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Abstract

:

Egypt, the fifteenth most populated country and the largest wheat importer worldwide, is vulnerable to global warming. Ten of the commercial and widely grown wheat cultivars were planted in two locations, i.e., Elbostan and Elkhazan for three successive seasons 2014/2015, 2015/2016, and 2016/2017 under two sowing dates (recommended and late). Elbostan and Elkhazan are the two locations used in this study because they represent newly reclaimed sandy soil and the Nile delta soil (clay), respectively. A split-plot, with main plots arranged as a randomized complete block design and three replicates, was used. The overall objective of this study was to identify the ideal cultivar for recommended conditions and heat stressed conditions. The results revealed that heat stress had a significant adverse impact on all traits while it raised the prevalence and severity of leaf and stem rust which contributed to overall yield losses of about 40%. Stability measurements, the additive main effects and multiplicative interaction model (AMMI) and genotype main effect plus genotype × environment interaction (GGE), were useful to determine the ideal genotypes for recommended and late sowing conditions (heat stressed). However, inconsistency was observed among some of these measurements. Cultivar “Sids12” was stable and outperformed other tested cultivars under combined sowing dates across environments. However, cultivar “Gemmeiza9” was more stable and outperformed other cultivars across environments under the recommended sowing date. Moreover, cultivar “Gemmeiza12” was the ideal cultivar for the late sown condition. Based on our findings, importing and evaluating heat stress tolerant wheat genotypes under late sown conditions or heat stressed conditions in Egypt is required to boost heat stress tolerance in the adapted wheat cultivars.
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1. Introduction


Wheat (Triticum aestivum L.) accounts for 30% of the cereal grains production while providing 55% of the carbohydrates and 20% of the food calories consumed globally [1]. Thus, wheat is considered a strategic cereal crop for several countries around the globe including Egypt, in which wheat production became one of the crucial elements of food security [2]. Furthermore, wheat is cultivated and grown in a wide range of environmental and climatic conditions [3]. Therefore, the impact of climate change is expected to affect wheat production in several regions around the globe. The Mediterranean basin is one of the regions (hot spots) that is expected to have an annual mean temperature increase of 3 to 4 °C, which might lead to total grain yield reduction of about 18% to 24% [4]. Heat stress was defined as the rise in temperature for a period and beyond the point that causes irreversible damage to the plant growth and development [5].



The impact of heat stress on several aspects of wheat phenology and physiology during the reproductive stage was studied by several researchers, in which they reported that heat stress trigger senescence-related metabolic changes in wheat [6]. Heat stress decreases photosynthesis as a result of photosystem II (PSII) inhibition [7,8,9,10]. Moreover, during the reproductive stage, heat stress decreased the grain-filling duration significantly [11], increased floral abortion, and decreased the number of seeds [12,13,14]. Nevertheless, heat stress significantly increased protein concentration, but with lower end-use quality because the functionality of protein was reduced by the high temperature [15]. The increased protein concentration under terminal heat stress could be due to upregulation of heat shock proteins (HSPs) which is a plant mechanism to alleviate the effect of heat stress [16]. In wheat, 6560 probe sets for HSPs displayed expression upregulation under heat stress treatment of 34 °C and 40 °C [16].



Conceptually, the phenotype (P) of any plant is a result of the genotype (G), the environment (E), and the genotype–environment interaction (G × E). Based on this concept, one can cope with the negative impact of the heat stress either by altering the environment or using heat stress tolerant genotypes. Exploring highly adapted local genotypes to identify heat stress tolerant wheat genotypes is the first step to start a wheat breeding program for heat stress [5,17,18]. Whereas, if the breeder was able to find high yielding and stress tolerant genotype, then years of evaluation and crosses to develop such a cultivar can be saved. Plant breeders always look for genotypes that perform better across environments with minimal G × E interaction, but that seldom occurs, especially under the dynamic weather conditions and the fluctuations in the environmental conditions from year to year and location to location. Thus, measuring the stability of a given cultivar is an essential criterion before releasing new cultivars. Selecting superior genotypes using stability measurements instead of average performance is highly recommended because genotypes selected using stability measures are more reliable across environments with a minimized G × E interaction, or the provide a predictable response across environments. Studies have shown that stability analyses according to various measures can result in better identification of stable genotypes, even when there were no interactions among the measures [19]. Stability and G × E measurements can be classified into parametric and non-parametric measurements [20]. The most frequently utilized two parametric stability methods are partitioning of G × E interaction [21] and the regression model [22]. The additive main effects and multiplicative interaction model (AMMI) [23] and the genotype main effect plus G × E interaction (GGE) [24] are the most frequently utilized non-parametric methods. Both AMMI and GGE biplot analyses are based on the principal component analysis (PCA). However, GGE biplot is based on environment-centered principal component (PCA), whereas AMMI analysis is a double centered PCA method [25].



In the current study, ten wheat cultivars that represent around 60% of the commercially grown wheat cultivars in Egypt (based on 2017/2018 grown wheat cultivars) were evaluated under recommended and late sowing conditions (heat stressed). These cultivars were used to study the effect of heat stress (late sown) on several physiological and morphological traits. Egypt, the fifteenth most populated country worldwide, is one of the Mediterranean basin countries that is vulnerable to the effects of global warming [26]. In addition to the impact of the global warming, the Egyptian population is projected to be 125,870,736 inhabitants in 2030, which will require the production of more wheat grain. The recommended sowing date for wheat in Egypt is around mid-November. However, due to limited availability of land and water, several growers in Egypt tend to grow wheat after sugar beet (Beta vulgaris L.), carrot (Daucus carota L.), or pea (Pisum sativum L.), which results in sowing wheat around Mid-January. These later sowing dates expose wheat plants to terminal heat stress during the reproductive stage.



Therefore, evaluating wheat cultivars for heat tolerance has environmental and socioeconomic importance in this region of the world. Although screening for heat stress tolerance in wheat has been done in the past, limited research was conducted to study the effect of heat stress on the grain yield stability or wheat resistance to leaf and stem rust using commercial newly developed wheat cultivars under clay and sandy soils across three successive growing seasons. Thus, the primary objectives of this study were to; 1—evaluate ten of the commercially and widely distributed wheat cultivars under heat stressed and recommended (control) conditions across several environments. 2—Study the relationships among relevant phenological and physiological traits under normal and heat stress conditions.




2. Materials and Methods


2.1. Plant Materials and Field Conditions


Ten of the commercially widely distributed Egyptian wheat cultivars were used in this study (Table 1). The studied materials were planted in three successive growing seasons, i.e., 2014/2015, 2015/2016, and 2016/2017, in two locations; Elkhazan (31°05′35.2″ N, 30°30′10.4″ E) and Elbostan (30°45′19.4″ N, 30°29′04.8″ E), Behera governorate, Egypt. In each growing season for both locations, two sowing dates were used, i.e., recommended and late sown dates. The recommended sowing dates were 19, 12, 14 of November for 2014/2015, 2015/2016, and 2016/2017, respectively. While the late-sown dates were 7, 9, 13 of January, for 2014/2015, 2015/2016, and 2016/2017, respectively. A Split-plot, with main plots arranged as a randomized complete block design and three blocks, was used. The two sowing dates were randomly assigned to the main plots within each of the three blocks. The ten wheat cultivars were assigned randomly to the subplots within each main plot (sowing date). The experimental units (plots) were two meters long and four rows wide by 25 cm between rows. The surrounding border of the experimental areas of one meter wide, planted with the wheat cultivar “Morocco”, a “spreader” cultivar so named because it is susceptible to currently prevalent races of leaf and stem rust. Standard agronomic practices including recommended fertilization and irrigation schedules were followed.




2.2. Phenotypic Measurements


The number of days to flowering date was recorded visually as the number of days to anther exertion from 50% of the main spikes (days). Leaf area (LA) was estimated on three samples according to the following equation [25]:


Leaf area (LA) = L × W × 0.75



(1)




where L and W are the length and width, respectively, of the flag leaf.



Plant height was measured on a random sample of five plants in each plot as the distance from the soil surface to the tip of the spike awns excluded at harvest time (cm). Grain yield was measured by harvesting the four rows of each plot (tons/ha). Total leaf chlorophyll content (SPAD index) estimated using spad-502 chlorophyll meter (spad-502 plus, Konica Minolta, Kearney, NE, USA), during the flowering stage. Canopy temperatures (Tc) were measured using a handheld infrared thermometer (KM 843, Comark Ltd., Hertfordshire, UK) with a field view of 100 mm to 1000 mm. Canopy temperatures (Tc) data were taken from the same side of each plot at 1m distance from the edge and approximately 50 cm above the canopy at an angle of 30° to the horizontal. Readings were made between 1300 and 1500 h on sunny days. Grain filling duration (GFD) was measured from flowering to physiological maturity (when the peduncle changed color). Leaf and stem rust screening under recommended and late sown conditions were conducted using the modified Cobb’s scale described by Peterson et al. [26]. The infection type was expressed in the following types, i.e., Immune = 0, R = resistant, small uredinia surrounded by necrosis; MR = Moderately resistant, medium to large uredinia surrounded by necrosis; MS = moderately susceptible, medium to large uredinia surrounded by chlorosis; S = susceptible, large uredinia without necrosis or chlorosis [27]. The statistical analysis was conducted on the infection type after replacing the infection types with 0, 0.2, 0.4, 0.80, and 1 scores for immune, resistant, moderately resistant, moderately susceptible, and susceptible, respectively.




2.3. Statistical Analysis


Analysis of variance was carried out using SAS 9.2 (SAS v9.2; SAS Institute Inc., Cary, NC, USA), by fitting the following linear model [27]:


Yijlm = µ + Ei + EB(i)j + Tl + ETil + TBE(i)jl + Gm + EGim + ETGilm + ԑijlm



(2)




where Yijlm is the response measured on the ijlm plot, µ is the overall mean, Ei is the effect of ith environment (three seasons and two locations which compose six environments), EB(i)j is jth block nested within ith environment, Tl is the effect of the lth sowing date, ETil is the interaction between ith environment and lth sowing date, TBE(i)jl is interaction between lth sowing date and jth replicates within ith environment as an error term for environment, sowing date, and environment × sowing date. Gm is the effect of mth cultivar, ETGilm is the interaction effect among ith environment, lth sowing date, and Gth cultivar, and ԑijlm is the experimental error.



Means were compared using the least significance difference (LSD) test at p-value < 0.05, according to Gomez and Gomez [28]. Homogeneity of the variance in different environments was tested following Bartlett’s Test [29]. Combined analyses of variance were performed among the different environments with homogeneous variance, as outlined by Cochran and Cox [30]. Correlation coefficients were conducted using Pearson correlation coefficient.




2.4. Stability Analysis and Genotype × Interaction (G × E)


The following stability measurements were performed on grain yield under the six environments (three seasons and two locations which compose six environments), i.e., coefficient of variability (CVi) [31], regression coefficient (bi) [22], Wricke’s ecovalance (Wi) [32], superiority measure (Pi) [21], Perkins and Jinks (Di) [33], and average absolute rank difference of genotype on the environment (Si(1)) [24] . Moreover, the additive main effects and multiplicative interaction model (AMMI) [23] was applied on the grain yield variable for each sowing date separately, and after combing them. Then the genotype main effect plus G × E interaction (GGE biplot) [24] was used to visualize the G × E interaction. The stability and G × E analysis was conducted using R (software) package GEA-R (Version 4.0, 2017, CIMMYT, El Batán, Mexico) [34].





3. Results


3.1. Analysis of Variance


The analysis of variance for total chlorophyll content, canopy temperature, leaf area, grain filling duration, plant height, grain yield, leaf rust scores, stem rust scores, and the number of days to flowering are presented in Table 2. The results indicated highly significant effect (p-value < 0.01) for the six environments (three growing seasons and two locations which compose six environments) on all traits except for leaf rust scores and stem rust scores, in which the environmental effect was not found to be statistically significant. Furthermore, sowing dates (Sd) had a highly significant effect on all traits. More importantly, the analysis of variance revealed highly significant variance among the studied cultivars. Our results suggested that the magnitude of differences among cultivars was sufficient to provide a scope to characterize the effect of terminal heat stress (late sown condition). All traits except leaf and stem rust scores, had significant two-way and three-way interactions (environments × cultivars, environments × sowing dates, sowing dates × cultivars and environments × sowing dates × cultivars) effects. As for leaf and stem rust scores, the interaction effect of environments × cultivars and sowing dates × cultivars found to be highly significant, while the interaction effect of environments × sowing dates × cultivars was not statistically significant.



The late sown condition had a significant adverse effect on the total chlorophyll content, leaf area, grain filling duration, plant height, and grain yield. The average of the total chlorophyll content measured for all cultivars under recommended and late sown condition was 31.9 and 28.5, respectively. Moreover, the late sown condition decreased leaf area from 35.15 to 23.5 cm2. In the same manner, the late sown condition shortened the grain filling duration from 32.5 days to 25.5 days. The late sown condition had an adverse effect on plant height in which mean plant height across cultivars was dropped from 83.00 cm to 56.77 cm. Moreover, the late sown condition increased canopy temperature from 32.76 °C to 56.16 °C. Furthermore, the late sown condition decreased overall resistance to leaf rust (leaf rust scores increased from 0.34 to 0.73) and stem rust (stem rust scores increased from 0.36 to 0.79).



Results in Table 3 illustrate the effect of sowing date on the response of the studied cultivars for the total chlorophyll content, canopy temperature, leaf area, grain filling duration, plant height, grain yield, and leaf and stem rust scores across environments. Cultivar “Giza168” exhibited the tallest plants (95.8 and 64.9 cm), while the shortest plants were for cultivar “Gemmeiza10” (65.7 and 52.2 cm) obtained from recommended and late sown conditions, respectively. Furthermore, cultivar “Gemmeiza12” produced the highest grain yield (8.8 ton/hectare) under the recommended sowing date. While cultivar “Gemmeiza9” produced the highest grain yield (4.87 ton/hectare) under the late sown condition. Results in Table 3 indicated that cultivars Gemmeiza10 and Gemmeiza12 flowered earlier than other cultivars under the recommended and late sown conditions. Recommended sowing date extended the number of days to flowering for all cultivars across environments. Results of the adult plant resistance to leaf and stem rust indicated a negative impact of late sowing date on wheat resistance to both stem and leaf rust. Among the ten wheat cultivars tested based on the infection type (IT) and under the recommended sowing date, five cultivars were resistant to leaf rust, i.e., Gemmeiza9, Gemmeiza10, Gemmeiza12, Giza168, and Sids13. Furthermore, Sids12, Gemmeiza7, and Gemmeiza11 were moderately resistant to leaf rust. Whereas, Sakha94 was susceptible to leaf rust under the recommended sowing date. Under late sowing date, Gemmeiza9, Gemmeiza11, and Sids12 showed moderate resistance (MR) to leaf rust across all environments, while the rest of the cultivars were moderately susceptible or susceptible to leaf rust. Moreover, the stem rust results under recommended sowing date indicated that five wheat cultivars were stem rust resistant, i.e., Sids12, Sakha94, Gemmeiza10, Gemmeiza11, and Gemmeiza12, across all environments. Furthermore, Gemmeiza7, Gemmeiza9, and Misr2 were moderately resistant to stem rust, but Giza168 and Sids13 were susceptible. Nevertheless, stem rust results obtained from the late sowing date indicated that Sids12, Gemmeiza9, and Gemmeiza11 were moderately resistant, but Gemmeiza7, Gemmeiza10, Gemmeiza 12, Misr2, Sakha94, Giza168, and Sids13 were susceptible.



Even though wheat cultivars showed highly significant variance across environments for total chlorophyll content, the range of difference among values was rather narrow (Table 3). Cultivar Giza168 exhibited the highest values for total chlorophyll content (33.5 SPAD units) while the lowest values were for cultivar “Gemmeiza11” (30.7 SPAD) obtained from the recommended sowing date. Furthermore, under the late sown condition, cultivar “Sids13” has the highest total chlorophyll content value (29.5 SPAD). Besides, canopy temperature measurement indicated higher values on all cultivars under the recommended sowing date compared to the late sown condition. As shown in Table 3, cultivar “Gemmeiza9” had the highest canopy temperature (37.1) under the recommended sowing date. Cultivar “Misr2” had the highest canopy temperature (60.4) under the late sown condition. Significant reduction in leaf area due to the late sown condition was also detected. Leaf areas under the recommended sowing date ranged from 38.6 to 29.9 cm2 for cultivars Gemmeiza7 and Sakha94, respectively. However, leaf area ranges from 25.2 to 20.1 cm2 for the same cultivars under late sown condition. Under the recommended sowing date, grain filling duration ranged from 34.8 to 28.3 days for cultivars Gemmeiza7 and Sakha94, respectively. Furthermore, under the recommended sown date, cultivar “Misr2” had the most extended grain filling duration (34.9 days). Nevertheless, under the late sown condition cultivar, Gemmeiza9 had the most extended grain filling duration (29.3 days).




3.2. Interrelationships among the Studied Traits under Recommended Sown Condition


Pearson correlation coefficients among the studied traits under the recommended sowing date (normal) are presented in Table 4 (above diagonal). Results in Table 4 indicated significant positive correlation (p-value < 0.05) among total chlorophyll content, leaf area, and plant height. Significant negative correlation was detected for the relationship among total chlorophyll content, the number of days to flowering and leaf rust. However, non-significant correlation (p-value > 0.05) of total chlorophyll content with canopy temperature, grain filling duration, grain yield, and stem rust was detected (Table 4, above diagonal). There was a significant positive correlation between canopy temperature and leaf area. Furthermore, canopy temperature was negatively correlated with the number of days to flowering. A non-significant correlation was detected for the canopy temperature with grain filling duration, plant height, grain yield, and leaf and stem rust scores. Correlations of leaf area with grain filling duration, plant height, and grain yield were significant and positive. Whereas, the correlation of leaf area with stem rust and number of days to flowering were significant but negative. Grain filling duration was positive and significantly correlated with grain yield, but it was negative and significantly correlated with stem rust and the number of days to flowering. No significance was detected for the correlation among grain filling duration, plant height, and leaf rust. Plant height was significantly and positively correlated with grain yield but significantly and negatively correlated with both stem rust and number of days to flowering. Additionally, non-significant correlation was detected for plant height with stem and leaf rust scores. Grain yield was significantly and negatively correlated with the number of days to flowering and stem rust, but it was not significantly correlated with leaf rust scores. The correlation between leaf rust and number of days to flowering was positive and significant. The correlation between stem and leaf rust was significant. Finally, the correlation between stem rust and number of days to flowering was not significant.




3.3. Interrelationships among the Studied Traits under the Late Sown Condition


The Pearson correlations coefficients among the studied traits under the late sown condition are presented in Table 4 (below diagonal). The correlation of total chlorophyll content with leaf area, grain filling duration, plant height, and grain yield were significant and positive, but it was not significantly correlated with canopy temperature, leaf rust, stem rust, and the number of days to flowering. Canopy temperature was significantly and positively correlated with leaf and stem rust scores but negatively correlated with grain filling duration, grain yield, and the number of days to flowering. Non-significant correlation for canopy temperature with plant height and leaf area was detected. Leaf area was significantly and negatively correlated with leaf and stem rust, but it was significantly and positively correlated with grain filling duration, plant height, and grain yield. Furthermore, Leaf area was not significantly correlated with the number of days to flowering. Grain filling duration was significant and positively correlated with plant height and grain yield, but significant and negatively correlated with leaf and stem rust scores. However, non-significant correlation for grain filling duration with the number of days to flowering was detected. The correlation of plant height with grain yield was significant and positive. Plant height was significantly and negatively correlated with leaf rust scores, stem rust scores, and the number of days to flowering. Grain yield was significantly and negatively correlated with stem and leaf rust, but non-significant correlation was detected between grain yield and number of days to flowering. The correlation between leaf rust and stem rust scores was significant and positive. Furthermore, leaf rust was significant and negatively correlated with the number of days to flowering. Nevertheless, non-significant correlation between stem rust and the number of days to flowering was detected.




3.4. Genotype × Environment Interaction (G × E) for Grain Yield


Grain yield is a quantitative and complex trait that was found to be responsive to genotype by environment interaction (G × E). Additionally, grain yield is the most critical parameter that determines a cultivar’s acceptance by growers. Thus, in this part of the study, we performed stability analysis on the grain yield. The results of the stability parameters used in this study are presented in Table 5. Under the combined sowing dates (12 environments) model, i.e., two sowing dates, two locations and three years, Gemmeiza9 was the most stable cultivar in several measurements such as coefficient of variation (C.V%), Superiority measure (Pi) and Wrike’s ecovalence (Wi).Gemmeiza10 was the most stable cultivar for other measurements such as Regression coefficient (bi), and Perkins and Jinks (Di). However, Gemmeiza12 was the most stable genotype for the average absolute rank difference of genotype on the environment (Si(1)). Moreover, under the recommended sowing date, i.e., two locations and three years (six environments), coefficient of variation (C.V%), and Superiority measure (Pi) identified Sids12 to be the most stable cultivar. Wrike’s ecovalence (Wi) and average absolute rank difference of genotype on environment (Si(1)) identified Gemmeiza12 to be the most stable cultivar. Moreover, regression coefficient (bi) and Perkins and Jinks (Di) identified Gemmeiza10 to be the most stable cultivar. Furthermore, under the late sown condition, coefficient of variation (C.V%), Wrike’s ecovalence (Wi), Superiority measure (Pi), and the average absolute rank difference of genotype on the environment (Si(1)) identified Sids12 to be the most stable genotype. Furthermore, Giza168 was the most stable genotype under regression coefficient (bi) and Perkins and Jinks (Di).



The results of stability measures used in the current study indicated inconsistency among some of the stability measures used. Thus, to complement the results of the previous stability measures, Genotype by environment (G × E) was further investigated using the additive main effect and multiplicative interaction (AMMI) analysis (Table 6) and genotype main effect plus genotype × environment interaction (GGE). Additionally, two models were fitted in the AMMI and GGE biplot; the first was by considering sowing dates as part of the environments, i.e., 12 environments, while the second was by running the AMMI analysis across years and locations within each sowing date, i.e., six environments. In the first model (12 environments), the analysis of variance for AMMI model indicated significant effect of the environments, genotypes, and genotype × environment interaction. Whereas the variance of the environment was 63.2%, while the variance due to genotypes was 14.6% and that for genotype × environment interaction was 22.2%. In the second model (6 environments within each sowing date), the variance of the AMMI model for the recommended sowing date was 29.52%, 46%, and 24.48% for the environment, genotypes, and genotypes–environment interaction, respectively. Moreover, the variance of the AMMI model for the late sown condition was 12.99%, 48.57%, and 38.44% for the environment, genotypes, and genotypes–environment interaction, respectively. In both models, the genotype–environment interaction was highly significant (p-value < 0.01) implying differential response of genotypes to environments. Substantial variance for the environment in the first model compare to the second model was detected, which indicates an amplification effect of sowing dates on the environmental effect.



Based on AMMI analysis, the genotype–environments interaction was divided into three main principal components that explain 87.2% of the total variance under the first model (combined sowing dates). Furthermore, the first three principal components explained 92.08% and 96.16% of the interaction between genotype and environment under recommended and late sown conditions, respectively. A graphical representation of the relationship between cultivars and sowing dates across environments regarding grain yield is shown in a GGE biplot (Figure 1A,B). The previous biplot and the AMMI analysis of variance indicated a variable response of the genotypes under the two sowing dates. Therefore, in addition to running the biplot and stability analysis on the combined sowing dates, it was refitted within each sowing date. Thus, three biplots were generated; for combined, early, and late sown conditions (Figure 1, Figure 2 and Figure 3). For the three biplots, a polygon was formed by connecting the genotypes that were further away from the biplot origin, such that all other genotypes were contained in the polygon. Genotypes located on the vertices of the polygon performed either the best or the poorest in one or more locations since they had the longest distance from the origin of biplot. The vertex cultivars in the first GGE biplot (combined sowing dates) were Giza168, G7 (Gemmeiza7), Misr2, Sids13, Sakha94, G9 (Gemmeiza9), Sids12, and G10 (Gemmeiza10) (Figure 1B). Under the recommended sowing date (Figure 2B) the vertex genotypes were Giza168, G7 (Gemmeiza7), Sids13, Sakha94, and G10 (Gemmeiza10). Moreover, the vertex genotypes for the late sown condition were G9 (Gemmeiza9), Sids12, G12 (Gemmeiza12), Giza168, and Sakha94 (Figure 3B). The best genotype for combined sowing dates was Sids12 (Figure 4A). However, the best genotype for recommended sowing date was G12 (Gemmeiza12 (Figure 4B). Furthermore, G9 (Gemmeiza9) followed by Sids12 were the better genotypes for the late sown condition (Figure 4C).





4. Discussion


The world bank identified Egypt as one of the potentially vulnerable countries in the Mediterranean basin that might be affected by global warming [35]. Wheat is the backbone of food security in Egypt, where it provides more than 30% of the population’s calorie intake [36]. Wheat is a cool season crop that found to be sensitive to heat stress during the reproductive stage [37]. Heat stress tolerance is a complicated process controlled by several small effect genes or QTLs and is often confounded by differences in plant morphology and physiology under different environments [38,39,40]. Thus, to understand the complexity of plant responses to heat stress, it is vital to account for the morphological, physiological, and genetic basis of this response under the field conditions.



The current study intended to investigate the effect of heat stress on several morphological traits in addition to the grain yield using commercial wheat cultivars that are widely grown in Egypt [41]. Two locations in Egypt were used; Elbostan and Elkhazan, the first represents newly reclaimed sandy soil while the former represents the Nile delta soil (clay). In Elbostan the mean temperature during flowering under the late sown condition was higher than the recommended sowing conditions by 3.8, 2.3, and 3.2 °C for the 2015, 2016, 2017 growing seasons, respectively. Moreover, the mean temperature during flowering for Elkhazan was higher than the recommended sowing conditions by 3.8, 2.2, and 3.4 °C for the 2015, 2016, 2017 growing seasons, respectively.



The increased temperature during the late sown condition decreased total chlorophyll content, leaf area, grain filling duration, plant height, and grain yield. Moreover, the increased terminal temperature during flowering increased canopy temperature and leaf and stem rust susceptibility. Total chlorophyll content declined significantly under the late sown condition, suggesting structural damage to the chloroplast due to heat stress [7,8,9,42]. The decrease in the total chlorophyll content in response to induced heat stress has also been reported previously in several crops [43,44,45,46,47]. However, in the current study, total chlorophyll content was not significantly correlated with grain yield in either the timely-sown or the late-sown plots. The reasons for the weak correlation between total chlorophyll content and yield might be due to the growth stage in which we measured the total chlorophyll content. Several researchers indicated that plants start losing chlorophyll when the grain filling stage starts [48].



Heat stress (late sown condition) increased average canopy temperature across all cultivars. The correlation between canopy temperature and grain yield was negative and significant which agrees with previously reported results [49,50,51]. The prevalence and severity of stem and leaf rust were increased due to the late sown condition. A possible explanation is that the late sown condition creates favorable environmental conditions for both stem and leaf rust [52,53,54,55,56,57,58].



Overall, the late sown condition decreased the period of grain filling duration, while the sudden rise in the temperature during the reproductive stage decreased the amount of the assimilates [33]. High temperature increases the rate of seed filling, but the increase in the seed filling did not compensate for the loss in the grain filling duration [39]. Our results indicated variable response of the studied cultivars to heat stress across all traits under different environmental conditions which agrees with previous studies [40,59]. Moreover, the high temperature increased stem and leaf rust prevalence and severity during flowering stage under the late sown condition. Failure to understand the mechanisms of grain yield stability might impact both traditional breeding and the use of modern genetics in improving yield production [60]. Heat stress tolerance and maintaining high grain yield under heat stress is considered as one of the most critical aspects of wheat improvement [61,62,63,64]. Genotype–environment (G × E) interaction makes genotypic evaluation a complicated process because of the different response of genotypes under different locations or years. Obviously, grain yield is the most important trait that might solely determine the success of a plant breeder. At the same time, grain yield is a complex and quantitative trait that has strong G × E interactions. Thus, measuring the stability of a giving cultivar became one of the plant breeding routines before releasing the cultivar. The advantage of selecting superior genotypes using stability analysis instead of average performance is that stable genotypes are reliable across environments which reduce G × E interaction. Studies have shown that stability analyses according to various measures can result in better identification of stable genotypes, even when there were no interactions among the measures. In the current study, seven stability parameters were used, which were inconsistent in identifying ideal genotypes for environments or sowing dates; this result agrees with previous results [65,66,67]. The inconsistency could be attributed to the difference in statistical and mathematical methods that the stability parameters rely on [68]. AMMI and GGE biplot were also applied to identify the most stable genotypes. In our study, the ideal genotype was defined agronomically as the genotype that performs well, as “High yielding” and stable across a wide range of environments. Furthermore, in our study, we defined the ideal genotype statistically as the genotype that was stable in at least one of the seven traditional stability measures in addition to AMMI.



In the current study, some genotypes performed well under recommended sowing date but not under the late sown condition (heat stressed conditions) and vice-versa, while some of the studied materials performed well under both sowing dates. Previous results imply that the genotypes used in this study contain different combinations of genes governing their response to sowing dates and tolerance to heat stress, and this result agrees with previous findings [59,69,70,71,72,73]. The ultimate goal of this study was to estimate the effect of global warming and heat stress on grain yield using a representative sample of commercially distributed and widely grown wheat cultivars in Egypt. Thus, wheat breeders and decision makers in this region might have an idea about the effect of heat stress on wheat production.




5. Conclusions


The results revealed that wheat performance was significantly influenced by environment, genotype, and their interaction. Heat stress had a negative impact on all traits. The late sown condition increased the prevalence and severity of leaf and stem rust which most likely contributed to the overall yield losses. The late sown condition decreased the overall yield production for the studied cultivars by 45%. The cultivars showed high G × E interaction, and the sowing date increased that interaction. Stability measurements were useful in determining the most stable genotypes. However, inconsistency was observed among some measurements. AMMI and GGE biplots were adequate for analyzing and visualizing the patterns of G × E. Sids12 was stable and outperformed the tested materials under both the recommended and late sown conditions. Gemmeiza12 was more stable and outperformed the tested materials under the recommended sown conditions. Gemmeiza9 followed by Sids12 were stable and performed better than the rest of the tested cultivars under the late sown conditions. However, late sown conditions reduced yield by 47.15%, 64.5%, and 59.2% for cultivars Sids12, Gemmeiza9, and Gemmeiza10, respectively. As a result of this work, we recommend importing and evaluating wheat accessions known to be tolerant to heat stress and cross them with the adapted wheat cultivars in this region to boost heat stress tolerance. Even though this study was conducted using cultivars grown mainly in Egypt; we expect that heat stress will have a similar effect on the spring wheat cultivars grown in the Mediterranean region because most of the wheat breeding programs in the Mediterranean region share lines from each other and international wheat breeding organizations.
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Figure 1. Vector view of GGE biplot for relationships among environments (A), and GGE biplot identification of winning cultivars across environments (two years i.e., 2015 and 2016, and two locations i.e., Elbostan (B), and Elkhazan (K)) under recommended (E) and late (L) sowing dates (B). AXIS1 and 2 refer to Principal component 1 (PC1) and Principal component 2 (PC2), respectively. 
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Figure 2. Vector view of GGE biplot for relationships among environments (A), and GGE biplot identification of winning cultivars across environments (two years, i.e., 2015 and 2016, and two locations, i.e., Elbostan (B), and Elkhazan (K)) under early sowing date (B). AXIS1 and 2 refer to Principal component 1 (PC1) and Principal component 2 (PC2), respectively. 
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Figure 3. Vector view of GGE biplot for relationships among environments (A), and GGE biplot identification of winning cultivars across environments (two years, i.e., 2015 and 2016, and two locations, i.e., Elbostan (B), and Elkhazan (K)) under late sown condition (B). AXIS1 and 2 refer to Principal component 1 (PC1) and Principal component 2 (PC2), respectively. 






Figure 3. Vector view of GGE biplot for relationships among environments (A), and GGE biplot identification of winning cultivars across environments (two years, i.e., 2015 and 2016, and two locations, i.e., Elbostan (B), and Elkhazan (K)) under late sown condition (B). AXIS1 and 2 refer to Principal component 1 (PC1) and Principal component 2 (PC2), respectively.
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Figure 4. GGE biplot for the ideal genotype under both sowing dates (A), recommended sowing date (B) and late sown condition (C), across environments (two years, i.e., 2015 and 2016, and two locations, i.e., Elbostan (B), and Elkhazan (K)). AXIS1 and 2 refer to Principal component 1 (PC1) and Principal component 2 (PC2), respectively. 
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Table 1. Name, pedigree, and year of release of the ten wheat cultivars used in this study.
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	Cultivar
	Pedigree
	Year of Release





	Giza168
	MRL/BUC//SERI
	1995



	Gemmeiza7
	7CMH74A-630/SX//SERI82/AGEN
	1999



	Gemmeiza9
	ALD“s”/HUAC//CMH74A-630/SX
	1999



	Gemmeiza10
	Maya74“S”/ON/1160-147/3/Bb/G11/4/chat“S”/5/crow“S”CGM5820-3GM-1GM-2GM-0GM
	2004



	Gemmeiza11
	BOW “S”/KVZ “S”//7C/SERI82/3/GIZA168/SKHA61
	2011



	Gemmeiza12
	OTUS/3/SARA/THB//VEECMSS97Y00227S-5Y-
	2011



	Sakha94
	OPATA/RAYON//KAUZ
	2004



	Sids12
	BUC//7C/ALD/5/MAYA74/ON//1160-147/3/BB/GLL/4/CHAT“S”/6/MAYA/VUL-4SD-1SD-1SD-0SD.
	2007



	Sids13
	KAUZ “S”//TSI/SNB“S”. ICW94-0375-4AP-2AP-030AP-0APS-3AP-0APS-050AP-0AP-0SD.
	2010



	Misr2
	SKAUZ/BAV92. CMSS96M0361S-1M-010SY-010M-010SY-8M-0Y-0S.
	2011
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Table 2. Analysis of variance for total chlorophyll content (CHLOR), canopy temperature (CANO), leaf area (LA), grain filling duration (GFD), plant height (PH), grain yield (YIELD), leaf rust (LR), stem rust (SR), and number of days to flowering (NDF) under two sowing date (SD) and different environments (ENV).
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SOURCE

	
DF

	
Mean Squares




	
CHLOR

	
CANO

	
LA

	
GFD

	
PH

	
YIELD

	
LR

	
SR

	
NDF






	
ENV

	
5

	
72.6 **

	
1316.1 **

	
212.7 **

	
492.5 **

	
785.5 **

	
34.02 **

	
0.025

	
0.016

	
2263.5 **




	
Replication(ENV)

	
12

	
0.60

	
2.27

	
1.44

	
3.36

	
37.73

	
0.10

	
0.017

	
0.017

	
67.00 **




	
SD

	
1

	
1055.4 **

	
61871.3 **

	
11969.29 **

	
6002.5 **

	
63374.9 **

	
836.1 **

	
14.88 **

	
16.72 **

	
85069.9 **




	
ENV * SD

	
5

	
119.0 **

	
463.2 **

	
115.33 **

	
16.3 *

	
393.3 **

	
13.0 **

	
0.02

	
0.036

	
360.9 **




	
Main plot Error

	
12

	
0.59

	
1.36

	
2.10

	
6.83

	
37.55

	
0.12

	
0.042

	
0.011

	
68.9




	
CULTIVAR

	
9

	
15.1 **

	
182.5 **

	
142.8 **

	
116.7 **

	
1141.2 **

	
6.6 **

	
1.46 **

	
1.77 **

	
3500.5 **




	
SD * CULTIVAR

	
9

	
6.4 **

	
84.3 **

	
20.2 **

	
43.8 **

	
761.1 **

	
2.9 **

	
1.47 **

	
0.89 **

	
2003.76 **




	
ENV * CULTIVAR

	
45

	
9.08 **

	
109.7 **

	
53.4 **

	
38.04 **

	
371.1 **

	
2.2 **

	
0.02

	
0.035 *

	
600.3 **




	
ENV * SD * CULTIVAR

	
45

	
6.8 **

	
193.18 **

	
28.59 **

	
44.9 **

	
423.2 **

	
2.8 **

	
0.019

	
0.031

	
682.9 **




	
ERROR

	
216

	
0.14

	
2.71

	
0.69

	
1.4

	
14.95

	
0.1

	
0.019

	
0.02

	
22.2








*, **: Significant at the 0.05 and 0.01 probability levels, respectively. SD: Sowing date; ENV: Environment.
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Table 3. Response of the ten wheat cultivars to recommended (R) and late sowing (L) dates for total chlorophyll content (CHLOR), canopy temperature (CANO), leaf area (LA), grain filling duration (GFD), plant height(PH), grain yield (GY), leaf rust scores (LR), stem rust scores(SR), and number of days to flowering (NDF).
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PH

	
GY

	
NDF

	
LR

	
SR

	
CHLOR

	
CANO

	
LA

	
GFD




	
Sowing date

	
R

	
L

	
R

	
L

	
R

	
L

	
R

	
L

	
R

	
L

	
R

	
L

	
R

	
L

	
R

	
L

	
R

	
L






	
Sids12

	
83.5

	
62.5

	
8.08

	
4.27

	
139.5

	
112.1

	
0.40 (40.7)

	
0.36 (49.9)

	
0.09 (37.52)

	
0.46 (53.2)

	
32.6

	
29.0

	
33.9

	
46.9

	
36.1

	
24.6

	
31.32

	
28.9




	
Gemmeiza10

	
65.7

	
52.2

	
7.65

	
3.12

	
116.2

	
103.4

	
0.06 (40.5)

	
0.85 (57.1)

	
0.14 (32.6)

	
0.90 (46.8)

	
31.3

	
28.0

	
32.2

	
44.4

	
33.8

	
22.4

	
32.2

	
27.9




	
Gemmeiza7

	
88.3

	
58.3

	
4.67

	
4.15

	
132.5

	
124.4

	
0.41 (30.4)

	
0.94 (54.1)

	
0.40 (39.2)

	
0.95 (43.2)

	
32.6

	
28.6

	
36.6

	
42.6

	
38.36

	
25.2

	
34.8

	
25.25




	
Gemmeiza9

	
89.3

	
58.3

	
7.6

	
4.87

	
133.7

	
119.8

	
0.11 (38.8)

	
0.41 (68.1)

	
0.40 (32.8)

	
0.46 (55.5)

	
32.4

	
28.5

	
37.1

	
44.1

	
38.5

	
25.1

	
34.5

	
29.3




	
Gemmeiza11

	
88.4

	
52.3

	
5.0

	
2.9

	
126

	
109.6

	
0.32 (20.6)

	
0.36 (43.9)

	
0.16 (26.3)

	
0.41 (54.6)

	
30.7

	
28.4

	
34.3

	
41.9

	
34.4

	
24.6

	
30.2

	
24.2




	
Gemmeiza12

	
76.3

	
60.1

	
8.8

	
3.12

	
117.5

	
95.2

	
0.05 (36.6)

	
0.84 (47.7)

	
0.16 (26.3)

	
0.93 (54.6)

	
30.8

	
28.3

	
33.1

	
47.6

	
33.4

	
23.1

	
33.3

	
22.3




	
Misr2

	
90.6

	
61.5

	
5.0

	
3.4

	
128.4

	
110.7

	
0.78 (38.4)

	
0.83 (56.7)

	
0.35 (38.0)

	
0.91 (55.1)

	
31.3

	
28.7

	
32.4

	
60.4

	
36.25

	
24.2

	
34.9

	
25.3




	
Sakha94

	
75.5

	
63.9

	
5.0

	
3.3

	
127.0

	
121.4

	
0.94 (46.5)

	
0.82 (44.3)

	
0.08 (39.4)

	
0.95 (56.8)

	
30.8

	
27.8

	
31.1

	
47.5

	
29.9

	
20.1

	
28.3

	
21.8




	
Giza168

	
95.8

	
64.9

	
5.4

	
4.0

	
121.8

	
114.0

	
0.06 (39.4)

	
0.93 (59.8)

	
0.91 (32.9)

	
0.97 (45.5)

	
33.5

	
28.5

	
29.6

	
42.5

	
34.5

	
22.9

	
32.5

	
25.9




	
Sids13

	
79.9

	
58.3

	
5.0

	
3.7

	
126.7

	
110.3

	
0.11 (29.7)

	
0.92 (52.2)

	
0.88 (45.6)

	
0.85 (52.5)

	
32.7

	
29.5

	
33.5

	
48.7

	
36.5

	
23.2

	
32.7

	
24.2




	
Lsd

	
6.0

	
0.5

	
1.8

	
0.071

	
0.065

	
0.6

	
2.6

	
1.3

	
1.8




	
Sowing date mean

	
83.3

	
59.2

	
6.2

	
3.7

	
126.9

	
112.1

	
0.32

	
0.73

	
0.36

	
0.78

	
31.9

	
28.5

	
33.4

	
46.7

	
35.2

	
23.5

	
32.5

	
25.5








Lsd: least significant difference for the interaction between sowing dates and genotypes at α = 0.05. Numbers in brackets refer to the severity of leaf and stem rust diseases at the adult plant stage.
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Table 4. Pearson correlation coefficients among total chlorophyll content (CHLOR), canopy temperature (CANO), leaf area (LA), grain filling duration (GFD), plant height (PH), grain yield (YIELD), leaf rust (LR), stem rust (SR) scores, and the number of days to flowering (NDF) under recommended sowing date (above diagonal), and correlation coefficients among same traits under late sown condition (below diagonal).
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	CHLOR
	CANO
	LA
	GFD
	PH
	YIELD
	LR
	SR
	NDF





	CHLOR
	
	−0.17
	0.55 **
	0.27
	0.43 *
	0.07
	−0.33 *
	0.07
	−0.47 **



	CANO
	0.00
	
	0.44 **
	−0.11
	0.10
	−0.20
	−0.05
	−0.25
	−0.31 *



	LA
	0.42 *
	−0.21
	
	0.61 **
	0.50 **
	0.43 *
	0.06
	−0.63 **
	−0.79 **



	GFD
	0.40 *
	−0.57 **
	0.56 **
	
	0.31
	0.60 **
	0.17
	−0.69 **
	−0.56 **



	PH
	0.55 **
	−0.08
	0.60 **
	0.39 *
	
	0.45 *
	0.01
	−0.06
	−0.90 **



	YIELD
	0.39 *
	−0.55 **
	0.55 **
	0.77 **
	0.43 *
	
	0.01
	−0.67 **
	−0.59 **



	LR
	−0.33
	0.37 *
	−0.71 **
	−0.81 **
	−0.53 **
	−0.82 **
	
	−0.38
	0.42 *



	SR
	−0.28
	0.41 *
	−0.63 **
	−0.84 **
	−0.42 *
	−0.85 **
	0.97 **
	
	−0.06



	NDF
	−0.30
	−0.80 **
	−0.30
	0.25
	−0.46 **
	0.23
	−0.53 **
	−0.1
	







*, **: Significant at the 0.05, 0.01 probability levels, respectively.
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Table 5. Stability parameters estimates for grain yield and ten cultivars, under combined, early, and late sown conditions.
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Sowing Date

	
Genotypes

	
Coefficient of Variation C.V%

	
Regression Coefficient (bi)

	
Perkins and Jinks (Di)

	
Wrike’s Ecovalence (Wi)

	
Superiority Measure (Pi)

	
Average Absolute Rank (Si(1))






	
Recommended & late combined

	
Sids12

	
49.03

	
1.60

	
0.60

	
28.42

	
0.78

	
0.82




	
Gemmeiza10

	
32.43

	
0.60

	
−0.40

	
12.53

	
6.35

	
0.32




	
Gemmeiza7

	
31.70

	
0.88

	
−0.12

	
10.38

	
2.29

	
0.61




	
Giza168

	
40.77

	
1.10

	
0.10

	
8.82

	
2.66

	
0.41




	
Gemmeiza11

	
47.59

	
1.46

	
0.46

	
13.67

	
1.34

	
0.68




	
Gemmeiza12

	
32.28

	
0.61

	
−0.39

	
12.83

	
5.75

	
0.21




	
Misr2

	
33.89

	
0.75

	
−0.25

	
8.11

	
4.58

	
0.45




	
Sakha94

	
47.22

	
1.11

	
0.11

	
18.29

	
3.56

	
0.52




	
Gemmeiza9

	
30.03

	
1.06

	
0.06

	
3.91

	
0.54

	
0.24




	
Sids13

	
35.91

	
0.83

	
−0.17

	
7.49

	
4.39

	
0.48




	
Recommended

	
Sids12

	
6.14

	
0.32

	
−0.68

	
4.15

	
0.16

	
0.53




	
Misr2

	
31.73

	
1.47

	
0.47

	
2.52

	
7.75

	
0.53




	
Gemmeiza7

	
24.62

	
0.62

	
−0.38

	
5.79

	
11.01

	
0.47




	
Gemmeiza9

	
31.65

	
1.73

	
0.73

	
6.18

	
4.50

	
1.00




	
Gemmeiza11

	
30.89

	
1.54

	
0.54

	
7.61

	
4.44

	
1.20




	
Gemmeiza12

	
13.53

	
0.86

	
−0.14

	
1.09

	
0.91

	
0.33




	
Gemmeiza10

	
19.67

	
0.18

	
−0.82

	
9.98

	
9.74

	
0.60




	
Sakha94

	
23.90

	
0.83

	
−0.17

	
4.52

	
7.84

	
1.00




	
Giza168

	
34.97

	
1.47

	
0.47

	
13.11

	
5.37

	
1.47




	
Sids13

	
17.07

	
0.98

	
−0.02

	
3.31

	
1.08

	
0.60




	
late

	
Sids13

	
24.03

	
2.32

	
1.32

	
1.30

	
1.40

	
0.67




	
Gemmeiza9

	
22.99

	
2.48

	
1.48

	
1.35

	
1.03

	
0.73




	
Gemmeiza7

	
25.24

	
2.26

	
1.26

	
1.36

	
1.69

	
0.67




	
Gemmeiza10

	
6.74

	
−0.33

	
−1.33

	
1.47

	
0.09

	
0.60




	
Gemmeiza11

	
8.37

	
−0.12

	
−1.12

	
1.21

	
0.88

	
0.87




	
Gemmeiza12

	
30.57

	
2.56

	
1.56

	
2.74

	
1.77

	
0.73




	
Misr2

	
11.30

	
0.50

	
−0.51

	
0.63

	
1.77

	
0.80




	
Sakha94

	
17.77

	
0.68

	
−0.32

	
1.65

	
1.32

	
0.83




	
Giza168

	
24.80

	
−0.84

	
−1.84

	
5.09

	
1.75

	
0.97




	
Sids12

	
5.27

	
0.49

	
−0.51

	
0.36

	
0.00

	
0.07
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Table 6. Summary of the analysis of variance and partitioning of the G × E interaction by , the additive main effects and multiplicative interaction model (AMMI) for grain yield.
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Sowing Date

	
Source

	
DF

	
MS

	
% of Variance Explained






	
Recommend and late combined

	
Environments (E)

	
11

	
96.80 **

	
63.20




	
Genotypes (G)

	
9

	
27.40 **

	
14.60




	
G × E

	
99

	
3.80 **

	
22.20




	
PC1

	
19

	
8.90 **

	
45.30




	
PC2

	
17

	
6.00 **

	
27.10




	
PC3

	
15

	
3.70 **

	
14.80




	
Residuals

	
240

	
0.10

	




	
Recommend

	
Environments (E)

	
5

	
42.15 **

	
29.52




	
Genotypes (G)

	
9

	
36.50 **

	
46.00




	
G × E

	
45

	
3.88 **

	
24.48




	
PC1

	
13

	
6.74 **

	
50.13




	
PC2

	
11

	
4.82 **

	
30.36




	
PC3

	
9

	
2.25 **

	
11.59




	
Residuals

	
120

	
0.19

	




	
late

	
Environments (E)

	
5

	
3.48 **

	
12.99




	
Genotypes (G)

	
9

	
7.23 **

	
48.57




	
G × E

	
45

	
1.14 **

	
38.44




	
PC1

	
13

	
2.42 **

	
61.16




	
PC2

	
11

	
1.20 **

	
25.59




	
PC3

	
9

	
0.54 **

	
9.41




	
Residuals

	
120

	
0.03

	








**: Significant at 0.01 probability level.
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