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Abstract

:

Climate change scenarios reveal that Turkey’s wheat production area is under the combined effects of heat and drought stresses. The adverse effects of climate change have just begun to be experienced in Turkey’s spring and the winter wheat zones. However, climate change is likely to affect the winter wheat zone more severely. Fortunately, there is a fast, repeatable, reliable and relatively affordable way to predict climate change effects on winter wheat (e.g., testing winter wheat in the spring wheat zone). For this purpose, 36 wheat genotypes in total, consisting of 14 spring and 22 winter types, were tested under the field conditions of the Southeastern Anatolia Region, a representative of the spring wheat zone of Turkey, during the two cropping seasons (2017–2018 and 2019–2020). Simultaneous heat (>30 °C) and drought (<40 mm) stresses occurring in May and June during both growing seasons caused drastic losses in winter wheat grain yield and its components. Declines in plant characteristics of winter wheat genotypes, compared to those of spring wheat genotypes using as a control treatment, were determined as follows: 46.3% in grain yield, 23.7% in harvest index, 30.5% in grains per spike and 19.4% in thousand kernel weight, whereas an increase of 282.2% in spike sterility occurred. On the other hand, no substantial changes were observed in plant height (10 cm longer than that of spring wheat) and on days to heading (25 days more than that of spring wheat) of winter wheat genotypes. In general, taller winter wheat genotypes tended to lodge. Meanwhile, it became impossible to avoid the combined effects of heat and drought stresses during anthesis and grain filling periods because the time to heading of winter wheat genotypes could not be shortened significantly. In conclusion, our research findings showed that many winter wheat genotypes would not successfully adapt to climate change. It was determined that specific plant characteristics such as vernalization requirement, photoperiod sensitivity, long phenological duration (lack of earliness per se) and vulnerability to diseases prevailing in the spring wheat zone, made winter wheat difficult to adapt to climate change. The most important strategic step that can be taken to overcome these challenges is that Turkey’s wheat breeding program objectives should be harmonized with the climate change scenarios.
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1. Introduction


According to global warming models, it is estimated that the rise in the global temperature will reach 1.5 °C in 2030, 2.5 °C in 2050, and 4 °C in 2100 [1]. Temperature increases have reached record levels (0.68–1.00 °C) in eight of the last ten years (2011–2020) [2]. Already approaching the 2030 temperature limit (1.5 °C) is causing humanity to be alarmed. Undoubtedly, climate change (CC) models will need to be reconstructed with new data to make more realistic predictions.



Based on long-term data (1901–2015), global precipitation increases approximately 2 mm every decade [3]. Even so, regional and local precipitation patterns (amount, distribution and frequency) are likely to deviate from the global trend [4]. For example, precipitation recorded (607 mm) in Turkey during the last decade (2011–2020) was 35 mm lower than the long-term (1950–2020) average precipitation (642 mm) [5].



In Turkey, during the last decade (2011–2020) the average temperature (14.4 °C) measured was 0.5 °C higher than the long-term (1950–2020) average temperature (13.9 °C). In Turkey, since 1998 (except 2011), the incidence of positive temperature anomalies has increased [5]. By the end of this century, in Turkey, located in the Mediterranean basin, it is estimated that temperature will gradually increase, and precipitation will primarily decrease along with an unpredictable pattern [6]. Since the 2000s, the effects of CC have been observed in wheat zones. For instance, it is expected that the cold and snowy winter season would turn to mild and rainy, and the summer season to hot and dry periods in the winter wheat zone (WWZ) [7].



Different strategies have been followed in studies conducted to determine the effect of CC on wheat. Some have focused solely on heat stress in wheat [8,9,10]. Others have studied the combined effects of heat and drought (HD) stresses on wheat [11,12,13,14].



The effects of heat stress on wheat are not yet fully understood. It is not known precisely at what temperature level heat stress starts to damage wheat. The research in [15] divided heat stress into two categories: chronic stress (20–30 °C) and heat shock (>32 °C). The research in [9] classified heat stress depending on the maximum temperature limit: heat stress (>30 °C) and hot days (>35 °C). On the other hand, there are no standard protocols to be followed when studying the effects of heat stress on wheat. Furthermore, it is unknown exactly which plant characters can reduce the adverse effects of heat stress on wheat.



HD stresses negatively affect all growth and development stages of wheat [16]. More precisely, the anthesis and grain filling periods are most sensitive to them [17]. They result in declining grains per spike by reducing pollen viability (i.e., spike infertility). Likewise, during the grain filling periods, they give rise to a decrease in grain size and weight, thereby negatively affecting yield and quality [12,18,19].



According to the CC projections for Turkey, yield reduction driven by HD stresses is estimated to reach 25–29% in winter wheat (WW) and facultative wheat (FW), and 15–16% in spring wheat (SW) [20,21]. It has been reported that the only way to prevent the decrease in yield could be by adapting the wheat phenology to the changing climate (i.e., changing the time to heading) [22,23,24].



Research in [25] reported that under the CC scenarios, yield could be increased by early planting of slow-growing (winter type) wheat instead of late planting of fast-growing (spring type) wheat, but facilitating wheat adaptation to CC in Turkey may require the exact opposite of their findings. There are at least four pieces of evidence that CC has begun to affect WW in Turkey. First, SW has started to be grown, albeit a little, in some parts of the WWZ, provided it is sown mostly in late autumn or early winter [26]. It has been experienced that a late sowing practice could prevent SW from being damaged by the cold. Second, some diseases prevailing in spring wheat zone (SWZ) (e.g., Septoria tritici) have begun to cause epidemics in WWZ of Turkey [27,28]. Third, recently, heat stress has occurred during drought in Turkey [5]. It was observed that during recent drought spells (e.g., in 2000, 2008, 2013, 2017, 2020) [5], WW could not tolerate HD stresses as much as SW, since varieties with shorter phenological cycles could be less affected by HD stresses [29,30]. Fourth, WW planting time has been shifted further in its zone (i.e., WWZ). Therefore, early WW varieties have been preferred in recent years [24,26].



Research in [31] highlighted that improvements in wheat management, such as early sowing, more irrigation and more nitrogen fertilizer, regardless of the wheat phenological cycle, could facilitate wheat adaption to CC. Obviously, this proposal does not appear to be a sustainable approach because of higher input requirement. On the other hand, there is an easy and practical way to enhance wheat adaptation to CC, i.e., harmonizing wheat phenology with changing climate. However, it has been speculated that genes regulating vernalization (VRN), photoperiod (PPD) and thermal time, or growing degree days (GDD), in WW could prevent its phenological profile flexible against CC [32]. More precisely, WW’s gene pool enrichment may be a proper approach to develop flexible phenology. By crossing WW with SW, new varieties with flexible phenology adaptable to CC can be created. What is suggested here has been implemented for many years. The improvement strategy of the IWWIP program coordinated by CIMMYT-ICARDA-Turkey has been built on the principle we mentioned [33]. The IWWIP program creates WW × SW crossing combinations to expand the WW adaptation boundaries and makes simultaneous selections over the multi-environment trials conducted in SWZ, WWZ, and facultative wheat zone (FWZ) of Turkey. In this article, the breeding method we propose to develop climate-resilient wheat varieties has been developed by inspiration from the IWWIP program.



This study’s objective was to determine the likely impact of CC on WW. For this purpose, a total of 36 wheat genotypes, consisting of 22 WW and 14 SW, were tested in one rain-fed field trial in the Southeastern Anatolia Region, representing the SWZ of Turkey, during two cropping seasons (2017–2018 and 2019–2020). By doing so, changes in grain yield and its relevant characteristics in WW were estimated, compared with those of SW, which was used as a control treatment. Throughout this research, we tried to answer specific questions: (a) how and to what extent could CC affect WW? (b) could the effect of CC on WW be measured under the field trials? (c) how could Turkey’s wheat breeding program be adapted to CC? Of course, the method we suggest has pros and cons. Despite those, our study brought up a primary topic. For the time being, Turkey’s wheat breeding program does not have a strategy to mitigate the effects of CC on wheat. For this reason, we have presented our suggestions on improving the adaptation of wheat to CC.




2. Materials and Methods


2.1. Experimental Design


A field trial was conducted in the experimental area (37°55′30″ N, 41°56′45″ E; 902 m asl) of the Faculty of Agriculture of Siirt University, Siirt, in the Southeastern Anatolia Region (SAR), a representative of the SWZ of Turkey, during two growing seasons (2017–2018 and 2019–2020) (Figure S1) [34]. All 36 bread wheat genotypes (Table S1), including 22 winter and 14 spring types, were tested in one trial. Experimental lay-out was a triple lattice square design. The trial was conducted over three replications. The plots consisted of four rows, 20 cm apart and 4 m long.




2.2. Wheat Genotypes


WW genotypes included 20 registered varieties, one landrace (Tir, from Van, Turkey), and one introduction from Canada (Broadview) (Table S1) [35]. Broadview is a strong winter type cultivar, selected 25th FAWWON-SA (entry#298) (25th Facultative and Winter Wheat Observation Nursery for Semi-arid Areas) [36]. On the other hand, SW genotypes included 12 registered varieties, one landrace (Siyare, from Siirt, Turkey), and one advanced breeding line (selected from 50th IBWSN (entry#19) (50th International Bread Wheat Screening Nursery) [37].




2.3. Plant Characteristcs


In this study, seven plant characteristics were observed, measured and evaluated as following [38]. Grain yield (GY): plants were harvested with a sickle (Zadoks-Z93) and spikes were threshed by hand. The grain yield (g m−2) obtained from the plot was converted into ton ha−1. Days to heading (DH) were calculated as Julian days starting from January 1 until half the heads emerged (Z55). Harvest index (HI): plants in one-meter-long row per plot were cut with a sickle above the soil surface, and their biomass was weighed (Z93). The spikes were threshed by hand and the grain weight was proportioned to the above-ground biomass (%). Thousand kernel weight (TKW): a random sample was taken of the whole grains harvested from each plot, 1000 seeds were counted by hand and weighed (g). Plant height (PH): the length of 10 main stems randomly selected from each plot were measured from the ground surface to the tip of the spike, excluding awn, recorded to the nearest cm (Z85). Grains per spike (GPS): 10 spikes were randomly sampled from main stems per plot, and grains per spike were counted (Z93). Spike sterility (SS): grains were developed in the first two (basal) florets of the spikelets per spike of all wheat genotypes tested in the experiment. However, the third floret grain formation exhibited a wide genotypic variation. Therefore, 10 spikes were randomly sampled from main stems per plot during the postfertilization stage (Z75). Grain abortion and infertility rates in the third floret were calculated and expressed as spike sterility (%).




2.4. Soil Properties


The soil at the experimental site was calcareous, slightly alkaline (pH = 7.97) and clayey. Organic matter was 14.2 g kg−1. Extractable P and K concentrations were 32 and 125 mg kg−1, respectively.




2.5. Crop Management


Both WW and SW genotypes were treated equally. The field trial was set up on December 8 of 2017 in the first season, and on November 28 of 2019 in the second season. The seeding rate was 500 seeds m−2 for all wheat genotypes. At sowing, 40 kg N ha−1 and 70 kg P ha−1 were applied. Besides, 80 kg N ha−1 was applied just before the stem elongation stage (Zadoks 30) in the early spring. Weeds were controlled manually. Pesticides were not applied, so that the reactions of wheat genotypes to diseases could be observed under the field conditions. SW genotypes were harvested by hand (with a sickle) in mid-June, while WW genotypes were harvested in early July. The trial was conducted under rain-fed conditions (without irrigation) in both cropping seasons.




2.6. Vernalization, Photoperiod and Growing Degree Days


Out of 36 wheat genotypes tested in the trial, vernalization (VRN) and photoperiod (PPD) genes for 18 were determined by [39] (Table S1). VRN and PPD data for one genotype (25th FAWWON-SA-298 = Broadview) were obtained from the IWWIP program [36]. The VRN and PPD responses of the remaining (17) genotypes were determined by visually comparing them with the previously defined 19 genotypes tested in the trial conducted during the two growing seasons.



Wheat is inherently sensitive to at least 14 h of light period (i.e., photoperiod) [40]. At the Siirt location, long days start on April 30 [5]. The PPD sensitivities of genotypes tested were determined by considering both the findings of [39] and DH values (before or after 30 April).



Growth and development periods in wheat are often explained in growing degree days (GDD) (i.e., thermal time or heat accumulation). Traditionally, it is assumed that wheat is functional at temperatures between 0 °C (base temperature-Tbase) and 30 °C (ceiling temperature-Tceiling). Temperatures below Tbase and above Tceiling are excluded in the GDD calculation. GDD values for the genotypes tested were calculated using the following Equation (1) [41]:


  GDD =     Tmax + Tmin    2  −  Tbase     



(1)




where Tmax is the maximum temperature (<Tceiling), and Tmin is the minimum temperature (>Tbase).




2.7. Comparing Winter Wheat with Spring Wheat: Relative Differences between Plant Characteristics


Two wheat groups (WW and SW) were planted simultaneously in a single trial and subjected to the same agronomic practices. Thus, the level of change in the GY and related traits of WW genotypes was determined by comparing SW genotypes (as a control treatment) [33,42]. For example, the relative difference in the GY of WW genotypes was calculated with the following Equation (2):


   GY     %  =     WWGYmean − SWGYmean     SWGYmean     × 100  



(2)




where GY is grain yield, WWGYmean is winter wheat grain yield mean, and SWGYmean is spring wheat grain yield mean.



The relative differences in the rest of plant characteristics observed were calculated as in GY.




2.8. Statistical Analyses


Most of the wheat genotypes, especially WW, used in the trial were not tested previously at the location of Siirt, Turkey. Therefore, the genotypic effects were considered random in the statistical models of variance analyses. Correspondingly, year, replication and block effects standing for the environment (variations in climate and soil over the years) in which the trial was conducted were also considered random in the statistical models (Table S2).



A combined analysis of variance (ANOVA) for the seven plant characters studied was performed over the two years (Table S2). Means of wheat genotypes were compared with the LSD multiple comparison test (Figures 3–9). ANOVA and LSD tests were conducted in SAS software.



Combined analysis of variance (ANOVA) showed statistically significant differences (p < 0.05 or p < 0.01) between years (Y), among wheat genotypes (G), and their interactions with each other (G × Y) for the seven plant characters (Table S2).



Correlation analysis was performed in Minitab software to determine pair-wise relationships between the seven plant characters (Figure S2). The relationships between plant characters and wheat genotypes were displayed by two multivariate analyses: principal components (PCA) and cluster (CA) analyses. PCA (Figure 10) was conducted in Microsoft Office Excel [43]. CA (Figures S3 and S4) was executed in Minitab software.





3. Results


3.1. Precipitation


According to climate data [5,6], the precipitation (522.4 mm) recorded in the first growing season (2017–2018) was 138 mm lower than the long-term (1939–2020) average precipitation (660.4 mm) (LTAP) (Table S3). On the other hand, the precipitation (757 mm) recorded in the second growing season (2019–2020) was 96.6 mm higher than LTAP. We noticed that precipitation decreased by 34.1 mm when comparing LTAP (660.4) with the precipitation (626.3 mm on average) recorded in the last three decades (from 1980 to 2020).



In the first season, the low precipitation (47.2 mm < LTAP = 111.2 mm) received in March accelerated the transition from stem elongation to reproductive phases in SW genotypes (Table S3). Fortunately, the high precipitation (146.6 mm > 63.8 mm) received in May contributed positively to the grain filling periods of SW genotypes, and the formation of reproductive organs (i.e., spike and florets) in WW genotypes (Figure 1).



In the second season, the precipitation received between November and January (51.4 mm, 75.8 mm, and 63.8 mm, respectively), when the germination, emergence, and tillering stages occurred, remained behind the LTAP (82.2 mm, 95.8 mm, and 97.5 mm, respectively) (Table S3). On the other hand, the precipitation received in February (137.2 mm), March (229.6 mm), and April (158.6 mm) was above LTAP (97.6 mm, 111.2 mm, and 105 mm, respectively). Thus, the high precipitation, together with mild weather conditions, provoked diseases such as Septoria tritici and Stagonospora nodorum, to infect plants. Moreover, low precipitation (40.4 mm < 63.8 mm) recorded in May in the second season, compared to that of the first season (146.6 mm > 63.8 mm), negatively affected the grain filling periods of the SW and the formation of the reproductive organs of the WW genotypes (Figure 1).



In June of both seasons, when the grain filling stages of WW genotypes coincided, almost no precipitation (0.2 mm and 2.8 mm) was received (Table S3). Compared to SW, WW genotypes exhibited longer phenological cycles, causing them to face DH stresses during grain filling stages.




3.2. Temperature


The minimum temperatures (Tmin) measured in both seasons (4.7 °C and 4.2 °C, respectively) were approximately 2.2 °C lower than the long-term average Tmin (6.7 °C) (LTATmin) (Table S3). The lowest Tmin (−9 °C) recorded in February of the second season gave rise to low to moderate cold damage only in SW genotypes. In other words, it caused leaf chlorosis and burning leaf tips on SW genotypes, indicating that they were susceptible to cold stress. [44]. However, WW genotypes were winter hardy.



The maximum temperatures (Tmax) measured in both growing seasons (23.8 °C and 21.7 °C, respectively) were 5.5 and 7.6 °C higher than the long-term average Tmax (16.2 °C) (LTATmax) (Table S3). Tmaxes (from 10.9 °C to 17.8 °C) observed during the winter season reached approximately twice the LTATmaxes (from 6.6 °C to 8.8 °C). The temperatures measured in May and June (32.2–36.2 °C) were well above the values (15–18 °C) considered optimal temperatures for wheat growth and development (Figure 2) [45].




3.3. Grain Yield


Grain yield (GY) means for SW and WW genotypes were 4.77 t ha−1 and 2.56 t ha−1, respectively (Figure 3). In other words, the GY mean of the WW genotypes grown in the SWZ was significantly lower [(2.56–4.77)/(4.77)×100 = −46.3%], see Equation (2) than that of the SW genotypes, which were used as a control treatment for comparison.



Within the SW group, the highest yielding genotype was Dinc (5.88 t ha−1), while the lowest was Siyare (2.59 t ha−1), the landrace grown locally in Siirt, Turkey (Table S1 and Figure 3). That is, Dinc had approximately twice the yielding capacity of Siyare.



Among the WW genotypes, the highest yielder was Pehlivan (3.60 t ha−1), and the lowest was Broadview (25thFAWWON-SA-298) (1.50 t ha−1) (Figure 3 and Table S1) [37]. This showed that the GY of Pehlivan was more than twice that of Broadview.



When all wheat genotypes tested in the trial were considered, it was recognized that Dinc had four times more GY than Broadview. The substantial difference in GY between SW and WW genotypes could indicate that the latter could not adapt to SWZ [46].




3.4. Days to Heading


In our experiment, 105 days (Julian days) were taken to initiate the heading stage in SW genotypes, while 130 days in WW genotypes (Figure 4). This underlined that the WW group headed 25 days (=130−105) later than the SW group. It is a typical characteristic that WW heads later than SW under the same growing conditions [47].



Among the SW genotypes, Tahirova had the longest heading time (115 days), while the 50th IBWSN-19, an advanced breeding line [38], had the shortest (98 days) (Figure 4 and Table S1). A period of 17 days occurred for days to heading (DH) within the SW genotypes.



In the WW group, the highest DH (142 days) was recorded for Broadview and the lowest DH (123 days) for Pehlivan (Figure 4 and Table S1). In other words, there occurred a 19-day interval for DH within WW genotypes. As a result, the heading time of the WW group was two days (19–17) longer than that of the SW group, indicating a wider genotypic variation.




3.5. Harvest Index


In our experiment, the average harvest index (HI) of SW genotypes was 38% (medium), and for WW genotypes was 29% (low), indicating that the WW group had a lower HI value (23.7%) than the SW group had (Figure 5).



Among the WW genotypes, Pehlivan had the highest HI (34%), and Broadview (25th FAWWON-SA-298) had the lowest HI (21%) (Figure 5 and Table S1). Specifically, Pehlivan had a higher HI value (17.2%) than the average HI (29%) of WW genotypes.



Variation in the HI values (from 35% for Siyare to 42% for Dinc) was found within SW genotypes (Figure 5 and Table S1). In other words, the HI of Dinc was 27% higher than that of Siyare. We realized a wide variation among the HI values of the genotypes tested in the experiment. It was evident that the highest HI value in the trial (42% for Dinc) reached exactly twice the lowest HI value (21% for Broadview).




3.6. Plant Height


The average plant height (PH) of the WW genotypes was 106 cm, and for the SW genotypes was 96 cm (Figure 6), indicating that the former was 10 cm taller than the latter.



Among the WW group, a wide genotypic variation (141−90 = 51 cm) was observed for PH (Figure 6 and Table S1), mainly due to the three tallest genotypes: Dagdas-94, Tir and Dogu-88 (141 cm, 130 cm, and 120 cm, respectively). We assume that if those were excluded from WW group, the genotypic variation for PH would be narrowed by more than 50% (114−90 = 24 cm). However, it would still be large enough because modern cultivars currently range 90 cm to 110 cm in height [48].



In the SW group, the landrace Siyare was the highest (120 cm) in PH, and three genotypes (Pandas, Altindane, and one advanced breeding line, selected from 50th IBWSN-19) were the lowest (90 cm) (Figure 6 and Table S1). As in the WW group, the genotypic variation for PH was large enough in the SW group (120−90 = 30 cm). However, if Siyare was excluded from the SW group, PH would be narrowed by 50% (105−90 = 15 cm).



In this experiment, we found that landraces and WW cultivars developed for rain-fed areas were quite taller. That was the main reason why genotypic variation for PH in our trials was so wide [49].




3.7. Thousand Kernel Weight


The WW group had a 19.4% lower (29 g) thousand kernel weight (TKW) than the SW group (36 g) (Figure 7). In the SW group, Altindane had the highest TKW (39 g), while Tahirova had the lowest (33 g) (Figure 7 and Table S1). Therefore, genotypic variation (39−33 = 6 g) for TKW within the SW group was not large enough. As for the WW group, TKW values ranged from 22 g (Broadview = 25th FAWWON-SA-298) to 34 g (Pehlivan) (Figure 7 and Table S1). It showed that genotypic variation (34−22 = 12 g) for TKW within the WW group reached twice that of the SW group (6 g).




3.8. Grains per Spike


In our experiment, the average grains per spike (GPS) of the SW group was 36, and for the WW group was 25, indicating that the former had a 30.5% higher GPS than the latter (Figure 8). There was a considerable difference (11 grains = 36−25) between wheat groups for GPS. Within the SW group, GPS varied between 39 for Adana-99 and 34 for Tahirova (Figure 8 and Table S1). However, genotypic variation (5 grains = 39−34) for GPS in the SW group was limited. As for WW group, GPS ranged from 30 for Pehlivan to 20 for Broadview (25th FAWWON-SA-298) (Figure 8 and Table S1). Compared to the SW group (5 grains), the genotypic variation for GPS within the WW group was slightly broader (10 grains = 30−20).




3.9. Spike Sterility


HD stresses occurring at preanthesis and during anthesis cause severe spike sterility (SS) [50]. Grains were developed in the first two florets (basal florets f1 and f2) in each spikelet of all wheat genotypes tested. However, almost all WW genotypes (88%) could not form grains in the third florets of spikelets per spike (Figure 9). A few genotypes from the SW group (23%) could not either. Therefore, WW genotypes had about a three-fold (282.6%) higher SS rate than SW genotypes.



Within the WW group, Dogu-88 and Broadview (25th FAWWON-SA-298) had the highest SS (99%), and Pehlivan had the lowest SS (54%) (Figure 9 and Table S1). SS rates within the WW group exhibited a relatively wide genotypic variation.



SS was observed even at a low rate in SW genotypes grown in SWZ. In the SW group, Tahirova had the highest SS (35%) rate, and 50th IBWSN-19 (advanced breeding line) had the lowest SS (14%) rate (Figure 9 and Table S1).




3.10. Vernalization, Photoperiod, and Growing Degree Days


The wheat genotypes tested in this experiment were categorized into two groups in terms of the vernalization (VRN) requirement based on molecular data and visual observations: genotypes’ high vs low responsiveness to VRN (i.e., genotypes winter vs. spring growth habit). On the other hand, all SW, and some WW genotypes, were insensitive to photoperiod (PPD) (Table S1) [39]. All SW genotypes headed before April 30 (light period <14 h). In our case, DH could be irrelevant with PPD sensitivity, because all WW genotypes, including the PPD insensitive group, headed after April 30 (light period >14 h) (Figure 4). In fact, DH’s main driving force was growing degree days (GDD). The GDD values calculated for the SW genotypes (from 1567 to 1801 °Cd) were lower than those of the WW genotypes (from 1927 to 2293 °Cd) (Table S1). It has been pointed out that WW genotypes accumulate more GDD to initiate heading [40].




3.11. Multivariate Analyses for Plant Characteristics and Genotypes


The positive and negative relationships between all plant characteristics studied were found to be statistically significant (**, p < 0.01) (Figure S2). Among them, the lowest correlation coefficient (r = 0.448 **) was calculated between DH and PH, while the highest (r = −0.966 ** and r = 0.966 **, respectively) was calculated between SS and GPS, and SS and DH. Significant positive relationships were determined between GY and TKW, GPS and HI, and negatively significant relationships between GY and PH, DH and SS.



A biplot graph created by the principal components analysis (PCA) allows us to visually interpret the relationships between genotypes and their plant characters (Figure 10). The first two PCA components (Principal Components 1 vs. 2 (PC1 vs. PC2)) explained 94% of the relationships between genotypes and plant characters involved.



GY, HI, GPS and TKW were located on the positive axis of PC1 in the biplot, while PH, DH, and SS were on the negative axis. This showed that plant characters formed two main groups (Figure 10). However, the second axis (PC2) of the biplot separated PH from DH and SS, creating two subgroups. PH was located on the positive axis of PC2, and DH and SS on the negative axis. This grouping type was verified with the dendrogram obtained from the cluster analysis (CA) (Figure S3). CA separated all plant characters into three clusters. CA revealed that HI, GPS, and TKW, which were in the first cluster, had a positive effect on GY, and that SS and DH in the third cluster had an adverse impact. The fact that PH created a single cluster (cluster 2) and a separate group showed that it did not have a direct contribution (negative or positive) to the GY.



SW genotypes were located on the positive axis of PC1 in the biplot graph (Figure 10), indicating that they had GY, HI, TKW and GPS values higher than the average. On the other hand, WW genotypes were located on the negative axis of PC1, meaning that the BH, DH and SS values for WW genotypes were above the average. Wheat genotypes formed two main clusters (WW vs. SW) on the biplot, just like plant traits. Interestingly, the genotypes that deviated from the origin of the biplot (for example, G4, G21, G35, and G22) formed different clusters: four clusters (clusters 1–4) for WW genotypes and three clusters (clusters 5–7) for SW genotypes (Figure S4). Genotypic variations in PH (for clusters 3 and 4) and GY and its components (i.e., low adaptability for clusters 1 and 2), showed a differential effect in different clustering of WW genotypes. As for the SW genotypes, locally adaptiveness (for cluster 6) and facultative growth type (for cluster 5) resulted in different sets in the CA.





4. Discussion


4.1. Heat and Drought Tolerance


We believe that focusing only on heat stress is not a holistic approach to studying the possible effects of CC on wheat [10,11]. The frequency of concurrent heat and drought (HD) stress is anticipated to increase in the future [13]. All growth and development periods of wheat can be adversely affected by HD stresses. However, HD stresses occurring during the flowering and grain filling periods of wheat may result in dramatic economic losses [51]. This was confirmed by lack of precipitation, and the high Tmax values recorded at anthesis (32.2 and 33.7 °C in May) and grain filling phases (34.3 and 36.2 °C in June) during the two seasons this study was conducted.



The limit (upper optimal temperature -Topt) at which wheat starts to be adversely affected by high temperature differs according to studies: 15 °C [52], 18 °C [45,53,54,55,56] and 22 °C [57] and 30 °C [9]. However, in most of these studies, 15–18 °C was determined as Topt for wheat. The Topt (15–18 °C) proposed by the new findings coincides with the upper limit where the VRN requirement can be met [53,54,56]. In other words, it is an interesting coincidence that the upper-temperature limit (15–18 °C) at which the VRN requirement is met, and the boundary where temperature is optimal (15–18 °C), are equivalent. There have found no literature on this subject. We believe that the Topt range for WW is determined explicitly by the VRN genes. Research in [58] found that VRN genes affected the formation of freezing tolerance, stem elongation (i.e., plant height), spike architecture and flowering characteristics, as well as meeting the low-temperature requirement of wheat. The findings of [58] support our suggestion.



In interpreting the findings obtained from our study, 18 °C was accepted as the limit where high-temperature stress started [45,52,53,54,55,56]. Declines ranging from 2.95% to 3.31% in the GY of WW, compared with SW, tested in our experiment, occurred for each one °C temperature increase above 18 °C. Research in [52,55] found that each one °C temperature increase caused decreases between 3.3% and 6.4% in the GY of wheat. The reasons for the differences between the research findings were due to the different Topt temperatures in each study, the application of heat stress in different temperature ranges, the different heat stress application times and the location where the heat stress was applied in different geographic positions (in different altitudes and latitudes). Unfortunately, there is no standard protocol for measuring the effects of heat stress on wheat.



Due to the combined effect of HD stresses, WW’s GY was 46% lower than that of SW (control treatment) in our trial. Research in [55,59,60] determined that heat stress reduced the GY of wheat by 52–54%. These findings agreed with ours. As in GY, HD stresses had adverse effects on other plant characters such as TKW, SS, GPS, and HI. They also reported that, like our findings (44%), heat stress significantly reduced HI and GPS values (84% and 61%, respectively) in wheat. Contrary to our results, they stated that heat stress did not adversely affect the PH, DH and TKW in wheat. The difference between the two studies was mainly due to the genetic makeup of wheat. They studied spring durum wheat genotypes with low genotypic variation (88–95 days for HD and 75–85 cm for PH), while we studied SW and WW genotypes with a broad genetic variation (98–142 days for DH and 90–141 cm for PH). On the other hand, in the same study, [55], no adverse effect of heat stress on TKW (34–39 g) was determined, while a large effect (22–39 g) was determined in this study. Like our findings, [14] determined that the combined impact of HD stresses led TKW to a decrease (23%) in wheat.



Under normal conditions, the grain formation rate per average per spikelet of the wheat spike is around 2.7, and it is well known that the sterility rate in the third florets of the wheat spike is about 30% [61]. One of the most important reasons why the WW genotypes tested had low GY was sterility in the spike (SS). Time to initiate anthesis in WW, covering pollination and fertilization, coincided with which heat (32.2–33.7 °C in May) and drought (low rainfall in the second season, 40 mm in May) stresses occurred. Therefore, infertility in the third floret of the spikelet was developed at a rate of 88% on average. [19] and highlighted that the combined effect of drought (5 days) and heat (32 °C) applied to wheat during flowering caused functional irregularities in female and male organs at the level of 34% and 66%, respectively. Our research findings were supported by theirs.



Research in [14] concluded that wheat genotypes with thicker, greener leaves, higher photosynthetic capacity and increased water use index, could overcome the simultaneous effects of HD stresses with less damage during both anthesis and grain filling periods. Our findings showed that WW genotypes (e.g., Pehlivan), which could mature faster in a shortened period, were better able to avoid the destructive effects of both stresses. Among the WW genotypes tested in our experiment, there were registered varieties tolerant to drought (e.g., Bayraktar-2000 and Karahan-99). However, we confirmed that drought tolerance alone was insufficient for wheat to adapt to CC, because of low GY. Early heading is often considered a type of escape mechanism [62]. We elucidated that early heading genotypes within the WW group generally had lower SS and higher TKW and HI, and consequently higher GY. All of this underlines that earliness per se can be a crucial characteristic for wheat adapting to CC.



To summarize, our research findings revealed that due to the long phenological cycle of WW, especially anthesis and grain filling periods were severely affected by HD stresses. Therefore, we made suggestions on how WW could adapt to CC.




4.2. Suggestions to Mitigate Possible Effects of Climate Change on Winter Wheat


4.2.1. Wheat Breeding Program


Wheat breeding activities carried out in Turkey are executed in two independent programs: the WW breeding program (WWBP) and the SW breeding program (SWBP) (Figure S1). [63]. Today, there is hardly ever a germplasm exchange between the two programs. [64]. However, it is thought that WW would not adapt to the WWZ in the future owing to the effect of CC [16,65]. Each year, two-thirds of the wheat cultivation area of Turkey is reserved for WW [66]. If CC would threaten WWZ more frequently than before, a new wheat breeding strategy should be put forward urgently.




4.2.2. Crossing Block


Currently, parents in the WWBP’s crossing block (CB) are characterized only by the winter growth type. Therefore, WW × WW crossing combinations are created regularly. However, the winter wheat crossing block (WWCB) gene pool should be enriched to adapt to changing climatic conditions. Parents of the spring growth type should be included in the WWCB. Gene frequencies of parents of the winter growth type, mainly standing for VRN, PPD and cold tolerance (CT) characters in the WWCB should be altered gradually. It is estimated that these characters would make it challenging to adapt WW to CC (Table 1). The easy way to cope with this challenge is to create WW × SW crossing combinations [42]. We think that WW carrying SW genes would adapt to CC more effectively. Thus, we hope that the facultative wheat (FW) type obtained from WW × SW crossings will begin the first phase of adaptation to CC [6]. Since the climate is changing dynamically, we must run a dynamic wheat breeding program to adapt to it.




4.2.3. Early Generations


Today, populations (F2, F3, and F4) in the segregating generations of WWBP are tested commonly just in one location, where good agronomic practices are provided. However, the selection environment must also be changed for WWBP to adapt to changing climatic conditions. F2, F3, and F4 generations created from WW × SW crossing combinations should be tested simultaneously in contrasting locations, representing both WWZ and SWZ, to make an efficient selection (Figure S1). While choosing the locations from SWZ, different temperatures (testing for heat stress), and precipitation patterns (testing for drought stress), should be considered. Besides, diseases that cause economic losses in SWZ have managed to reach WWZ due to atmospheric barriers being broken by CC and creating epidemics in the WWZ [27,28]. Therefore, segregating generations (WW × SW) should be tested against diseases causing epidemics in SWZ.




4.2.4. Advanced Generations


According to the breeding strategy we propose for CC adaptation, advanced lines selected from WW × SW crossing combinations should be simultaneously tested against yield performance, quality, diseases, pests and HD stresses. Preliminary yield and advanced yield trials must be conducted over the locations to be selected from both the WWZ and SWZ (Figure S1). For instance, to carry out multienvironment trials for WW advanced lines, the following locations from the SWZ (and FWZ) would be preferred: testing for HD stresses in location Sanlıurfa, screening for high yield potential, disease resistance, high humidity, and heat stress in location Adana, and selecting for disease resistance in location Sakarya, Turkey.




4.2.5. Plant Characteristics Essential for Adapting to Climate Change


Plant characteristics that would improve WW’s adaptation to CC are given in Table 1, for more details, see [17,67,68]. We envisage that WW’s typical characters (e.g., VRN, PPD, and CT) would gradually lose their priorities due to global warming [32]. On the other hand, there is no doubt that tolerance to HD stresses, which are among the classical breeding aims of wheat, would be much more critical than ever before [13,14]. It is predicted that if the atmospheric CO2 concentration, which is the primary driver of CC, continues to rise, the photosynthetic capacity of wheat, a C3 plant, will increase, thereby increasing its yield potential. A new subject should be included in wheat’s breeding objectives: CO2 use efficiency [11].




4.2.6. New Approaches in Wheat Agronomy for Adapting to Climate Change


Due to the influence of CC, WW’s planting time has started to shift. New cultivars that mature earlier, suitable for late planting and tolerant to HD stresses, should be preferred [69]. Soil sustainability is of paramount importance for adapting to CC. Therefore, a conservation tillage system should be chosen in wheat cultivation [70]. Besides, smart irrigation systems should be preferred for irrigated wheat areas [71].




4.2.7. A Particular Topic: Genetically Modified Wheat


Genetically modified (GM) wheat can be conceptualized, in that traditional wheat breeding methods may be unsuccessful in developing new wheat varieties to adapt to CC [72]. In such a case, due to food security concerns driven by CC, the GM wheat issue would be brought back to the table. Thus, some would favor the GM wheat approach, and even try to put it into practice. To illustrate this, in 2020, one drought-resistant GM wheat variety (HB4) was announced to have been developed in Argentina, where wheat production has decreased significantly due to CC in recent years [73].



[image: Table] 





Table 1. Priority rankings of plant characteristics for adapting to climate change in Turkey.
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	Plant Characteristics
	Current
	Future
	Reference





	Vernalization
	+++
	+
	[53,74]



	Photoperiod
	++
	+
	[40,56]



	Cold tolerance
	+++
	+
	[16,75]



	Grain yield (Food security)
	++++
	+++++
	[55]



	Grain quality
	+++
	++++
	[65]



	Phenology
	+
	++++
	[76,77]



	Thermal time
	+++
	+
	[41,78]



	Earliness
	+
	++++
	[45]



	Heat tolerance
	++
	+++++
	[9,10,13,17]



	Drought tolerance
	++++
	+++++
	[14,17,19]



	Waterlogging
	+
	++
	[79]



	Disease resistance
	+++
	++++
	[27,28]



	Insect pest resistance
	+
	+++
	[80,81]



	Water use efficiency
	+
	++++
	[82]



	CO2 use efficiency
	+
	+++
	[11]



	Genetically modified wheat
	?
	?
	[73]







+ not important, ++ low priority, +++ medium priority, ++++ high priority, +++++ the most important, ? unknown.
















5. Conclusions


WW tested in SWZ exhibited a lower performance for GY, and related plant characters, compared to SW because, we think, WW’s VRN and PPD genes and high GDD accumulation make it challenging to adapt to CC. The way to overcome this is by shortening the phenological cycle of WW (i.e., reduce days to heading) and thus facilitating adaptation to CC.



How CC will affect wheat is not fully understood yet. Therefore, there is no concrete suggestion on what breeding strategy should be followed to facilitate the adaptation of wheat to CC. Most of the studies on CC are only predictions derived from CC models. However, an easy-to-implement and effective strategy would be to test breeding nurseries developed from WW × SW combinations simultaneously in both the WWZ and the SWZ. By doing so, we can effectively determine whether WW will adapt to the warmer and drier conditions envisaged by the CC scenarios. The method we propose can help breeders carry out wheat breeding activities in developed and developing countries to improve new varieties adapted to CC.
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Figure 1. Daily precipitations recorded in May of both seasons, excluding June because of lack of precipitation (0.2 and 2.8 mm, respectively) (Table S3). 
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Figure 2. Daily maximum temperatures measured in May and June of both seasons. 
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Figure 3. Comparing winter wheat genotypes with spring wheat genotypes for grain yield (t ha−1) over two cropping seasons. Genotypes with the same letter are not significantly different. 
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Figure 4. Comparing winter wheat genotypes with spring wheat genotypes for days to heading over two cropping seasons. Genotypes with the same letter are not significantly different. 
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Figure 5. Comparing winter wheat genotypes with spring wheat genotypes for harvest index (%) over two cropping seasons. Genotypes with the same letter are not significantly different. 
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Figure 6. Comparing winter wheat genotypes with spring wheat genotypes for plant height (cm) over two cropping seasons. Genotypes with the same letter are not significantly different. 
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Figure 7. Comparing winter wheat genotypes with spring wheat genotypes for thousand kernel weight (g) over two cropping seasons. Genotypes with the same letter are not significantly different. 
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Figure 8. Comparing winter wheat genotypes with spring wheat genotypes for grains per spike over two cropping seasons. Genotypes with the same letter are not significantly different. 
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Figure 9. Comparing winter wheat genotypes with spring wheat genotypes for spike sterility (%) over two cropping seasons. Genotypes with the same letter are not significantly different. 
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Figure 10. Biplot depicting relationships between plant characteristics and genotypes. G stands for genotype codes given in Table S1. 
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