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Abstract

:

Global warming has increased the temperature significantly over a large extent both spatially and temporally. The threat of heat stress during the germination and seedling establishment stages in the wheat crop is now more prevalent than ever before. The present experiment assessed the effect of elevated temperature on the germination and early seedling growth of wheat genotypes. The seeds were sown under four temperatures, viz., 20 °C, 25 °C, 30 °C and 35 °C; the germination, seedling vigor and enzyme activities in 8-day-old seedlings were assessed. The temperature significantly influenced germination and early seedling growth. The germination percentage at 20 and 25 °C was statistically on par with and higher than at 30 and 35 °C. The seedling vigor parameters were maximum at 25 °C and showed a reduction at higher temperatures. Genotypic differences were observed for early heat stress as the genotypes WH 730, WH 1123 and HD 2967 showed tolerance towards heat stress during germination, whereas the genotypes PBW 725 and WH 1105 were susceptible. Antioxidant enzyme activities in seedlings increased with the rise in temperature. Catalase, peroxidase and superoxide dismutase enzymes showed increased activities at higher temperature levels.






Keywords:


heat stress; germination; seedling growth; sowing time; antioxidant enzymes












1. Introduction


Securing the availability of food to every person in the world is a big challenge, and the present-day situation of the climate means that this task is far more challenging. After 1950, a number of changes have been observed with respect to various weather and climate events, and the quantum of these fluctuations accelerated in recent times. Among these changes, the most prominent phenomenon is the constantly rising ambient temperature globally, which is generally termed ‘Global warming’. There has been a trend of a general increase in the prevalence of warmer days and nights with a reduced number of colder ones on a global scale [1]. The atmospheric heat resulting from global warming is posing a threat to crop growth and productivity.



Wheat, the cereal food for the majority of the world’s population, is a member of the family Poaceae [2]. Wheat alone provides more than 20% of the calories and protein for the world’s population [3]. As the global population is continuously increasing, it is more than sure that there will be a rise in the demand for wheat to fulfill the food requirements. The estimates show that the world’s population will reach 9.6 billion by 2050, and, therefore, wheat production and its availability to people will be the centerpiece of food security and the global economy in the near future [4]. Wheat as a temperate crop is facing the challenge of heat stress in the Indian peninsula more than any other type of abiotic stress. Year by year, the risk of the occurrence of high-temperature periods during the wheat growing season is increasing due to uncertainty in the climatic pattern. The ramifications of changing climate are recognized extensively all over the Indian subcontinent, but the region of the Gangetic plains is the most affected one. In these plains, the winter season became shorter, and the phenomenon of warming during the months of February and March will become the new normal [5], and now, the instances of higher temperature conditions during the early sowing season are also increasing due to uncertain climate events. The threat of increasing temperature on wheat production in India was first observed in the early 1930s [6]. The alarming conditions of high temperature (heat) stress and its significance in limiting the productivity of wheat in India were clearly visible in his statement, i.e., ‘Wheat growing in India is a gamble in temperature’. This statement becomes more compelling in present-day circumstances.



Terminal heat stress has been widely identified and studied in wheat, but the ramifications of heat stress are now prevailing on a larger spatial and temporal extent, and both are not mutually exclusive. Therefore, the problem of a hotter environment can affect crop plants at any stage of their life cycle. The adverse effects of heat stress on seed germination and stand establishment were studied in many crops, including wheat [7,8]. Rapid and uniform field emergence is essential to achieve better growth and higher yield. The optimal temperature favors a good aptitude to germinate, whereas low and high temperatures result in the delay of germination and a majority of genotypes are unable to bear temperature stress [9]. The germination percentage of wheat seeds is affected by non-optimal temperatures, i.e., too low and too high temperatures [10]. If the temperature of the seed zone increases beyond the optimum, it initially results in an increased seed germination rate but on a further increase in temperature, seed germination is reduced [11]. Keeping in view the fact that the stage of germination has critical importance in crop establishment and its successful production, the present study was designed to evaluate the effect of early heat stress on germination and subsequent seedling growth parameters in some of the most popular genotypes of wheat cultivated in India.




2. Materials and Methods


2.1. Seed Material


The seed material comprising twelve Indian bread wheat (Triticum aestivum) varieties/genotypes was obtained from the Wheat and Barley Section, Department of Genetics and Plant Breeding, Chaudhary Charan Singh Haryana Agricultural University, Hisar. These genotypes were selected on the basis of their diverse genetic backgrounds. Initially, these genotypes were chosen on the basis of their adaptability to terminal heat stress. Details of the genotypes used in the study are given in Table 1. The initial germination of all the genotypes was above 90%, and the initial seed moisture content (SMC) ranged from 8.90% to 9.40%. The seeds were stored under ambient conditions prior to the experiment.




2.2. Experimentation


The experiments were conducted in the Seed Testing Laboratory, Department of Seed Science and Technology, CCS Haryana Agricultural University, Hisar, Haryana, India. All the experiments were conducted for two successive years, and fresh seeds were used each year. Experiments were laid out in a completely randomized design with three replications.



For recording the standard germination and seedling-related traits, the between-paper method [12] was adopted. One hundred healthy, unbroken seeds of each genotype were taken and placed equidistantly in between two sufficiently moistenedtowel papers. These towel papers were then rolled and covered with a layer of wax paper to avoid moisture loss and kept on steel racks in growth chambers maintained at 20 °C, 25 °C, 30 °C and 35 °C with 12 h light and 12 h dark conditions for 8 days.



For the assessment of the speed of germination, the top-of-the-paper method [12] was adopted. Fifty seeds were placed on moistened filter paper in Petri plates and kept in the germinators under the same experimental conditions for 8 days. The relative humidity during the course of experiments was maintained at 90 ± 2%. The experiments were laid out in a completely randomized design in a factorial arrangement and replicated thrice during both years.




2.3. Observations Recorded


The final count of germination was taken on the eighth day, and the normal seedlings were considered for percent germination [12], and the values were expressed in percentages. The newly emerged radicals of germinated seeds were counted on a daily basis. The speed of germination was calculated based on the formula given by Maguire [13], as follows, and is expressed as numbers as it is a unitless index.


  Speed   of   germination =   X 1   Y 1   +   X 2 − X 1   Y 2   + … +   Xn − Xn − 1   Yn    








where,



X1, X2 and Xn = number of seeds germinated on the first, second and nth day, respectively.



Y1, Y2 and Yn= number of days from sowing to first, second and nth count, respectively.



Thirty seedlings were randomly selected from the between-paper samples, and their shoot and root lengths were measured at 8 days after sowing (DAS). The average of the 30 seedlings was taken for the final calculation. The fresh weight of seedlings from each replicate was also recorded immediately. For the estimation of dry weight, the seedlings whose fresh weight was recorded were dried in a hot air oven for 24 h at 80 ± 1 °C. The dried seedlings of each replication were weighed, and the dry weight of single seedling was calculated by taking the average for each and expressed in milligrams. Percent dry weight was also calculated by taking average fresh and dry weights. The seedling vigor index-I and vigor index-II were calculated by the formula given by Abdul-Baki and Anderson [14] and expressed as a whole number.


Vigor Index-I = Standard germination (%) × Average seedling length (cm).










Vigor Index-II = Standard germination (%) × Average seedling dry weight (mg).











For the determination of the activities of different enzymes, 1 g of plant tissue was taken from 8-day-old seedlings of ‘between-paper’ samples. Biological samples (leaf tissue) were taken in three replicates for the preparation of enzyme extracts. These extracts were used for all the enzyme assays. All the steps of extraction were carried out at 0–4 °C. The supernatant was prepared using the standard procedure and carefully decanted and used as the crude enzyme preparation. Superoxide dismutase enzyme (SOD) was assayed by measuring its ability to inhibit the photochemical reduction of nitrobluetetrazoliumm (NBT) [15]. For the estimation of kinetic and regulatory properties, the enzyme activity was calculated and expressed in terms of unit g−1 fresh weight [16]. The activity of the catalase (CAT) enzyme was measured by a slightly modified method of Sinha [17]. The activity of the Peroxidase (POX) enzyme was assayed by determining the rate of guaiacol oxidation in the presence of H2O2 at 470 nm [18].




2.4. Statistical Analysis


The data from both years were subjected to pooled analyses and presented as the mean value with standard error (error bars) of three replicates in the graphical form. All the data were analyzed in Completely Randomized Design (CRD) using STAR 5.1: Statistical Tool for Agricultural Research of International Rice Research Institute (IRRI). Two-way ANOVA was used to detect the effect of temperature and genotype on different seed germination parameters. All the graphs were prepared using SigmaPlot 12.0. The least significant difference (LSD) test was used at the 0.05 probability level to check the difference between different treatments.





3. Results


3.1. Analysis of Variance


The analysis of variance (ANOVA) of different traits under the study showed significant effects of both the factors (temperature and genotype) and their interaction (Table 2).




3.2. Germination Characteristics


The initial germination percentage of all the genotypes was above the Indian Minimum Seed Certification Standards (IMSCS). Germination at different temperature levels showed distinct patterns, with a higher germination percentage at 20 °C and 25 °C and a minimum at 35 °C (Table 3). At higher temperatures, i.e., 30 °C and 35 °C, the genotypes differed significantly (Figure 1 and Table S1), and the range was also higher as compared to lower temperatures (Figure S1). Genotypes, viz., WH 730, WH 1123, EC 277134 and HD 2967 had more than 90% germination, even at 35 °C; for PBW 725, WH 1105 and DBW 88, it was reduced to less than 80% (Figure 1 and Table S1). Among the genotypes under study, the highest germination percentage (98.5%) was recorded in WH 1123 and WH 1021 at 20 °C and in the genotype WH 711 at 25 °C, whereas it was lowest for PBW 725 (72.0%) at 35 °C (Table S1).



The germination speed was significantly different at each level of temperature (Table 3). A temperature pattern of maximum at 25 °C, followed by 20 °C, 30 °C and a minimum at 35 °C was observed. The interaction between temperature and genotype was also significant for the speed of germination (Table 2). The interaction indicated that HD 2967 had the fastest germination speed at all the temperature levels, while the genotype EC 277134 showed minimum speed at 25 °C, 30 °C and 35 °C. At 20 °C, IC 443661 had a minimum speed of germination (Figure 1 and Table S1). On overall analysis, HD 2967 showed the maximum speed of germination followed by DBW 88 and PBW 725, while EC 277134 germinated with the slowest speed preceded by IC 443661 (Table 3).




3.3. Seedling Growth and Vigor


For shoot length, seedling length and seedling fresh weight, the sequence of temperature effect was 25 °C > 35 °C > 30 °C > 20 °C (Table 3 and Table 4); for root length, the sequence changed to 25 °C > 35 °C > 20 °C > 30 °C (Table 3). For the shoot and root length of seedlings, the genotypes followed a similar pattern except for the minimum lengths.



On comparing the seedlings, genotype WH 730 produced the longest shoots at all the temperature levels, while shoot length was minimum for the genotypes HD 2967 at 20 °C, WH 711 at 30 °C and WH 1123 at 25 °C and 35 °C. The significant interaction between temperature and genotypes (Table 2) indicated a differential response of genotypes under different temperature treatments for the shoot and root lengths (Figure 2 and Table S2). The genotypes DBW 88 (19.3 cm), EC 277134 (24.3 cm), WH 730 (16.6 cm) and HD 3086 (19.7 cm) had longer root lengths at temperatures from 20 °C to 35 °C, respectively (Figure 2 and Table S2). The genotype WH 1123 had smaller root lengths at 25 °C (19.2 cm) and 35 °C (13.2 cm).



In the effect of temperature on the seedling (shoot + root) length, the trend was similar to that of shoot length. Among the genotypes, WH 1123 had the shortest seedlings at 20 °C, 25 °C and 35 °C, whereas genotypes WH 711 and EC 277134 produced longer seedlings at 20 °C and 25 °C. The genotype WH 730 performed better than other genotypes in terms of seedling growth at higher temperatures and produced the longest seedlings at 30 °C (31.2 cm) and 35 °C (32.0 cm) (Figure 2 and Table S2).



The range of values widened for seedling fresh weight accumulation among the genotypes. Genotypes EC 277134, HD 2967 and DBW 88 had the highest and statistically equal fresh weight values (Table 4). Among all the genotypes, WH 730 was better at temperatures higher than 20 °C and had maximum fresh weights at 25 °C (246 mg), 30 °C (205 mg) and 35 °C (204 mg), while WH 542 accumulated lower fresh weight at 25 °C, 30 °C and 35 °C in comparison to the 20 °C level (Figure 3 and Table S3). The trend for seedling dry weight in genotypes was 25 °C > 30 °C > 35 °C > 20 °C (Table 4). HD 2967 had maximum dry weight accumulation among all the genotypes at 20 °C, 25 °C and 35 °C. The seedlings of WH 542 had the lowest dry weight among all the genotypes at 20 °C, 30 °C and 35 °C (Figure 3 and Table S3). The percent dry weight in seedlings also showed significant differences among temperatures and genotypes (Table 2). Over the temperatures, genotypes HD 2967, WH 1123 and WH 730 had higher percent dry weights than other genotypes, and these three were statistically on par (Table 4). Most of the genotypes were recorded with lower percent dry weight at 25 °C and higher values at 30 °C (Figure 3 and Table S3).



Data pertaining to vigor index-I and -II showed that most vigorous seedlings were obtained at 25 °C. The vigor index-I was minimized at 30 °C, while Vigor index-II had minimum values at 20 °C (Table 5). For both of the indices, the genotypes WH 730, DBW 88 and HD 2967 had the maximum values, and the indices were minimum for genotype WH 542 (Table 5). Interaction between temperature and genotype showed that at temperatures of 20 °C and 25 °C, genotypes WH 711 and EC 277134 performed better, respectively (Figure 4 and Table S4), while the genotype WH 730 performed better than all other genotypes at higher temperatures, i.e., 30 °C and 35 °C (Figure 4 and Table S4).




3.4. Antioxidant Enzymes


The significant influence of temperature and genotypes on enzymatic activity was observed in the wheat seedlings (Table 2). The activity of all the studied enzymes elevated with the rise in temperature. The activity of three enzymes (CAT, POX and SOD) was lowest at 20 °C. However, the highest activity of enzymes POX was at 25 °C, SOD at 30 °C and CAT at 35 °C (Table 5).



Higher CAT activity was observed in the genotypes EC 277134, PBW 725 and HD 2967, while it was low in WH 1021 and IC 443661 (Table 5). The activity of POX and SOD was higher in the genotypes HD 2967, IC 443661 and EC 277,134 and lower in WH 730, WH 711 and WH 542 (Table 5). The interaction between temperature and genotype was also significant for all three enzymes (Table 2). The interaction effect indicated that the genotype PBW 725 had higher CAT activity at all of the temperatures (Figure 5 and Table S5). For POX, the genotypes WH 1105 and PBW 725 had higher activity at lower temperatures but a drastic reduction at higher temperatures. The genotype WH 1123 had lower activity of POX and SOD at 20 °C, but at higher temperatures, the genotype had higher activity than most of the genotypes. The genotype HD 2967 had higher SOD activity across the temperature levels (Figure 5 and Table S5).




3.5. Principal Component Analysis (PCA)


PCA analysis revealed four clusters parallel to the four genotype-by-temperature treatment groups examined in this study. PCA extracted three PCs on the basis of eigen values greater than one and these three PCs explained about 73 percent of the variation (Table S6). More than half of the variation (≈59%) among the treatments was explained by only two PCs, i.e., PC1 (38.6%) and PC2 (20.2%).



The magnitude of variation among the genotypes was lower at 35 °C, as reflected by their close proximity in the respective cluster. The data points representing the genotypes under 35 °C treatment were more tightly grouped than those of the other temperature treatments, showing that most of the genotypes behaved alike at 35 °C. In addition, the cluster representing 35 °C temperature treatment is placed separately from other clusters at the farthest positive extreme on PC1 (Figure 6) and showed the lowest germination percentage. In contrast, at 20 °C treatment, all the genotypes clustered into the lower right quadrant of Figure 6 (PC1, 0–4; PC2, 0 to −2) and recorded the highest germination. At 25 and 30 °C, the genotypes were more scattered, showing higher variability among them for germination traits at these temperatures. The genotypes under 30 °C treatments showed limited germination, but they were found to be scattered into all the quadrants (Figure 6). Genotypes clustered in the bottom left quadrant (PC1, 0 to −4; PC2 0 to −2) at <25 °C, showed the highest seedling growth and vigor with a comparable germination percentage to the 20 °C level.





4. Discussion


In northern India, the sowing of wheat is usually undertaken with the onset of winter, i.e., in the first fortnight of November. The recommended temperature range for sowing wheat is 20–22 °C [19]. However, the instances of heat stress during the wheat growing season are increasing in the present scenario of global warming. The growing uncertainties in temperature profiles during the specific period of wheat sowing season may lead to higher than optimum seed zone temperature. In the present study, the main effect of temperature alone (Table 3, Table 4 and Table 5) suggested the overall response of wheat germination to high-temperature stress over a variety of genotypes.



The germination percentage was highest at 20 °C in most of the wheat genotypes. At 25 °C, all the genotypes were statistically on par with the 20 °C temperature; however, numerically, a slight reduction was observed. As the temperature exceeded 25 °C, a significant reduction in germination percentage was recorded for most of the genotypes and reached a minimum level at 35 °C. There are reports that the most suitable temperature for wheat seed germination is 20–22 °C [19,20]. The germination was significantly reduced at 30 and 35 °C, showing the relevance of temperature in the process of germination. The significance of temperature in plant growth and development is higher than any other environmental factor when water is not limiting [21]. The inhibition of seed germination has been well documented in response to high temperature which often occurs through the induction of Abscisic acid (ABA) [22,23]. It was previously observed that a very high temperature (40–45 °C) during germination causes cell and embryo death and strictly prohibits the normal germination process or sometimes proved to be lethal in many plant species [24,25,26,27].



There were some notable genotypic differences in the germination percentage at different temperature levels. The genotypes WH 730 and HD 2967 were on par germination across the temperatures and WH 1123 maintained high germination up to 30 °C. The germination of WH 1105 and PBW 725 was adversely affected by high temperatures (30 and 35 °C). This genotypic variability might be due to the genetic potentiality of different genotypes to withstand temperature fluctuations. However, the response of different genotypes towards the early heat stress did not show any clear relationship with their characteristic breeding nature to cope with terminal heat stress. For example, genotypes, viz., WH 1021, IC 441661 and EC 277134, had heat-tolerance abilities when exposed to terminal heat stress, but they did not perform decently under early heat stress. However, HD 2967 performed better under heat given during germination, but it is considered as moderately susceptible to terminal heat stress.



The speed of germination followed a different pattern as compared to the germination percentage. The germination speed increased with the rise in temperature, and it was significantly higher at 25 °C than 20 °C, but it reduced at higher temperatures, i.e., 30 and 35 °C. On increases in temperature up to a certain level (25 °C), the time taken by seeds to germinate becomes reduced. This can be attributed to the higher rate of seed reserve mobilization which enhances the speed of germination, but a very high temperature (>30 °C) can delay this process, as reported in maize [24,28]. The optimum temperature for germination rate is typically higher than that required to achieve the maximum percentage of germination in partially dormant or partially deteriorated seed populations [29]. Once a seed loses its dormancy, it follows a pattern in germination showing a positive linear relationship between the base temperature (at and below which the rate is zero) and the optimum temperature (at which the rate is maximal) and a negative linear relationship between the optimal temperature and the ceiling temperature (at and above which, the rate is again zero). However, there are reports that even temperatures around 35–37 °C can enhance the rate of germination [30].



In the present study, the germination percentage and speed were reduced at higher temperature regimes, but the extent of the decrease was different for both of these traits. The germination percentage showed a lower mean reduction at 30 °C (8.73%) and 35 °C (12.92%), while the speed of germination showed 15.16% and 26.41% reductions, respectively, in comparison to the 20 °C level (Figure 7 and Figure 8). The rate or speed of germination is more susceptible to the adverse effects of abiotic stresses than the final germination percentage [31,32].



The synthesis of Reactive Oxygen Species (ROS) is the most usual reaction of plant systems in response to abiotic stresses. High temperature (heat stress) also accelerates the generation of various ROS molecules, viz., singlet oxygen(1O2), superoxide anion (O2–), hydrogen peroxide (H2O2) etc., resulting in oxidative stress [33,34]. As the oxidative stress increases in the plant, it responds by activating the enzymatic defense system which includes the enzymes POX, SOD, APX, GPX and CAT [35]. The status of these enzymes in the plant systems expresses the nature and quantum of plants’ response towards stress stimuli.



SOD plays a role in the dismutation of O2– to H2O2 and molecular oxygen. POX catalyzes the decomposition of H2O2 through oxidation and protects the cell from its destructive influence [36,37,38]. Similarly, CAT also catalyzes the decomposition of H2O2 into O2 and H2O [39].



Temperature is an integral factor in the process of germination, and the fluctuation in it from optimal ranges stimulates antioxidant enzymatic activity. The biochemistry of germinating seeds changes with the fluctuations in the surrounding environment. Significant variations in the activity of these enzymes were observed in the seedlings developed at different temperatures. All three enzymes under study showed their minimum activity in the seedlings germinated at 20 °C, and as the temperature increased, activity enhanced up to a specific level. The SOD activity enhanced up to 30 °C and then it drastically reduced at 35 °C, whereas the activity of CAT continuously increased with temperature and reached a maximum at 35 °C [40,41,42,43,44]. The higher activity of antioxidant enzymes beyond 20 °C indicated that for wheat, temperatures more than 20 °C create a condition of stress at the time of germination. By increasing the activity of antioxidant enzymes, the seedlings were attempting to tolerate the stress by maintaining homeostasis between the production and the scavenging of ROS by these enzymes. The genotypic differences in the activities of antioxidant enzymes did not show any clear relationship with their performance under temperature stress in terms of germination and seedling growth. As the higher activity of SOD, CAT and POX were found in the genotypes HD 2967, EC 277134 and IC443661, respectively, they also performed better under stress. However, the low-performing genotypes, viz., PBW 725 and WH 542, also showed higher activity of catalase, which showed that there was no stable correlation between this enzyme and genotypic performance. On the other hand, for POX and SOD, a good correlation was observed, as the tolerant genotypes showed higher activities of both these enzymes. The differential response for enzymatic activities under high temperatures might be due to the diversity in the genotypes under study. It is clear from the present study that some sort of correlation existed between enzymatic activities (especially POX and SOD) and genotypic performance under early heat stress. The genotypic differences for antioxidant enzymes under short-term heat stress are reported previously in wheat [43].



Apart from these antioxidative enzymes, the ascorbate-glutathione (AsA-GSH) cycle is a key component of the reactive oxygen compound scavenging system in photosynthetic plants. This pathway includes antioxidants such as AsA and GSH, as well as antioxidative enzymes such as ascorbate peroxidase (APX), monodehydroascorbate reductase (MDAR), dehydroascorbate reductase (DHAR) and glutathione reductase (GR) [45]. Guaiacol peroxidase (GPX) and ascorbic acid are other antioxidants that play critical roles in stress tolerance in plants. Under stressed conditions, GPX, APX and GR activity has been demonstrated to increase in wheat and other crop plants [43,45,46].



Seedling vigor parameters, viz., seedling length, seedling fresh weight as well as dry weight and vigor indices were maximized at 25 °C, reduced at 30 °C and slightly increased at 35 °C. This pattern might be due to the fact that at 35 °C, a lower number of seeds germinated but they produced slightly vigorous seedlings as compared to 30 °C. Therefore, the temperature around 25 °C is good with respect to germination percentage, speed and the overall growth of seedlings. However, the percent dry weight in seedlings showed a different pattern, and higher values were obtained at 30 °C, while lower values were obtained at 25 °C. This trend suggested that, at a temperature level of 25 °C, water uptake in seedlings was higher; therefore, the value of dry weight percentage to the total weight of seedlings was lesser; otherwise, these seedlings performed better in other terms. With respect to genotypic differences, the percent dry weight was maximum for HD 2967 with statistically on-par values observed in WH 1123 and WH 730. These three genotypes also performed better for other parameters, showing their heat-tolerant abilities physiologically, while the lower percent dry weight was recorded in the genotypes WH 1105, EC 277134 and WH 711, which was similar to their performance for other parameters. Therefore, the present study demonstrated that dry weight percent to the total weight of the seedlings is a very informative parameter physiologically and useful in the assessment of the stress tolerance potential of different genotypes/species.



Therefore, a better stand establishment and seedling growth can be achieved with the sowing of wheat when the average temperature remains around 25 °C. Germination-related traits under fluctuating environments greatly depend on the ability of different genotypes to tolerate the heat and moisture stress in the field. The insight from the present study suggested that the sowing time window for wheat in northern India needs a proper analysis with respect to temperature profiles experienced during sowing. An appropriate sowing date is crucial to allow wheat to flower during the period with minimum stresses, such as frost and heat [47]. Sandhu [19] also studied the effect of climatic shifts on sowing windows for wheat in the Punjab state of India and emphasized the rescheduling of sowing recommendations on the basis of weather conditions of different agroecological regions.



The interactive effects of different genotypes at different temperature levels are presented in Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5. These interactions helped us to identify genotypes that perform better under both stressed and non-stressed conditions. The genotypic performances under early heat stress can be summarized into a grouping of genotypes, with group I having highly tolerant genotypes (WH 730 and HD 2967), group II with moderately tolerant genotypes (WH 1123, WH 1021, EC 277134 and HD 3086), group III with susceptible genotypes (IC 443661, DBW 88, WH 711 and WH 542) and group IV with highly susceptible genotypes (WH 1105 and PBW 725).




5. Conclusions


Wheat seeds can maintain a decent germination percentage and perform better in terms of seedling growth and vigor at 25 °C. Genotypic variability was observed in the response towards heat stress given during the germination stage and it was more prominent at higher temperature levels. Maximum germination speed and seedling growth in terms of length and dry matter accumulation were observed at 25 °C. Antioxidant enzymes showed enhanced activity at higher temperature levels but their correlation with germination and seedling growth parameters was low. The information can be used to optimize the sowing time in different agroclimatic regions according to weather conditions. The genotypes identified as tolerant to early heat stress, viz., WH 730 and HD 2967, can be recommended for early sowing and can also be used in breeding programs for the development of heat-tolerant genotypes.
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Figure 1. Effect of different temperature levels on germination characteristics of twelve wheat genotypes. 
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Figure 2. Effect of different temperature levels on seedling growth parameters in twelve wheat genotypes. 
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Figure 3. Effect of different temperature levels on fresh and dry weight accumulation in seedlings of twelve wheat genotypes. 
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Figure 4. Effect of different temperature levels on seedling vigor indices of twelve wheat genotypes. 
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Figure 5. Effect of different temperature levels on antioxidant activities in seedling of wheat genotypes. 
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Figure 6. Cumulative PCA biplot with variables. (SG: Standard germination; SOG: Speed of germination; ShL: Shoot length; RL: Root length; SL: Seedling length; SFW: Seedling fresh weight; SDW: Seedling dry weight; DW: Percent dry weight; SVI.I: Seedling vigor index-I; SVI.II: Seedling vigor index-II; POX: Peroxidase activity; CAT: Catalase activity; SOD: Superoxide dismutase activity). 
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Figure 7. Percent reduction in standard germination of wheat genotypes at elevated temperature levels as compared to 20 °C. 
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Figure 8. Percent reduction in speed of germination of wheat genotypes at elevated temperature levels as compared to 20 °C. 
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Table 1. Details of the genotypes used in the study.
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Sr. No.

	
Name of the

Genotype

	
Parentage

	
Details






	
1.

	
WH 730

	
CPAN 2092/Improved Lok-1

	
Heat tolerance advance genotype from NBPGR (National Bureau of Plant Genetic Resources)




	
2.

	
WH 1123

	
NI5663/RAJ3765//K9330

	
Advance genotype (heat tolerant)




	
3.

	
WH 1021

	
NYOT95/SONAK

	
High-yielding variety released for late sown conditions




	
4.

	
IC 443661

	
NA

	
Indigenous line selected from core germplasm for heat tolerance (NBPGR)




	
5.

	
EC 277134

	
NA

	
Exotic line selected from core germplasm for heat tolerance (NBPGR)




	
6.

	
WH 1105

	
MILAN/S87230//BABAX

	
Popular varieties under cultivation in north-west plains (recommended for timely sown irrigated conditions)




	
7.

	
WH 711

	
ALD ‘S’ HUAC//HD 2285/3/HFW- 17




	
8.

	
WH 542

	
JUP/BJY”S”//URES




	
9.

	
PBW 725

	
PBW621//GLUPR O/3*PBW 568/3/PBW 621




	
10.

	
HD 3086

	
DBW14/HD2733//HUW468




	
11.

	
HD 2967

	
ALD/COC//URES/HD216 0M/HD2278




	
12.

	
DBW 88

	
KAUZ//ALTAR84/AOS/3/MILAN/KAUZ/4/HUITES
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Table 2. Analysis of variance (F value) for effects of temperature and genotype on germination pattern, seedling growth and enzyme activities in wheat.
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Germination Parameters

	
Seedling Growth Parameters

	
Biochemical Parameters




	
Source of Variation

	
d.f.

	
Standard Germination

	
Speed of Germination

	
Shoot Length

	
Root Length

	
Seedling Length

	
Seedling Fresh Weight

	
Seedling Dry Weight

	
Percent Dry Weight in Seedlings

	
Seedling Vigor Index-I

	
Seedling Vigor Index-II

	
CAT Activity

	
POX Activity

	
SOD Activity






	
Temperature (T)

	
3

	
170 **

	
610 **

	
1296 **

	
2066 **

	
2550 **

	
2022 **

	
728 **

	
211 **

	
975 **

	
255 **

	
8470 **

	
1928 **

	
7912 **




	
Genotype (G)

	
11

	
17.1 **

	
256 **

	
286 **

	
130 **

	
228 **

	
404 **

	
437 **

	
105 **

	
89.9 **

	
189 **

	
416 **

	
266 **

	
560 **




	
Temperature × Genotype (T × G)

	
33

	
4.58 **

	
17.5 **

	
43.7 **

	
45.0 **

	
50.3 **

	
40.7 **

	
49.7 **

	
30.7 **

	
17.7 **

	
22.6 **

	
221 **

	
55.6 **

	
395 **








** Significant at p = 0.01.
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Table 3. Main effects of temperature and genotype on germination and seedling growth parameters of wheat.
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Main Effects

	
Levels

	
Standard Germination (%)

(Mean ± SE)

	
Speed of Germination

(Mean ± SE)

	
Shoot Length (cm)

(Mean ± SE)

	
Root Length (cm)

(Mean ± SE)

	
Seedling Length (cm)

(Mean ± SE)






	
Temperature, Tm

	
20 °C

	
97.3 ± 0.37 a

	
16.5 ± 0.32 b

	
8.17 ± 0.14 d

	
16.1 ± 0.43 c

	
24.3 ± 0.46 c




	
25 °C

	
96.7 ± 0.35 a

	
17.1 ± 0.59 a

	
11.5 ± 0.19 a

	
21.6 ± 0.25 a

	
33.2 ± 0.36 a




	
30 °C

	
88.8 ± 1.01 b

	
14.1 ± 0.54 c

	
10.3 ± 0.33 c

	
14.4 ± 0.24 d

	
24.6 ± 0.53 c




	
35 °C

	
84.7 ± 1.22 c

	
12.3 ± 0.69 d

	
11.0 ± 0.24 b

	
17.1 ± 0.31 b

	
28.1 ± 0.44 b




	
Genotype, Gn

	
WH 730

	
95.4 ± 0.94 a

	
14.3 ± 0.48 gh

	
13.4 ± 0.63 a

	
17.8 ± 0.55 c

	
31.1 ± 1.00 a




	
WH 1123

	
95.8 ± 1.00 a

	
13.8 ± 0.92 h

	
9.10 ± 0.28 h

	
14.8 ± 0.78 g

	
23.9 ± 0.98 i




	
WH 1021

	
91.1 ± 2.16 bc

	
15.1 ± 0.72 f

	
11.4 ± 0.44 b

	
18.7 ± 0.77 b

	
30.0 ± 0.89 b




	
IC 443661

	
92.0 ± 2.00 b

	
11.3 ± 0.85 i

	
9.84 ± 0.45 e

	
16.2 ± 0.58 e

	
26.1 ± 0.75 g




	
EC 277134

	
94.8 ± 1.18 ab

	
10.5 ± 1.09 j

	
10.5 ± 0.45 c

	
19.1 ± 0.97 a

	
29.6 ± 1.35 b




	
WH 1105

	
87.7 ± 3.13 c

	
14.0 ± 1.62 h

	
9.56 ± 0.40 f

	
17.3 ± 0.91 d

	
26.9 ± 1.29 f




	
WH 711

	
94.2 ± 1.69 ab

	
15.9 ± 0.56 e

	
9.31 ± 0.42 g

	
18.1 ± 1.16 c

	
27.4 ± 1.55 e




	
WH 542

	
92.3 ± 1.82 b

	
14.5 ± 0.91 g

	
10.7 ± 0.43 c

	
15.8 ± 0.98 f

	
26.5 ± 1.37 f




	
PBW 725

	
84.4 ± 3.14 d

	
16.9 ± 0.63 c

	
8.97 ± 0.46 h

	
15.8 ± 1.15 f

	
24.7 ± 1.59 h




	
HD 3086

	
93.4 ± 1.47 ab

	
16.4 ± 0.70 d

	
9.93 ± 0.24 e

	
17.8 ± 0.89 c

	
27.7 ± 1.08 de




	
HD 2967

	
92.3 ± 0.94 b

	
19.3 ± 0.44 a

	
10.2 ± 0.63 d

	
18.4 ± 0.92 bc

	
28.6 ± 1.07 c




	
DBW 88

	
89.0 ± 2.26 c

	
17.9 ± 0.51 b

	
10.0 ± 0.45 de

	
18.1 ± 1.01 c

	
28.1 ± 1.05 d




	
LSDTm

	

	
1.49

	
0.705

	
0.12

	
0.19

	
0.23




	
LSDGn

	

	
2.58

	
1.22

	
0.20

	
0.33

	
0.40




	
d.f.

	

	
143

	
143

	
143

	
143

	
143








Values with different letters in the same column for each main effect are statistically different at p = 0.05.
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Table 4. Main effects of temperature and genotype on fresh and dry weight accumulations in wheat seedlings.
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Main Effects

	
Levels

	
Seedling Fresh Weight (mg)

(Mean ± SE)

	
Seedling Dry Weight (mg)

(Mean ± SE)

	
Percent Dry Weight

in Seedlings (%)

(Mean ± SE)






	
Temperature, Tm

	
20 °C

	
138 ± 3.88 d

	
13.0 ± 0.30 c

	
9.49 ± 0.18 a




	
25 °C

	
199 ± 4.30 a

	
16.5 ± 0.52 a

	
8.27 ± 0.16 c




	
30 °C

	
177 ± 3.33 c

	
16.5 ± 0.43 a

	
9.53 ± 0.21 a




	
35 °C

	
181 ± 3.11 b

	
15.3 ± 0.39 b

	
8.48 ± 0.17 b




	
Genotype, Gn

	
WH 730

	
196 ± 12.7 a

	
18.7 ± 0.85 b

	
9.71 ± 0.28 ab




	
WH 1123

	
162 ± 7.54 e

	
15.9 ± 0.58 d

	
9.91 ± 0.28 a




	
WH 1021

	
169 ± 9.92 d

	
15.7 ± 0.69 d

	
9.47 ± 0.42 bc




	
IC 443661

	
151 ± 7.98 g

	
13.9 ± 0.58 g

	
9.42 ± 0.45 bcd




	
EC 277134

	
194 ± 5.24 a

	
15.2 ± 0.20 e

	
7.89 ± 0.17 f




	
WH 1105

	
161 ± 2.06 f

	
12.6 ± 0.37 h

	
7.84 ± 0.24 f




	
WH 711

	
185 ± 4.94 b

	
14.8 ± 0.46 f

	
8.01 ± 0.20 f




	
WH 542

	
135 ± 2.93 h

	
12.3 ± 0.41 i

	
9.06 ± 0.19 de




	
PBW 725

	
172 ± 8.82 c

	
13.6 ± 0.54 g

	
8.09 ± 0.36 f




	
HD 3086

	
164 ± 8.44 e

	
14.8 ± 0.55 f

	
9.14 ± 0.27 cde




	
HD 2967

	
194 ± 5.28 a

	
19.4 ± 0.66 a

	
10.0 ± 0.15 a




	
DBW 88

	
195 ± 6.32 a

	
17.1 ± 0.74 c

	
8.77 ± 0.24 e




	
LSDTm

	

	
1.60

	
0.17

	
0.13




	
LSDGn

	

	
2.77

	
0.30

	
0.22




	
d.f.

	

	
143

	
143

	
143








Values with different letters in the same column for each main effect are statistically different at p = 0.05.
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Table 5. Main effects of temperature and genotype on seedling vigor indices and antioxidant enzyme activity of wheat.
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Main Effects

	
Levels

	
Seedling Vigor Index-I

(Mean ± SE)

	
Seedling Vigor Index-II

(Mean ± SE)

	
Catalase Activity (Units min−1 g−1 F.W.)

(Mean ± SE)

	
Peroxidase Activity (Units min−1 g−1 F.W.)

(Mean ± SE)

	
Superoxide Dismutase Activity (Units min−1 g−1 F.W.)

(Mean ± SE)






	
Temperature, Tm

	
20 °C

	
2364 ± 45.6 b

	
1263 ± 27.8 b

	
0.474 ± 0.02 c

	
50.9 ± 0.55 c

	
23.3 ± 1.51 d




	
25 °C

	
3207 ± 36.1 a

	
1596 ± 48.7 a

	
0.482 ± 0.02 c

	
55.3 ± 0.42 a

	
39.3 ± 1.43 b




	
30 °C

	
2195 ± 61.1 c

	
1468 ± 47.5 c

	
0.511 ± 0.02 b

	
54.4 ± 0.86 b

	
54.1 ± 1.90 a




	
35 °C

	
2379 ± 54.9 b

	
1310 ± 47.0 d

	
0.885 ± 0.01 a

	
42.9 ± 0.80 d

	
30.2 ± 2.11 c




	
Genotype, G

	
WH 730

	
2967 ± 98.7 a

	
1779 ± 79.6 a

	
0.636 ± 0.04 b

	
53.1 ± 1.33 c

	
26.1 ± 3.36 i




	
WH 1123

	
2287 ± 102 g

	
1519 ± 50.0 b

	
0.608 ± 0.05 d

	
51.4 ± 1.82 e

	
38.5 ± 5.83 cd




	
WH 1021

	
2738 ± 113 c

	
1415 ± 45.9 cd

	
0.461 ± 0.08 g

	
54.0 ± 1.47 b

	
38.3 ± 4.69 d




	
IC 443661

	
2405 ± 103 f

	
1275 ± 46.2 e

	
0.486 ± 0.08 f

	
58.2 ± 1.97 a

	
41.0 ± 2.66 b




	
EC 277134

	
2815 ± 141 b

	
1441 ± 21.6 c

	
0.685 ± 0.06 a

	
49.7 ± 1.47 f

	
40.4 ± 5.83 b




	
WH 1105

	
2363 ± 160 f

	
1098 ± 33.2 g

	
0.556 ± 0.04 e

	
52.0 ± 1.80 de

	
33.3 ± 2.56 g




	
WH 711

	
2587 ± 170 d

	
1399 ± 60.6 cd

	
0.496 ± 0.07 f

	
51.9 ± 1.35 de

	
27.9 ± 3.71 h




	
WH 542

	
2440 ± 136 ef

	
1130 ± 39.7 fg

	
0.621 ± 0.06 c

	
48.6 ± 1.50 g

	
39.1 ± 5.69 c




	
PBW 725

	
2099 ± 177 h

	
1158 ± 74.9 f

	
0.683 ± 0.06 a

	
46.6 ± 2.05 i

	
35.5 ± 4.93 f




	
HD 3086

	
2589 ± 109 d

	
1372 ± 41.0 d

	
0.629 ± 0.07 c

	
44.9 ± 1.83 j

	
34.1 ± 4.37 f




	
HD 2967

	
2638 ± 111 d

	
1792 ± 62.6 a

	
0.643 ± 0.05 b

	
52.3 ± 1.65 d

	
49.4 ± 3.64 a




	
DBW 88

	
2507 ± 129 e

	
1532 ± 94.1 b

	
0.551 ± 0.04 e

	
47.8 ± 1.86 h

	
37.4 ± 2.79 e




	
LSDTm

	

	
41.0

	
26.8

	
0.006

	
0.359

	
0.421




	
LSDG

	

	
71.0

	
46.5

	
0.011

	
0.623

	
0.729




	
d.f.

	

	
143

	
143

	
143

	
143

	
143








Values with different letters in the same column for each main effect are statistically different at p = 0.05.
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