524 c 4434 c 0.78 826 e 3967 c 0.24 3541b 3803 cc 0.96 
G16 M142069 Iran 2786 c 4584 c 0.89 550 e 4452 c 0.18 3233 c 4019 c 0.93 
G17 M142070 Iran 2534 c 5103 b 0.90 526 e 3567 c 0.14 2567 c 3768 c 0.69 
Mean   2486 3791 0.66 897 3674 0.24 3175 3739 0.85 
LSD (P < 0.05%)  523.3 1316 

 
297.1 996.2 

 
525 1065 

 

Stress intensity (SI)  0.34 0.76 0.15 
* Means followed the same letter are not significantly different from each other; c indicates no difference with the check; b and a indicate superiority to the check at 5% and 1% 

level of probability, respectively; and d and e indicate inferiority to the check at 5% and 1% level of probability, respectively. 

Ys: yield under stress condition; Yi: yield under supplemental irrigation condition; STI: drought stress tolerance index.  
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The coefficient of variation (CV) for the investigated traits across 
environments varied between 0.4% (corresponding to heading date) to 
24.8% (corresponding to peduncle extrusion) (Supplementary Table S1). 
The CV for grain yield (18.9%), NGPS (18.7%) and TKW (17.7%) were 
slightly higher than for the other studied traits. The heritabilities for grain 
yield and studied traits varied between 0.32 (corresponding to TKW) to 
0.96 (corresponding to heading date) across the environments (Table 3). 
The heritability of grain yield over the environments was relatively low 
(H2b = 46.8%) indicating the influence of environment on grain yield. For 
other traits, the heritabilities were high indicating that selection can be 
efficient at any of the environments. Thus, these traits can be confirmed 
at the breeding site. High estimates of heritabilities observed for heading 
date and other traits i.e., PH, SL, SPAD-reading and DM were an indicator 
that these traits have a strong genetic component with not much 
environmental influence. Thus, these high heritabilities make a good basis 
for further genetic analysis. The analysis of variance components showed 
that these traits had a considerably higher genetic variance component 
than the GE interaction component, with the low ratio of σ2

ge/σ2
g indicating 

that there is only a very small contribution of the interaction for these 
traits. 

Descriptive statistics such as mean, range, standard error, CV and H2b 
for grain yield and the morpho-physiological characteristics of the 17 
tested genotypes in each environment are presented in Table 2. The mean 
± SE (standard error) of heading date for genotypes varied between 172 ± 
0.69 and 180 ± 0.38 days over the environments. The CV values varied 
between 1% and 2%, while heritabilities ranged from 0.88 (correspond to 
environment Y2_RF, severe condition) to 0.99 (correspond to environment 
Y1_RF). 

The mean values of days to maturity for genotypes varied between 202 
± 0.55 (environment Y1_RF) and 227 ± 0.29 (environment Y2_RF). The CV 
values for days to maturity varied between 1% and 2% among 
environments and the heritabilities were between 0.28 (environment 
Y2_IR) and 0.96 (environment Y1_IR). The mean of SPAD reading for 
genotypes were comparable at 50.9 ± 0.92 (corresponding to environment 
Y2_RF) to 53.3 ± 0.84 (corresponding to environment Y2_IR), but the 
heritabilities varied from 0.52 at environment Y3_IR to 0.81 at 
environment Y1_RF. The CV values for SPAD reading varied between 5% 
and 8% among environments. The mean of flag-leaf length across 
environments ranged from 13.7 ± 0.40 (environment Y2_RF) and 17.4 ± 0.46 
cm (environment Y3_RF). Heritability estimates among the environments 
for flag-leaf length ranged from 0.13 (environment Y2_RF) to 0.73 
(environment Y1_IR) and the CVs varied from 9% to 18% among 
environments.  

The mean of peduncle extrusion was the least (7.8 ± 0.61 cm) at severely 
stressed condition (environment Y2_RF) and was the highest (19.1 ± 0.95 
cm) at environment Y3_RF. High variation was observed for heritability of 
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peduncle extrusion across environments and varied between 0.1 and 0.85 
and the CV values ranged from 16% to 33% across environments. The 
mean of peduncle length for genotypes was between 21.3 ± 0.87 at 
environment Y2_RF and 37.5 ± 1.29 at environment Y3_RF. The estimates 
of heritability for peduncle length were between 0.15 and 0.88 among 
environments and the CV values ranged from 9% to 23%. The mean values 
for spike length varied between 5.7 ± 0.12 cm (environment Y3_RF) to 7.5 
± 0.15 cm (environment Y1_RF) across environments. The highest 
heritability (H2b = 0.91) for spike length was observed at Y2_IR and the 
lowest value (H2b = 0.34) was at environment Y3_RF. The CV values for 
spike length were between 7% and 12% across environments. 

The mean value of plant height was the least (56.7 ± 1.58 cm) at severe 
condition (environment Y2_RF) and the highest (76.2 ± 2.10) at 
environment Y3_RF. The heritability estimates among the environments 
varied between 0.49 and 0.93, while CV values were between 5-11% across 
environments.  

The mean of NGPS varied from 27.1 ± 1.15 at severe condition 
(environment Y2_RF) to 38.4 ± 1.44 at environment Y2_IR. The highest 
heritability (H2b = 0.76) for NGPS was observed at environment Y1_IR and 
the least one (H2b = 0.05) was found at Y1_RF, while CV values for NGPS 
ranged from 13% to 30% across environments. The mean of TKW values 
ranged between 24.0 ± 0.85 g at severe condition (environment Y2_RF) to 
43.8 ± 0.84 g at Y1_IR. The highest heritability (H2b = 0.55) for TKW was 
observed at environment Y1_RF and the lowest (H2b = 0.12) was at Y1_IR, 
and the CV values for TKW were between 9% and 38% across 
environments.  

The mean yields of genotypes varied between 897.5 ± 81.6 kg/ha under 
severe water stress (environment Y2_RF) and 3791.3 ± 186.5 kg/ha 
(correspond to environment Y1_IR) among environments. The highest 
heritability (H2b = 0.89) for yield was observed at environment Y2_RF and 
the lowest (H2b = 0.19) was observed at environment Y3_IR. The CV values 
for grain yield ranged from 12% to 23% across environments.  

Genotypes differed for grain yield (P < 0.01) under both moisture 
conditions. Grain yields of individual genotypes at each moisture 
condition are presented in Table 3, showing high genotypes rank changes 
across environments. Under moderate drought stress condition (2011–
2012), genotypes G9, G12, G16 and G17, were performing well in both 
conditions, whereas G2, G3, G5 and G6 were consistently low yielding. In a 
few cases, specific adaptation responses led to significant (P < 0.01) 
genotype × moisture condition interaction of crossover type according to 
LSD based paired comparisons within conditions. An example for such 
interaction was shown by G9, G12 and G16, top-yielding genotypes under 
favorable conditions (Table 3). Also, the modern check cultivar (Saji) was 
out-yielded by the breeding lines G8, G9, G11, G12, G13, G14, G15, G16 and 
G17. These breeding lines with high STI values were found to be most 
tolerant to moderate drought stressed conditions. Under severe drought 
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condition (2012–2013) the modern check cultivar was out-yielded only by 
the breeding line G13, a top yielding genotype under both rainfed and 
irrigated conditions, resulting in high tolerance to severe drought 
condition. Under mild drought stress condition (2013–2014), the genotypes 
superior to the modern check cultivar, were G3, G9, G10 and G15 under 
both moisture conditions. These genotypes with high drought tolerance 
were better adapted to mild drought conditions.  

The breeding lines G9, G10, G12, G13, G15, G16 and G17 were among the 
most tolerant genotypes according to the STI (Table 3) and their high index 
values is explained by high yield potential under both moisture conditions. 
The breeding line G13 featured the high index value under severe 
condition while other mentioned genotypes were more tolerant to mild or 
moderate stress conditions (Table 3). The crop performance and morpho-
physiological characteristics were better in favorable condition than 
under stressed condition (Supplementary Table S2). Some drought-
susceptible lines nearly failed to produce grain yield under stress, where 
the best-yielding genotype displayed over three-fold higher grain yield 
than the worst one (Table 3). 

Pearson correlation coefficients between STI, grain yield and other 
morpho-physiological traits for all levels of drought stress conditions are 
given in Table 4. All yields under drought and irrigated (data not presented) 
conditions were associated with STI (P < 0.01) in all levels of stress, but not 
all the traits were associated with STI. Under moderate drought stress 
condition, heading date was negatively correlated with STI, while SPAD-
reading and peduncle extrusion were positively associated (P < 0.05) with 
STI. In contrast, under severe drought stress condition, heading date was 
the only trait associated (P < 0.05) with STI. Heading date also was the only 
trait that had the highest correlation with STI and yield under mild 
drought condition (Table 4). The heading date was most correlated with 
drought tolerance across different levels of drought stress conditions. 
Heading date, in addition to yield, were negatively correlated (P < 0.01) 
with peduncle extrusion, peduncle length and TKW (P < 0.05), showing that 
the genotypes early in heading tend to have high peduncle length and high 
grain weight under drought condition (Table 4). However, a moderately 
negative correlation was observed between STI and heading date across 
conditions (P < 0.05), confirming that stress escape via earlier heading 
contributed to greater drought tolerance in the genotypes. 
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Table 4. Correlation coefficients among agro-physiological characteristics of 16 durum and one bread wheat genotypes under rainfed condition with STI for 
each levels of drought stress conditions. 

Traits  STI DH DM SPAD FL PE PL SL PH NGPS TKW 
2011–2012 (Moderate stress) 
DH −0.514 *                     
DM −0.183 0.415                   
SPAD 0.583 * −0.312 −0.004                 
FL 0.465 −0.250 0.207 0.262               
PE 0.536 * −0.807 ** −0.369 0.238 0.187             
PL 0.382 −0.738 ** −0.520 * 0.098 0.104 0.931 **           
SL −0.115 0.194 0.003 −0.090 −0.408 −0.113 −0.198         
PH −0.179 −0.453 −0.496 * −0.426 −0.206 0.611 ** 0.779 ** −0.104       
NGPS 0.142 −0.235 0.323 0.588 * 0.494 * 0.047 −0.066 −0.278 −0.360     
TKW 0.160 −0.518 * 0.097 −0.309 0.168 0.602 * 0.605 * −0.177 0.632 ** −0.122   
YLD 0.754 ** −0.566 * −0.475 0.384 0.222 0.698 ** 0.669 ** −0.110 0.260 −0.131 0.340 
2012–2013 (Severe stress) 

 STI DH DM SPAD FL PE PL SL PH NGPS TKW 
DH −0.564 *                     
DM −0.422 0.259                   
SPAD 0.093 −0.155 0.400                 
FL −0.013 −0.032 −0.431 −0.350               
PE −0.056 0.019 −0.493 * −0.266 0.657 **             
PL 0.042 0.071 −0.619 ** −0.214 0.746 ** 0.859 **           
SL 0.329 −0.030 −0.421 −0.354 0.005 0.129 0.097         
PH 0.255 −0.272 −0.539 * −0.423 0.230 0.533 * 0.432 0.603 *       
NGPS 0.239 −0.154 −0.349 0.235 0.579 * 0.455 0.624 ** −0.143 0.072     
TKW −0.157 0.365 −0.211 −0.204 0.510 * 0.720 ** 0.601 * 0.089 0.204 0.499 *   
YLD 0.904 ** −0.458 −0.360 0.077 0.106 0.044 0.098 0.440 0.372 0.354 0.016 
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Table 4. Cont. 

Traits  STI DH DM SPAD FL PE PL SL PH NGPS TKW 
2013–2014 (Mild stress) 

 STI DH DM SPAD FL PE PL SL PH NGPS TKW 
DH 0.415                     
DM 0.058 0.283                   
SPAD −0.080 −0.043 0.104                 
FL −0.085 −0.111 0.224 0.039               
PE −0.194 −0.764 ** −0.345 0.093 0.092             
PL −0.033 −0.633 ** −0.370 −0.128 0.117 0.929 **           
SL 0.001 0.323 0.031 −0.297 −0.094 −0.434 −0.456         
PH 0.272 −0.172 −0.478 −0.649 ** −0.116 0.451 0.610 ** 0.040       
NGPS −0.139 −0.445 0.214 0.466 0.101 0.174 0.075 −0.276 −0.368     
TKW −0.049 0.327 0.011 −0.078 0.305 −0.165 −0.177 0.294 −0.046 −0.765 **   
YLD 0.902 ** 0.168 −0.060 −0.114 −0.178 0.107 0.233 −0.082 0.504 * −0.147 −0.088 

*, ** significant at 5% and 1% level of probability, respectively. STI: Drought stress tolerance index; YLD: grain yield; TKW: 1000-kernel weight; NGPS: number of grain per spike; 

PH: plant height; SL: spike length; PL: peduncle length; PE: peduncle extrusion; FL: flag-leaf length; SPAD: Chlorophyll content or SPAD-reading; DH: days to heading; DM: days to 

maturity.
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To understand how much each trait contributed to drought tolerance 
under rainfed condition, multiple linear regressions of the traits with STI, 
as the dependent variable, were performed for each level of drought stress 
condition (Table 5). The R2 of the multiple regressions corresponded to the 
drought tolerance that is explained by the regression, where the best 
regression being the one with the smallest residual. Under moderate 
drought stress the traits of PL, TKW, PH and DM have significantly (P < 0.01) 
contributed to drought tolerance in the experiment. The model explained 
85.5% of total variation; in which PL and TKW with positive coefficients 
and PH and DM with negative coefficients significantly contributed to 
drought tolerance (Table 5). Thus, the combination of these four traits may 
be recommended to maximize drought tolerance in tested genotypes. 
Under severe drought condition, the minimum residual was 68%, 
significant only for one of the studied traits (i.e., heading date). Heading 
date significantly (P < 0.01) contributed to the drought tolerance and was 
recommended for maximizing productivity under severe drought 
conditions. Under mild drought condition, the drought tolerance model 
was significantly influenced by plant height, peduncle length (P < 0.05) and 
SPAD reading (P < 0.10). The combination of these three traits explained 
35.7% of total variation (Table 5). 

Table 5. Traits contributing significantly to drought tolerance at each level of drought stress condition using 
the multiple linear regression model. 

Drought stress scenarios Traits  b ± Std. Error t-value Probe  R2 

2011–2012 (Moderate 
stress) 

DM −0.051 ± 0.014 −3.584 0.004  

PE 0.036 ± 0.008 4.601 0.001 
85.5% PH −0.029 ± 0.004 −6.524 0.000 

TKW 0.045 ± 0.015 2.934 0.013 
2012–2013 (Severe tress) DH −0.028 ± 0.011 -2.648 0.018 31.9% 

2013–2014 (Mild stress) 
SPAD 0.022 ± 0.012 1.787 0.097 

35.7% PE −0.026 ± 0.011 −2.326 0.037 
PH 0.016 ± 0.007 2.529 0.025 

Genotypes significantly differed for grain yield (P < 0.01; Table 2) under 
both favorable and severe drought conditions. Grain yields of individual 
genotypes in each condition are reported in Figure 1 as relative yields over 
the condition mean value, to enable a better display of genotype × 
moisture condition interaction effects by keeping the same scale for the 
two yield axes despite the great yield differences between conditions. 
Genotypes G13, G1 and G11, were well performing in both moisture 
conditions, whereas genotype G5 was consistently lower yielding across 
both conditions. Genotypes G2, G13 and G1 performed well under severe 
drought conditions and tended to be early in heading. However, three 
phenological groups of genotypes could be identified, with extreme 
heading dates separated by LSD (Supplementary Table S2) and mean 
heading dates were different according to ANOVA. The early heading 
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(range of heading date between173 and 175 day from January; with mean 
value of 174 day), intermediate (with range values between 176 and 178 
day and mean value of 176 day) and late heading (with range values 
between 179 and 180 day and mean value of 180 day) groups are indicated 
by distinct line patterns in Figure 1.  

 

Figure 1. Yield adaptation of 16 durum and one bread wheat genotypes (G1–G17) in two contrasting 
moisture conditions (drought stress intensity = 76%). Dashed line: early-heading genotypes; Solid line: late-
heading genotypes; dashed and dotted lines: intermediate-heading genotypes. 

Genotypes with late heading tended to display lower grain yield in both 
conditions along with relatively worse performance under stress. Negative 
correlation (P < 0.05) between heading date and grain yield was much 
higher under favorable (r = −0.59; P < 0.05) than under stress conditions (r 
= −0.46; Table 4). The genotype adaptive responses reported in Figure 1 
suggested large inconsistency across extreme conditions within a given 
phenological class. The results suggest that the early-heading group 
(genotypes G2, G13 and G1), might be of special interest for drought-prone 
regions. The which-won-where view of GT biplot (Figure 2) allowed to 
identify genotypes with higher values for each trait in the respective sector. 
Genotype G10 presented high values for grain yield and SPAD-reading. G8 
had high values for PL and PE. G3 had high values for PH and SL; G5 had 
high values for DH, TKW, DM and FL and G13 had high value of NGPS. 
According to the biplot, genotypes G10, G8, G3, G5, and G13 presented 
superior performance for different sets of traits.  
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Figure 2. Which-won-where view of the genotype by trait (GT) biplot to highlight genotypes with 
outstanding profiles. The G1–G17 stands for the genotypes code and are the same as for Table 3. YLD: grain 
yield; TKW: 1000-kernel weight; NGPS: number of grain per spike; PH: plant height; SL: spike length; PL: 
peduncle length; PE: peduncle extrusion; FL: flag-leaf length; SPAD: Chlorophyll content or SPAD-reading; 
DH: days to heading; DM: days to maturity. 

Figure 3 is a GT biplot that shows the relationships among studied traits 
averaged across different moisture stress conditions. The GT biplot (Figure 
3) display 63.85% of the information in the standardized data of the 17 
genotypes for the 11 studied traits across different moisture stress 
conditions. A correlation coefficient between any two traits can be 
approximated by the cosine of the angle between their vectors [18]. In the 
GT biplot, vectors are drawn from the biplot origin to markers of the traits 
to facilitate visualization of the relationships among the traits. These 
biplots can be visualized from two perspectives. First, they show the 
associations among the traits across genotypes. Second, they show the trait 
profiles of the genotypes, particularly those that are placed farther away 
from the biplot origin [19]. Positive correlations were found between yield 
and SPAD reading and NGPS, as indicated by the acute angle between their 
vectors (Figure 3). These traits were negatively associated with DH, PH and 
SL, indicating that selection for earliness, shorter plant height and spike 
length directly enhanced the productivity under the drought condition. 
Positive correlations were observed between DM and FL, as well as 
between PL and PE, and between PH and SL as indicated by the acute 
angles between their vectors. A negative association existed for TKW with 
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NGPS, YLD, SPAD, PL and PE, as indicated by the obtuse angles between 
vectors of these five traits and that of TKW (Figure 3). These negative 
associations appeared to be strong because the traits had long vectors. No 
relations were found between TKW with DM and SL, as indicated by the 
right angles between their vectors. 

 

Figure 3. GT biplot showing relationship among traits across different moisture stress conditions. The G1–
G17 stands for the genotypes code and are the same as for Table 3. YLD: grain yield; TKW: 1000-kernel weight; 
NGPS: number of grain per spike; PH: plant height; SL: spike length; PL: peduncle length; PE: peduncle 
extrusion; FL: flag-leaf length; SPAD: Chlorophyll content or SPAD-reading; DH: days to heading; DM: days 
to maturity. 

The GT biplot in Figure 4 also shows the trait profiles of the genotypes, 
the accuracy of which depends on the goodness of fit of the biplot 
(goodness of fit for the biplot was 63.85%). For example, it shows that G16 
and G10 had high grain yield and SPAD-reading, were earlier in heading, 
and had short plant height and spike length; G3 had high PH, SL and high 
days to maturity, and low NGPS and grain yield; G13 had a trait profile 
quite opposite to that of G3. 
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Figure 4. Polygon view of GGE biplot showing ‘‘which won where’’ pattern for genotypes and environments. 
The G1–G17 stands for the genotypes code and are the same as for Table 3. Y1_RF and Y1_IR stand for rainfed 
and supplemental irrigation conditions in 2011–2012; Y2_RF and Y2_IR represent for rainfed and 
supplemental irrigation conditions in 2012–2013; Y3_RF and Y3_IR for rainfed and supplemental irrigation 
conditions in 2013–2014. 

One of the most attractive features of a GGE biplot is its ability to show 
the which-won-where pattern of a genotype by environment dataset 
(Figure 4). The GGE biplot indicates the best performing genotype in each 
environment and group of environments (Figure 4). The polygon is formed 
by connecting the scores of the genotypes furthest from the origin, with all 
remaining genotypes within it, and indicates "which genotypes won 
where" based on their association with the environment scores. The 
genotype at the vertex of the polygon performs best in the environment 
falling within the sectors [17,19]. The biplot revealed the existence of GE 
crossover as well as mega-environment for grain yield. The octagon has 
eight genotypes consisting of G17, G16, G12, G9, G6, G3, G2 and G5 at the 
vertices. The G17 performed best in Y1_IR and Y3_IR, while G9 being the 
best in Y_IR and Y1_RF. G2 performed best in Y2_RF and Y3_RF. The biplot 
is effectively divided into eight sectors by the equality lines, of which three 
retained all the environments. Thus, the testing environments may be 
partitioned into three mega-environments: one mega-environment 
comprise of Y1_IR and Y3_IR with G17 as the winning genotype. Second 
mega-environment was represented by Y_IR and Y1_RF with G2 as the 
winning genotype, while last mega-environment encompassed Y2_RF and 
Y3_RF with G2 as the winning genotype (Figure 4). A specific option in GGE-
biplot analysis allows integrating yield with stability performance among 
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a set of genotypes tested in MET data. Figure 5 shows the ranking of 17 
genotypes based on their mean yield and stability performance across 
diversified environments. The line passing through the biplot origin is 
called the average environment coordinate (AEC) abscissa, which is 
defined by the average PC1 and PC2 scores of all environments [18]. The 
line which passes through the origin and is perpendicular to the AEC 
abscissa named AEC ordinate represents the stability of genotypes [19]. 
Either direction away from the biplot origin, on this axis, indicates greater 
GE interaction and reduced stability [17]. Genotype G16 followed by G12, 
G15 and G10 with the highest yield and stability performance can be 
considered as genotypes with high yield and stability performance. The 
other genotypes on the right side of the ordinate line have yield 
performance greater than mean yield and those genotypes on the left side 
of ordinate line had lesser yield than mean. The check genotypes had 
lower yield than the overall mean. These results show that most of the 
breeding lines were more stable and performed better than the checks. 
These results also confirm the superiority of G16, G12, G15 and G10 over 
modern check cultivar (G1) and they can be considered for commercial 
release under different moisture stress conditions. 

  

Figure 5. GGE biplot ranking of genotypes based on both mean and stability. The G1–G17 stands for the 
genotypes code and are the same as for Table 3. Y1_RF and Y1_IR stand for rainfed and supplemental 
irrigation conditions in 2011–2012; Y2_RF and Y2_IR represent for rainfed and supplemental irrigation 
conditions in 2012–2013; Y3_RF and Y3_IR for rainfed and supplemental irrigation conditions in 2013–2014. 
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DISCUSSION 

The presence of different levels of moisture stress condition (from 
severe to favorable conditions) across three years allowed for a reliable 
assessment of germplasm variation for drought tolerance in terms of 
genotype × condition interaction and extent of genetic correlation for 
genotype yield responses across conditions. According to Fischer and 
Maurer [20], the imposed drought stress was severe with drought 
sensitivity index (SI) equal to 0.76 (on a scale ranging from 1 for greatest 
stress to 0 for no stress), as well as on the basis of 75.5% reduced mean 
grain yield under stress relative to the favorable condition. The SI values 
for the other two moderate and mild conditions were also 0.34 and 0.15, 
respectively, corresponding to 49.5% and 15.1% reduced mean grain yield 
under stress relative to the favorable condition.  

The very good grain yield response exhibited by various breeding lines 
in comparison with modern cultivar or other materials i.e., old varieties 
particularly Sardari bread wheat, confirms the value of new genetic 
materials for breeding programs under drought prone-environments. 
Selection for specific adaptation is recommended when targeting severely 
drought-prone environments on the one hand and moisture-favorable 
environments on the other. The results indicated wide range of genetic 
variability among the genotypes used for all of the studied traits, thus 
indicating high potential for use in trait improvement. The presence of 
high heritability (H2b) implied options for improvement of the traits 
through selection. Choosing traits with higher heritability than yield 
across the target environments would be useful for indirect selection, i.e., 
heading date, plant height, spike length, SPAD-reading, flag-leaf length, 
peduncle extrusion, peduncle length and number of seed per spike (Table 
3). For this reason, several authors have proposed that genotype selection 
under the Mediterranean rainfed conditions may be improved by 
selecting traits associated with yield under the water stress [21,22]. The 
criteria for choosing a trait for indirect selection included genetic 
variability, easy to measure, association with the direct trait (grain yield), 
high heritability and low genotype × environment interaction [15,23].  

The correlation analyses revealed that heading date, grain yield and 
peduncle length were the most important traits associated with drought 
tolerance. These traits, except for grain yield, also demonstrated high H2b, 
suggesting that heading date and peduncle length are important yield and 
drought tolerance contributing traits, thus selection based on these traits 
would be most effective particularly under moderate and severe 
conditions. Understanding the interaction of these traits among 
themselves and with the environment is of great use in wheat yield 
improvement. Despite the number of traits measured in the present study, 
a phenological trait (heading date) contributed exclusively to the 
improvement of drought tolerance under severe drought condition. The 
weak positive and non-significant correlations observed between the 
other traits with STI under severe drought condition could suggest that, 
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although these traits play an important role in grain yield, they may not 
be a good reflection of stressed yield levels. In agreement with the 
significant correlation of heading date and drought tolerance, Figure 1 
suggests that some genotypes take advantage of the early heading to 
maximize productivity under severe condition. There is therefore a need 
to take advantage of such promising breeding lines for adaptation to 
severe moisture conditions. These results provide a good practical insight 
and add on to previous studies supporting that earliness to heading under 
severe condition is more important than other scenarios of stress levels, 
which may need to be confirmed by other studies. Early heading, which 
proved controlled by flowering genes (Vrn, Ppd, or eps) in durum wheat 
[24], is a key adaptive trait for drought escape, but variation for inherent 
drought tolerance can be exploited as well within a given phenological 
class.  

Selection for wide adaptation is possible on the basis of our results and 
may be justified when targeting environments less unfavorable or more 
variable. However, this adaptation target would require the parallel 
selection across drought-prone and moisture favorable environments 
according to the current findings. Breeding line G13 followed by G1 
(Modern cultivar as already released for variable rainfed conditions) can 
be considered for wide adaptation across climatically contrasting 
environments, and this procedure was capable of ensuring some degree 
of drought tolerance according to the findings of this study. Many drought-
adaptive traits have been investigated in wheat. However, association of 
these traits with genetic gains for yield under drought has been reviewed 
and documented [10,11]. Most difficulties encountered in the 
identification of accurate drought tolerance traits are due to the fact that 
wheat is cultivated under very different climatic conditions and faces very 
different drought stress scenarios worldwide [10]. 

Under Mediterranean conditions, the trait most used for breeding is 
flowering date in conjunction with yield potential, but while it is true that 
heading date has high merit for selection and is positively associated with 
yield. Ceccarelli et al. [25] have shown that different combinations of 
various traits can result in similar yield levels under drought stress. Hence, 
a trait can rarely be called indispensable in a particular stress 
environment, but only identified as contributing to adaptation under 
drought in certain situations. 

This study provides evidence that some of adaptive traits studied in this 
research, contribute significantly to maximize yield under drought. The 
specific traits providing optimum adaptation and contributing to superior 
yield differ depending on the time and intensity of drought. Kamran et al. 
[26] (2014) reported that durum wheat yield can only be maximized by 
growing varieties which flowering time that allows the crop to escape 
stresses during vegetative and grain-filling periods. However, flowering 
time is a critical stage that delimits the duration of spike formation and 
marks the transition into the grain-filling period during which kernels per 
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spike and kernel weight are defined [27]. Also, a gradual shift toward early 
heading has been observed over the last century of wheat breeding in 
countries with a Mediterranean type climate and frequent terminal 
droughts. This trend is predicted to continue for the wheat improvement 
in the coming years in response to global climate warming [28]. However, 
maximizing yield potential in any given environment requires optimizing 
the use of water, nutrients and radiation, and avoiding negative effects 
from any type of stress during the vegetative and grain-filling periods. 
Furthermore, it is postulated that one of the key contributing factors to 
yield in any situation is the inherent ability of a genotype to translate input 
into output. 

Based on mean performance, GGE biplot analysis revealed that 
breeding lines G16, G12, G15 and G12 were the highly adapted, most stable 
and high yielding genotypes across different moisture stress conditions. 
The use of these wheat genotypes by farmers would result in stable 
performance under moisture stress conditions. Thus, these genotypes can 
also be used to identify QTLs/genes for above morpho-physiological traits 
contributing to drought tolerance as well as can be used as donors for 
breeding in drought tolerance. 

CONCLUSION 

The results showed that genotypes were significantly affected by 
moisture conditions and year effects for grain yield and other investigated 
plant traits resulting in considerable variation in agronomic performance 
and drought tolerance in the germplasm, which could be exploited for 
improving drought adaptation in durum wheat. Under severe drought 
condition, heading date was the only trait which contributed to drought 
tolerance in durum wheat genotypes. In addition to heading date, the traits 
of peduncle extrusion, plant height, days to maturity and 1000-kernel 
weight with lower genotype × environment interaction than grain yield, 
could also contribute to drought tolerance. It is concluded that these traits 
could aid in the selection of durum wheat subject to moderate and/or 
severe stress, particularly in early generations. Depending on different 
levels of drought stress, some breeding lines out-yielded the check 
cultivars under stressed or favorable conditions. On the basis of grain 
yield stability breeding lines G16, G12, G15 and G10 were highly adapted, 
most stable and high yielding across different moisture stress 
environments and can be used in convergent durum wheat breeding 
program to develop drought tolerant varieties. 

SUPPLEMENTARY MATERIALS 

The following supplementary materials are available online at 
https://doi.org/10.20900/cbgg20210002: 

Supplementary Table S1: Descriptive statistics of the morpho-
physiological traits of 16 durum and one bread wheat genotypes tested in 
three years (2012-14) and two different moisture conditions; 
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Supplementary Table S2: Mean value of traits studied for 16 durum and 
one bread wheat genotypes under both moisture conditions (rainfed and 
supplemental irrigation) across three cropping seasons (2011–2014); 

Supplementary Figure S1: Monthly patterns of rainfall and average 
temperature (ATem) recorded during three cropping seasons (2011–2014). 
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