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Abstract

:

More frequent and more intense heat waves and greater drought stress will occur in the future climate environment. Short-term extreme heat and drought stress often occur simultaneously after winter wheat anthesis, which has become the major constraint threatening future wheat yield. In this study, short-term heat, drought and their combination stress were applied to wheat plants after anthesis, and all wheat plants were restored to the outdoor normal temperature and full watering after stress treatment. The aim of the current study was to evaluate the role of nitrogen (N) in modulating the effects of post-anthesis short-term heat, drought and their combination stress on photosynthesis, N metabolism-related enzymes, the accumulation of N and protein and growth, as well as on the yield and water (WUE) and N use efficiency (NUE) of wheat after stress treatment. The results showed that compared with low N application (N1), medium application (N2) enhanced the activities of nitrate reductase (NR) and glutamine synthase (GS) in grains under post-anthesis heat and drought stress alone, which provided a basis for the accumulation of N and protein in grains at the later stage of growth. Under post-anthesis individual stresses, N2 or high application (N3) increased the leaf photosynthetic rate (An), PSII photochemical efficiency and instantaneous WUE compared with N1, whereas these parameters were usually significantly improved by N1 application under post-anthesis combined stress. The positive effect of increased An by N application on growth was well represented in a higher green leaf area, aboveground dry mass and plant height, and the variation in An can be explained more accurately by the N content per unit leaf area. Short-term heat, drought and combined stress after anthesis resulted in a pronounced decrease in yield by reducing grain number per spike and thousand kernel weight. The reduction in NUE under combined stress was higher than that under individual heat and drought stress. Compared with N1, N2 or N3 application significantly prevented the decrease in yield and NUE caused by post-anthesis heat and drought stress alone. However, N1 application was conducive to improving the productivity, WUE and NUE of wheat when exposed to post-anthesis combined stress. The current data indicated that under short-term individual heat and drought stress after anthesis, appropriately increasing N application effectively improved the growth and physiological activity of wheat compared with N1, alleviating the reduction in yield, WUE and NUE. However, under combined stress conditions, reducing N application (N1) may be a suitable strategy to compensate for the decrease in yield, WUE and NUE.
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1. Introduction


Short-term extreme high temperatures have become one of the main forms of climate change [1]. The climate model predicts that the global temperature will rise by 1.5–4.5 °C by the end of this century [2]. An increased frequency in the occurrence of extreme weather events, such as short-term heat waves and drought, is also expected in future climate changes [1,2,3,4]. These stresses often occur simultaneously and interact physically, at least in some areas. Wheat is the second largest and second most widely cultivated cereal crop species worldwide [5], but it is very vulnerable to post-anthesis heat and drought stress [6,7]. Furthermore, in most wheat-producing areas in northwestern China, including the Guanzhong Plain, this sensitivity may rise in the future climate environment [8,9,10], which may significantly inhibit crop growth and cause a severe reduction in yield [11,12].



Severe drought stress and exceeding the optimum temperature for a period of time will cause irreversible negative effects on plant growth and development [13,14]. The effects of drought stress and heat waves are primarily reflected in the reduction in photosynthetic leaf area, biomass, plant height, and early senescence [13]. In addition, both heat and drought stress directly affect many physiological and biochemical processes of plants. Under heat stress conditions, disordered chloroplast function and low photosystem efficiency under heat stress are considered to be the major constraints for a reduced photosynthetic rate [15]. In crops, the limitation of stress factors, such as heat and drought, and their interaction with growth and photosynthesis are associated with changes in plant nitrogen (N) status [16,17]. Previous studies have reported that both heat and drought stress significantly depressed nitrogen metabolism enzyme activities and reduced plant nitrogen accumulation [18]. Nitrate reductase (NR) and glutamine synthetase (GS) are the main enzymes involved in assimilating ammonium into organic compounds [19]. It has been reported that the NR and GS activities of grains are closely related to grain N accumulation and protein synthesis, which play vital roles in yield formation [20]. Post-anthesis drought stress can cause floret degeneration or pollen sterility and reduce the seed setting rate and grain weight, while heat stress accelerates grain filling, leading to a shorter reproductive phase [21]. Heat + drought was found to have a greater impact on yield, which has been confirmed in previous studies [13,21]. The significantly reduced yield under severe drought stress also further resulted in lower water use efficiency [22]. A previous study also revealed that heat stress reduced the water and N use efficiency of crops by affecting light capture due to the reduced photosynthetic leaf area duration [23].



N is one of the most widely used fertilizers in crop production [24]. Increasing N application can usually increase green leaf area, improve photosynthesis and promote nitrogen accumulation [25]. When N application is within a certain range, crop yield and WUE increase with increasing N application [26]. Riley [27] also believed that sufficient N application to meet the demand for wheat N consumption was critical to obtain the highest grain yield, while excessive N application significantly decreased yield and water and N use efficiency. Earlier studies have illustrated that N can modulate the effects of heat or drought stress on plants. Agami [28] reported that efficient N fertilizer could significantly relieve drought stress in wheat plants by maintaining metabolic activities even under a lower tissue water potential. Brueck [29] suggested that an appropriate N application could promote plant growth, improve WUE and mitigate the adverse impacts of drought stress. On the other hand, N also plays a crucial role in heat stress tolerance. The addition of N can effectively alleviate the inhibition of heat stress on photosynthesis and the damaging effects on crop growth [30]. However, Elía [31] reported that high N supply further exacerbates the negative effects of heat stress, and this conclusion is based on experiments in a controlled environment, in which “high N supply” and “heat stress” were extreme.



In contrast to the abundant information available on plant responses to heat and drought stresses, studies on N regulation of the effects of heat and drought stresses on plants have primarily focused on individual stresses (heat or drought). Heat and drought stress often occur simultaneously in the Guanzhong Plain in Northwest China, and comprehensive knowledge of the responses of wheat to post-anthesis drought and heat stress and their interactions is necessary to ensure sustainable wheat production in the future extreme climate environments. Moreover, there have been limited efforts to clarify to what degree the level of N application may affect the magnitude of the post-anthesis combined heat and drought stress effect on winter wheat. Therefore, the hypothesis of this study is that appropriate N application can alleviate the adverse effects of short-term heat, drought and their combined stress on winter wheat after anthesis. The goal of the study was to investigate the role of N in modulating the effects on photosynthesis, N metabolism-related enzyme activities, the accumulation of N and protein, growth, yield as well as WUE and NUE under short-term heat, drought and their combination stress after anthesis. It is hoped that this study will provide a scientific reference for N to mitigate the detrimental effects of short-term heat, drought and combined stress on wheat after anthesis.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


The experiment was performed in an artificial growth chamber at the Key Laboratory of Agricultural Water and Soil Engineering in Arid and Semiarid Areas, Northwest A&F University (108.04° E, 34.20° N) from 17 October 2019 to 25 May 2020. A winter wheat cultivar (Triticum aestivum L. cultivar ‘Xiaoyan 22’) was selected for the experiment. The barrels were 34 cm in height and 28 cm in diameter, with seven holes at the bottom, although no water leaching was observed during the treatment period. Nineteen kilograms of sieved (0.5 mm) dry soil was added to each barrel. The soil that was tilled was the 0–30 cm layer, and the basic physical and chemical properties of the soil were as follows: pH was 7.61, organic matter content was 10.02 g/kg, total N content was 0.62 g/kg, total phosphorus content was 0.55 g/kg, total potassium (K2O) content was 16.8 g/kg, alkali-hydro N content was 36.07 mg/kg, available phosphorus content was 17.64 mg/kg, the soil water holding capacity (SWHC) was 27.13%, and the average soil volume mass was 1.47 g/cm3. Twenty seeds per barrel were sown on 17 October 2019, and the barrels were thinned to 10 seedlings at the wheat trilobal stage, which is the planting density of the surrounding fields. PVC pipes (2 cm in diameter and 40 cm in length) were installed 3–5 cm below the seeds in each barrel, and the pipes were evenly perforated to ensure uniform irrigation. The pipe was connected to a plastic funnel exposed outside the topsoil. Perlite (1 cm in thickness) was laid on the soil surface to reduce soil water evaporation.




2.2. Experimental Design


Treatments were arranged in a split-plot design with two temperature levels as the main plot and two watering levels and three N application levels as the subplot (Figure 1). According to the meteorological data of the main wheat-producing areas in the Guanzhong Plain in Northwest China in the past 30 years (http://data.cma.cn (accessed on 15 August 2019)), the extreme maximum temperature after anthesis from 1990 to 2019 was approximately 35 °C, and the relatively stable duration of recent high temperatures was approximately 11.25 days in the Guanzhong Plain in recent years (Supplementary Figure S1). Therefore, the heat stress (H) treatment involved temperatures of 36 °C/26 °C/31 °C (daily maximum temperature/minimum temperature/average temperature), and the suitable temperature (S) treatment included temperatures of 26 °C/16 °C/21 °C, respectively. The daily temperature change in the growth chamber was simulated by the daily temperature change in the external environment (Figure 2a). In two growth chamber units, climatic conditions were set to 65% relative humidity, 14-h photoperiod and photosynthetic photon flux density (1100  μ mol m−2 s−1). Two soil water regimes were set, including 75–85% SWHC and 45–55% SWHC, representing full watering (F) and drought stress (D) [22,32]. Three nitrogen application levels consisted of 1.11 g N pot−1 (N1, low nitrogen), 1.48 g N pot−1 (N2, medium nitrogen) and 2.16 g N pot−1 (N3, high nitrogen) [33]. N fertilizer was applied twice during the whole growth period, including basal fertilizer and topdressing fertilizer at the jointing period, at a ratio of 5:5. Before sowing, the N fertilizer urea was used, and phosphorus and potassium as diamine phosphate and potassium chloride at rates of 1.35 g and 1.15 g, respectively, were homogeneously mixed with the soil in each barrel. A total of 12 treatments were performed: HFN1, HFN2 and HFN3 (heat stress + full watering + low N, medium N and high N); SDN1, SDN2 and SDN3 (suitable temperature + drought stress + low N, medium N and high N); HDN1, HDN2 and HDN3 (heat stress + drought stress + low N, medium N and high N); SFN1, SFN2 and SFN3 (control, suitable temperature + full watering + low N, medium N and high N). Seven replicates (barrels) were set for each treatment.



After sowing, wheat plants were grown under natural outdoor conditions, and the soil moisture was maintained at 70–80% of SWHC. Before stress treatment, all wheat plants were acclimatized to S conditions for 3 days in a growth chamber, and the soil moisture of the drought-treatment barrels was gradually adjusted to the designed range (45–55% of SWHC) 7 days after anthesis (27 April 2020) to ensure that the pots treated with the two different watering levels were simultaneously subjected to the temperature treatments. Therefore, at 7 days after anthesis, heat, drought and their combination stresses were imposed for 12 days (from 27 April 2020 to 9 May 2020) to simulate the potentially growing trend of increased days of post-anthesis high temperatures in Guanzhong Plain, China. During the drought stress treatment, the soil water of all barrels was measured every day (Figure 2b). After stress treatment, all wheat barrels were transferred to outdoor environmental conditions and fully watered until harvest (25 May 2020). Under natural outdoor conditions (from 10 May 2020 to 25 May 2020), there was no extreme high-temperature weather (Supplementary Figure S2), and a movable canopy was applied to prevent the interference of natural rainfall. During the whole growth period, the weighing method was used to control the soil water content. Irrigation water went to the upper limit when the water conditions were close to or below the lower limit, and the plants were irrigated between 18:00–20:00. The amount of each irrigation was accurately recorded with a measuring cylinder.




2.3. Determination of Physiological Indexes


Leaf Gas Exchange and Chlorophyll Fluorescence


On the 3rd, 6th, 9th and 12th days of stress treatment, leaf gas exchange, including photosynthetic rate (An, µmol m−2 s−1), stomatal conductance (gs, mol m−2 s−1) and transpiration rate (Tr, mmol m−2 s−1), was determined on flag leaves using a Li-6800xt portable photosynthesis measurement system (LI-COR, Lincoln, NE, USA) under a PAR set to 1100 µmol m−2 s−1 controlled by a red/blue LED light source. Ten leaves were randomly selected from distinct barrels under the same treatment for each measurement. Instantaneous water use efficiency (WUEleaf, µmol mmol−1) was the ratio of An and Tr.



Consistent with the measurement data of gas exchange, chlorophyll fluorescence parameters were determined by using a Fluorcam portable chlorophyll fluorescence imager (Handy FluorCam FC 1000-HC, Photon Systems Instruments, Drásov, Czech Republic), including the maximum efficiency of PSII photochemistry (Fv/Fm), efficiency of PSII photochemical (   Φ PSII   ), photochemical quenching (qP) and nonphotochemical quenching (NPQ). Five leaves were randomly selected from distinct barrels under the same treatment for each measurement.





2.4. Determination of Biochemical Indexes


2.4.1. Activities of Nitrate Reductase and Glutamine Synthetase


On the 6th and 12th days of stress treatment, five spikes were cut from different barrels under the same treatment for the determination of nitrate reductase (NR, EC 1.6.6.1) and glutamine synthetase (GS, EC 6.3.1.2). NR activity was measured following the method of Gaudinová [34], and the content of nitrite N was determined at 540 nm to calculate NR activity. GS activity was determined as described by Zhang [35], and the production of glutamyl hydroxamate was determined at 540 nm to calculate GS activity.




2.4.2. Plant N and Grain Protein


On the 6th and 12th days of stress treatment, five flag leaves were randomly collected from distinct barrels under the same treatment for each measurement. The flag leaf area was determined by using a scanning plate (LIDE-400, Canon (China) Co., Ltd., Beijing, China). Then, leaf samples were dried to constant weight at 80 °C in an oven to obtain the dry mass. Specific leaf mass was expressed as the ratio of dry mass to leaf area. The N concentration of leaves was determined by using a German SEAL continuous flow analyzer (AA3), and the N content of leaves was the product of the N concentration and dry mass. N-mass and N-area represent the N content per unit leaf dry mass and the N content per unit leaf area, respectively. N-area was expressed as the product of N-mass and specific leaf mass.



At maturity, five plants were randomly selected for each treatment, manually cutting the aboveground parts and separating them into leaves, stems, sheaths, chaff and grains. These samples were dried, weighed and ground to determine the N concentration. The grain protein content was calculated by multiplying the grain N content by the constant 5.70 [36]. The grain protein yield was the product of grain protein content and grain yield. The total aboveground N was calculated as the sum of N accumulation in each part of the aboveground part.





2.5. Determination of Growth Traits


On the 12th day of stress treatment, five wheat plants were selected from different barrels under the same treatment to measure plant height, and the green leaf area per plant was determined by using a scanning plate (LIDE-400, Canon (China) Co., Ltd., Beijing, China). ImageJ software (V1.8.0, National Institutes of Health, Bethesda, Maryland, USA) was used to calculate the green leaf area.



Before stress treatment (26 April 2020) and the 12th stress treatment, the aboveground parts were sampled from 5 randomly selected plants in each treatment. Samples were dried to a constant weight at 80 °C to obtain the aboveground dry mass (ADM) of the two adjacent sampling periods for the calculation of the relative growth rate (RGR). The RGR was calculated according to the method of Karimi [37].




2.6. Determination of Yield, Water and N Use Efficiency


After stress treatment, all wheat plants were restored to the outdoor normal temperature and well watered for 16 days until maturity. At maturity, three barrels of wheat were randomly selected for each treatment. Spikes were harvested and manually threshed; the grain number per spike (GN) and thousand kernel weight (TKW) were recorded. The moisture content of the grains was adjusted to 13% to determine the grain yield.



During the wheat growing season, the total water consumption (kg pot−1) of wheat was the sum of each irrigation amount. The water use efficiency for grain (WUEg), water use efficiency for biomass (WUEb), N use efficiency for grain (NUEg) and N use efficiency for biomass (NUEb) were calculated using the following formulas.


    NUE  g  =    Grain   yield     Total   N   accumulation     



(1)






    NUE  b  =    Biomass   production       Total   N   accumulation     



(2)






    WUE  g  =    Grain   yield     Total   water   consumption     



(3)






    WUE  b  =    Biomass   production     Total   water   consumption     



(4)








2.7. Data Analysis


SPSS 22.0 (SPSS Inc., Chicago, IL, USA) was used for regression analysis, analysis of variance and principal component analysis (PCA). Duncan’s method was used to test the significance of differences at the 0.05 probability level. Data from different measurement dates were aggregated for ANOVAs in photosynthetic and chlorophyll fluorescence parameters and N metabolism enzyme activities to evaluate the main and interactive effects of water, temperature and nitrogen on the variables. The sum of squares in the ANOVAs was used to calculate the proportion of variance explained by each factor and interaction. Regression analysis was used to determine the relationships between N-mass, N-area and photosynthetic rate. When the parameters were compared among different stress treatments, the data were taken as the mean of three N applications.





3. Results


3.1. Effect of Nitrogen on Physiological Characteristics under Post-Anthesis Heat, Drought and Combined Stress


3.1.1. Leaf Photosynthesis Parameters


On the 12th day of stress treatment, An in the SD, HF and HD treatments was 16.64%, 22.74% and 40.39% lower than that in the control (SF) treatment, respectively (Figure 3a). The superposition effect of combined stress was also observed in gs and Tr on the 12th day of stress treatment. Drought (SD) and heat treatments (HF) reduced 27.71% and 35.08% in gs and 23.09% and 26.63% in Tr, respectively, compared to the control. However, in the combined stress (HD) treatment, gs and Tr decreased by 45.35% and 47.84%, respectively, compared with the control (Figure 3b,c). The difference in WUEleaf among treatments gradually increased with increasing stress duration. On the 12th day of stress treatment, WUEleaf in the SD, HF and HD treatments increased by 8.23%, 5.19% and 13.98% compared with the control, respectively (Figure 3d). The regulatory effect of N on leaf photosynthetic parameters changed with increasing stress duration. On the 3rd and 6th days of stress treatments, An in the SD treatment under the N3 application was 11.28% and 14.34% higher than that under the N1 application, respectively. The N2 application maintained higher An under all stress treatments on the 9th and 12th days of the stress treatments. The N3 application had the best regulatory effect on gs under the SD and HF treatments on the 3rd and 6th days of the stress treatments. With the extension of stress time, the N3 supply became no longer conducive to the increase in gs under individual stresses. The Tr in each stress treatment was highest under the N2 application on the 9th day of the stress treatments. In contrast to the individual stresses, Tr in the HD treatment decreased with increasing N application on the 12th day of the stress treatment. With the increase in stress time, the positive regulation of the N3 application on WUEleaf in the HF treatment was more significant compared with N1 and N2. The N1 application improved the WUEleaf under the HD treatment on the 9th and 12th days of the stress treatments. However, on the 12th day of stress treatment, the WUEleaf of N2 application under the HD treatment was significantly higher than that of N1 and N3. An was mainly affected by T and W. gs, Tr and WUEleaf were mainly affected by T, W and N. The interaction of two factors and three factors had much weaker impacts on WUEleaf than that of single factors.




3.1.2. Chlorophyll Fluorescence Parameters


Compared with the control, heat, drought and combined stresses led to a reduction in  Φ PSII, Fv/Fm and qP of leaves, and the combined stress showed a typical superposition effect. On the 12th day of stress treatment,  Φ PSII decreased by 37.07% and 30.19%, Fv/Fm decreased by 15.34% and 6.98% and qP decreased by 19.35% and 27.42% under the HD treatment, respectively, compared with the SD and HF treatments (Figure 4). The chlorophyll fluorescence parameters in stressed plants were significantly affected by the N supply. On the 9th day of stress treatment,  Φ PSII in the SD and HF treatments under the N2 application increased by 15.79% and 11.50%, respectively, compared with N1. On the 12th day of stress treatment,  Φ PSII in the HD treatment was highest under the N1 application compared with N2 and N3 (Figure 4a). For Fv/Fm, the N3 application was significantly higher in the SD and HF treatments than in N1 on the 3rd and 6th days of stress treatments. The N2 application maintained high Fv/Fm in the heat- and drought-stressed plants on the 9th and 12th days of stress treatments. Under post-anthesis combined stress, Fv/Fm decreased with increasing N application on the 12th day of stress treatment (Figure 4b). qP in the SD treatment under the N3 application significantly increased on the 12th day of stress treatment, while qP in the HF and HD treatments under the N3 application was significantly lower than that under the N2 supply (Figure 4c). Compared with N1, an appropriate increase in N application reduced the NPQ of stressed plants, which was pronounced under the SD and HF treatments on the 3rd and 6th days of stress treatments, whereas N1 application was conducive to maintaining a lower NPQ in the HD treatment on the 12th day of stress treatment (Figure 4d). For  Φ PSII, the variance proportion of T and W was more than 20%, followed by N (14.32%). The effects of T, W and N on Fv/Fm were more pronounced than the interactions of two and three factors. The proportion of variance explained by T, W and the interaction of T × W reached 78.88% in qP. NPQ was mainly affected by T, W and N.





3.2. Effect of Nitrogen on Biochemical Characteristics under Post-Anthesis Heat, Drought and Combined Stress


3.2.1. The Activity of N Metabolism-Related Enzymes


The proportion of variance explained by T and W exceeded 30% in NR, and the effect of N on NR was higher than the interaction of two factors (except T × W) and three factors. T and W had a higher effect on GS than the other factors, followed by N and T × W. NR and GS were very weakly affected by the interaction of three factors. The activities of NR and GS gradually decreased with increasing stress time. On the 12th day of stress treatment, the NR activity of the SD and HF treatments was 60.06% and 64.09% of that of the control and 78.80% and 77.93% of that of the control, respectively. Combined stress resulted in a more significant reduction in NR and GS activities and a decrease in the activities of NR and GS under the HD treatment by 55.54% and 54.01%, respectively, compared with the control. N effectively improved the activities of NR and GS under different stress types. On the 6th day of stress treatment, the N2 or N3 applications increased the NR activity in all treatments compared with N1. On the 12th day of stress treatment, increasing the N supply had a strong inhibitory effect on NR activity with HD treatment, with an N1 application 23.81% higher than that of N3 (Figure 5a). Compared with the 6th stress treatment, the regulatory effect of N on GS activity in the stress treatments was more pronounced on the 12th day of stress treatment. The response of GS to N under post-anthesis individual stresses and combined stress was similar to that of NR on the 12th day of stress treatment. The N2 application in the SD and HF treatments had 16.52% and 12.80% higher GS activity than that of N1, while the N1 application in the HD treatment had 23.07% greater GS activity than that of N3 (Figure 5b).




3.2.2. N Accumulation, Protein Content and Protein Yield


The cumulative proportion of variance explained by T, W and N reached 84.66% in grain N accumulation. Similar results were also observed in grain protein content. Grain protein yield was mainly influenced by T, W and N, the proportion of variance explained by the interaction of W × N was relatively high (12.76%) among the interactions of the two factors (Figure 6). The grain N accumulation among the SD, HF and HD treatments was significantly lower than that in the control (by 15.15%, 16.11% and 31.34%, respectively). The SD and HF treatments decreased grain protein yield by 15.14% and 11.74%, respectively, when compared with the control, and combined stress exacerbated this reduction, resulting in a 27.32% reduction in grain protein yield under the HD treatment. However, heat, drought and combined stress contributed to the increase in grain protein content compared with the control, and the HD treatment had a greater increase than the SD and HF treatments. Compared with N1, increasing N application mitigated the adverse effects of heat stress on the accumulation of nitrogen and protein in grain, especially N2 application. Compared with N1, N accumulation, protein content and protein yield in grain under the HF treatment with N2 application increased by 11.91%, 4.29% and 26.83%, respectively. The N accumulation and protein content in grain under the SD treatment increased with increasing N application, and the N2 application in the SD treatment resulted in a 16.93% higher grain protein yield than that under the N1 treatment. The grain N accumulation of the N1 and N2 applications in the HD treatment was higher than that of N3, and a similar tendency was also found in protein yield. The protein content of grain in the HD treatment under N2 was significantly higher than those under the N1 and N3 applications.





3.3. Effect of Nitrogen on Wheat Growth under Post-Anthesis Heat, Drought and Combined Stress


The proportion of variance shows that the green leaf area was mainly affected by T, W and the interaction of T × W. The effect of T, W and N on plant height was more pronounced compared to the two-factor and three-factor interactions. ADM and RGR were mainly affected by T and W, and N and the interaction of T × W and W × N had similar effects on ADM (Table 1). Subsequent heat, drought and combined stress significantly reduced the growth traits of maize plants as evidenced by the lower green leaf area, plant height, ADM and RGR compared to the control. Compared with the control, the SD, HF and HD treatments decreased the green leaf area by 25.63%, 25.80% and 34.04% and the plant height by 5.69%, 7.93% and 12.71%, respectively. Similar reductions were observed in ADM and RGR. For example, the SD, HF and HD treatments had 29.77%, 25.43% and 54.33% lower RGRs than the control. Nevertheless, appropriate N application effectively alleviated the adverse effects of heat, drought and combined stress on wheat growth. The green leaf area under the SD treatment increased with increasing N application, while the HD treatment exhibited the opposite tendency. A larger green leaf area was observed in the N2 application under the HF treatment. Plant height was significantly higher under the N2 and N3 applications than that under the N1 application, respectively, which was found in the SD and HF treatments; however, the N1 application under the HD treatment maintained a higher plant height than the N2 and N3 applications. The beneficial effects of N2 application on ADM under all stress treatments were more significant than that of N1 and N3 applications. The RGR of the SD treatment was significantly increased by the N2 compared to N1 application, and N2 and N3 applications significantly increased the RGR under HF treatment compared to N1 application. In contrast, an appropriate reduction in N application was beneficial for the improvement of RGR in the HD treatment.




3.4. Effect of Nitrogen on Yield, Water and N Use Efficiency under Post-Anthesis Heat, Drought and Combined Stress


The effects of the single factors (T, W and N) on GN were similar, and the proportion of variance explained by T × W was relatively low in GN. TKW and yield were mainly affected by T and W. Similarly, the interaction of W × N and T × W × N had weak effects on TKW and yield (Table 2). Compared with the control, heat and drought stress significantly reduced GN and TKW, leading to a reduction in the yield of the SD and HF treatments by 20.46% and 18.33%, respectively, when compared to the control. This reduction was further amplified under combined stress conditions, and the yield in the HD treatment was 33.98% lower than that of the control. Yield and its components were significantly improved under an appropriate N application. The GN of the N3 application in the HF treatment increased by 13.09% compared with N1. The SD treatment had higher GN and TKW under the N2 application than under the N1 and N3 treatments. Compared with the N1 application, the yield at the N2 level under the SD and HF treatments increased by 12.92% and 21.70%, respectively, whereas the HD treatment under the N1 application had 5.91% and 17.06% higher yields than that under the N2 and N3 applications.



The proportion of variance explained by T was at a lower level in WUEg and WUEb. WUEg was mainly affected by W, N and the interaction of T × W and T × N. W had the greatest impact on WUEb, followed by the interaction of T × W. NUEg was mainly affected by T, W and N. The effect of T on NUEb was the largest (Table 2). Drought stress resulted in a significant increase in WUEg and WUEb compared to the control. WUEg and WUEb under the SD treatment increased by 6.59% and 10.26%, respectively, compared to the control. There was no significant difference in WUEg between the HF treatment and the control. It is noteworthy that WUEg in the HD treatment was reduced by 7.47% compared with the control. NUEg and NUEb decreased significantly under heat, drought and combined stress, especially the combined stress. SD, HF and HD treatments decreased NUEg by 9.92%, 8.74% and 16.97% and NUEg by 5.48%, 5.12% and 8.83%, respectively, when compared with the control. The regulatory effect of N on water and N use efficiency is inconsistent due to the different stress types; for example, the WUEg of the N3 application under the SD treatment and the N2 application under the HF treatment were 7.76% and 6.18% greater than that of the N1 application, respectively, while the HD treatment under the N1 application had 10.05% higher WUEg than that under the N3 application. Compared with the control, N2 + full watering reduced the decrease in NUEg and NUEb in the HD treatment, and NUEg and NUEb in the HFN2 treatment were 13.90% and 7.32% higher than those in the HDN2 treatment, respectively.




3.5. Principal Component Analysis


The growth traits, physiological and biochemical parameters, yield components, yield, water and N use efficiency of wheat were analyzed by principal component analysis (PCA). As shown in Figure 7, the cumulative contribution rate of principal component 1 (PC1; 70.50%) and principal component 2 (PC2; 18.27%) reached 88.77%. The principal component (PC1) corresponded to ADM, GNA, TKW, yield, SGN, An, GPY and Fv/Fm. These parameters contributed to most of the variation observed in the dataset. WUEb, WUEg and NPQ primarily interpreted the principal component (PC2). There was a smaller acute angle between GNA, TKW, SGN and grain yield compared with other parameters, indicating that the positive correlation between GNA, TKW, SGN and grain yield was higher under stress conditions. An, Fv/Fm and  Φ PSII had significant positive correlations with grain yield due to the acute angle among these parameters. Under the SD and HF treatments, The coordinates of N2 and N3 applications were closer to the side of the PC1 axis where the variables were concentrated compared to N1, especially N2 application; however, the coordinate of the N1 application was closer to the right side of the PC1 axis, indicating that an appropriate increase in N application contributed to the improvement in photosynthesis and yield formation parameters under post-anthesis heat and drought alone, thereby increasing grain yield, and this positive regulation was also observed in the N1 application under combined stress conditions.




3.6. The Relationship between Photosynthetic Rate and Biological Factors


We evaluated the relationship between photosynthesis and N-mass and N-area and found a significant positive correlation between An and N-mass in two measurements (Figure 8a). A significant positive correlation was also observed between An and N-area, and An was linearly enhanced with increasing N-area. The correlation between An and N-area was more significant than that between An and N-mass in both measurements (the 6th and 12th days of stress treatment) (Figure 8b). In addition, there was a significant positive correlation between An and both N-mass and N-area under different N supplies (N1, N2 and N3). The slopes of the regression lines between An and N-mass and between An and N-area first decreased and then increased with increasing N application, and the R2 value of the N1 treatment was higher than that of N2 and N3 treatments (Table 3).





4. Discussion


4.1. Appropriate N Application Can Improve Photosynthesis under Short-Term Heat, Drought and Their Combination Stress after Anthesis


Previous studies have shown that high temperature exacerbates the reduction in photosynthesis under drought stress conditions [22], which was in agreement with the current finding (Figure 3). This phenomenon may be mainly explained by the ability of heat and drought to damage thylakoid membranes in leaves and the resultant decrease in electron transfer activity and efficiency, thereby causing a significant decrease in An [16]. In the current study, the reduction in An under combined stress was more pronounced compared to heat and drought stresses alone. However, Loka [38] reported that the photosynthetic rate under heat stress remained similar to that of the control, which they attributed to increases in gs and Tr. We assume that the difference between the findings of these studies is due to the longer duration of the heat stress treatment in the latter because the resulting increase in the transpiration rate effectively reduces the leaf temperature and prevents the destruction of the photosynthetic mechanism. It is worth noting that the N2 or N3 supplies effectively increased An in leaves under post-anthesis heat and drought stress alone (Figure 3a). The increase in photosynthesis may be related to the increase in the total chlorophyll content and chloroplast photochemical activity induced by increasing the N supply [39]. Here, we also observed that excessive N application could not alleviate drought stress in plants. In contrast, it aggravated drought stress and decreased photosynthesis (Figure 3a). The maintenance of stomatal opening under high N is important for maintaining leaf conductance for CO2 transpiration, photosynthetic reactions and electron transport [40]. In our study, the N2 application effectively improved gs and Tr of leaves under post-anthesis heat and drought stress alone compared with N1 application (Figure 3b,c). It was reported that one strategy for plants to enhance heat and drought tolerance is to increase leaf transpiration to reduce leaf temperature [41,42]. During the stress period, N3 application did not always have a positive regulatory effect on gs, especially under the HD treatment on the 12th day of stress treatment. Heat stress and high N application exacerbated the occurrence of drought stress, which may be the main reason for the decrease in Tr due to increased stomatal restriction under high N treatment. It was found that the application of N2 or N3 actively promoted the primary reaction process of photosynthesis, which was reflected in the increase in Fv/Fm and  Φ PSII and the reduction in NPQ, potentially because under an appropriate increase in N supply, sufficient chlorophyll accelerated the synthesis of various enzymes and electron transporters via proteins involved in photosynthetic carbon assimilation and converted more light energy into chemical energy, thereby increasing  Φ PSII and Fv/Fm [43]. In contrast, on the 12th day of stress treatment, the N1 treatment in the plants subjected to combined stress resulted in higher  Φ PSII and Fv/Fm and a lower NPQ, implying that reducing N application under combined stress was more conducive to protecting the photosynthetic process.



In the present study, the responses of An,  Φ PSII and Fv/Fm to post-anthesis heat, drought and their combined stress were similar. Abdelhakim [14] believed that An had a strong positive correlation with Fv/Fm when wheat plants were exposed to heat, drought and their combined stress after anthesis. More importantly, N2 application effectively improved the An, Fv/Fm and  Φ PSII of leaves compared with N1 under post-anthesis heat and drought stress (the 12th day of stress treatment), whereas N1 treatment maintained higher An, Fv/Fm and  Φ PSII under combined stress conditions (Figure 3 and Figure 4), which implies that the increased Fv/Fm and  Φ PSII by appropriate N application were conducive to the protection of the photosynthetic process under post-anthesis individual and combined stresses. In the current study, WUEleaf under post-anthesis drought and combined stress was higher than that under full watering conditions, and the increase was more pronounced with the extension of stress time. Since less water was consumed under drought stress, the reduction in An was less than that in Tr [44]. Unlike the individual stresses, WUEleaf of the N3 treatment had a greater reduction than that of the N1 and N2 treatments. The WUEleaf of the N3 treatment under combined stress was significantly lower than that of the N1 and N2 treatments, which was primarily caused by the significant reduction in An and the nonsignificant reduction in Tr under the N3 application.




4.2. Comparison of Photosynthesis, Chlorophyll Fluorescence Parameters and Yield among Different N Applications under Short-Term Heat, Drought and Their Combination Stress after Anthesis


Here, differences in yield among different N treatments under post-anthesis stresses were further evaluated. We found that there were similar variations between An (the 12th day of stress treatment) and yield under different treatments. Under individual heat and drought stress, Fv/Fm,  Φ PSII and yield were significantly improved under the N2 application compared with the N1 and N3 applications. However, the responses of Fv/Fm,  Φ PSII and yield to N3 application were significantly different (Figure 3 and Figure 4). The above analysis indicates that An is likely to better explain the variation in yield compared with PSII photochemical efficiency. Makino [45] also believed that N supply may affect yield by affecting photosynthesis. Moreover, the same result was obtained by Xiang [46], who found that there was a significant positive correlation between the leaf photosynthetic rate and yield (r > 0.88 **) after anthesis. On the other hand, the An of drought-stressed plants was reduced by 11.28% on the 12th day of stress treatment compared to the 3rd day of stress treatment, and the An of N1 and N3 supplies decreased by 20.97% and 19.75% on the 12th day of stress treatment compared with the 3rd day of stress treatment. Moreover, N2 application was beneficial to the increase in yield and its components under drought stress conditions (Table 2), suggesting that delaying the senescence of wheat leaves after anthesis may be conducive to the improvement in grain yield [47]. This positive effect caused by N supply was also found in heat and combined stressed plants. Figure 7 shows that there were significant positive correlations between An and grain protein yield, grain N accumulation, spike grain number and grain yield. Photosynthesis can affect grain development and yield by affecting grain N and protein accumulation. This suggested that the effect of N on grain yield may be mainly driven by photosynthesis.




4.3. Relationships between Photosynthesis and Biological Factors of Leaves


In this study, a significant correlation was observed between An and biological factors, including N-mass and N-area. Their correlations were discussed from the following two perspectives. On the one hand, to clarify the factors leading to the differences in An, the correlations between An and N-mass as well as between An and N-area were analyzed for two determination dates (the 6th and 12th stress treatments). Interestingly, both N-mass and N-area can well explain the variation in An on the two determination dates (Figure 8a,b). In contrast, the R2 value of the regression lines between N-area and An was significantly higher than that of the regression lines between N-mass and An (Table 3), which suggests that N-area can better explain the changes in photosynthesis compared to N-weight in this study. Since An is expressed on a unit area, it is more popular to use N-area as an indicator of An [48].



On the other hand, the data of the two measurement dates (the 6th and 12th days of stress treatment) are gathered together. The correlation between leaf N content and An was established to explore whether leaf N content was affected by different N applications. Correlations between An and leaf N content were affected by the N supply due to the difference among regression lines (Table 3). The higher An caused by N supply may be associated with the increase in N distribution in the photosynthetic mechanism [49]. Bindraban [50] concluded that when the leaf N content was at a low level, An was strongly linearly correlated with the leaf N content. This corresponds to our findings. Here, An had higher correlations with N-mass and N-area under low N than under medium and high N application (Table 3), and the interpretation of An by leaf N content was more accurate when the leaf N accumulation was low and narrower. It was found that the fitting curve between N-area and An may increase logarithmically, as illustrated in Figure 8c,d. Therefore, there may be a threshold of N-area in the curve; when N-area was higher than this threshold, the increase in An was much less than that when N-area reached the threshold. It was reported earlier that the photosynthetic rate increased linearly before the leaf nitrogen content reached 1.5 g/m−2, but beyond this threshold, the increase in photosynthetic rate was much less than that of leaf N accumulation [51]. Therefore, it may be concluded that the luxury N absorption caused by excessive N application was not conducive to the improvement in photosynthesis and affected the yield.




4.4. Appropriate N Application Can Improve Grain Yield by N Metabolism Enzyme Activities, N Accumulation and Growth under Short-Term Heat, Drought and Their Combined Stress after Anthesis


Earlier studies showed that persistent heat or drought stress reduced the activities of NR and GS, which greatly limited source activity and assimilated supply in grain and resulted in a significant reduction in yield [20,52]. In the current study, post-anthesis heat and drought stress significantly reduced NR and GS activities, and combined stress showed a subadditive effect. The reductions in these two enzyme activities were more pronounced with increasing stress time. The low activities of NR and GS under heat stress condition may be due to their low soluble protein content [53]. Nevertheless, the N2 application significantly increased NR and GS activities in grains under individual heat and drought stress after anthesis compared with N1 (Figure 5), and increasing the appropriate N level improved the abundance of enzymes and their activities [54]. This indicates that sufficient N application can ensure a smooth and efficient N metabolism process in grains after anthesis and increase the level of N metabolism in plants. The accumulation of N and protein in wheat grains largely depends on N assimilation [55]. Moreover, positive regulation of N2 application was also observed in terms of N accumulation and protein content, which may be mainly attributed to the increased expression of enzyme genes related to N metabolism. Goodall [56] reported an increase in GS1 expression with increasing N application in barley. In contrast, N1 application was more conducive to the enhancement of NR and GS activities in grain under post-anthesis combined heat and drought stress, whereas excessive N application severely inhibited grain N assimilation (Figure 5 and Figure 6). This is likely to be the main reason for the lower N accumulation and protein yield in grain. Nikolic [57] and Tao [20] pointed out that greater accumulation of N and protein in grains at maturity led to higher grain yield. The positive correlations in Figure 7 further confirmed that the accumulation of N and protein in grain plays a vital role in yield formation.



Drought and heat stresses are the main abiotic stress factors affecting plant growth and development, and long-term heat or drought stress has an irreversible negative impact on plant growth [58]. In the present study, post-anthesis heat and drought stresses resulted in significant reductions in green leaf area, plant height, ADW and RGR, and the reduction in growth traits was further exacerbated by the combined stress (Table 1). It has been reported that N deficiency can reduce plant height, green leaf growth, photosynthetic rate and source sink capacity, thus reducing the size of nutrient storage organs [59], and leading to lower yields. Nevertheless, increasing N application can mitigate the detrimental effect of heat and drought stress on plant growth by increasing the photosynthetic capacity and cell division intensity [26]. As shown in Table 1 and Figure 3, the An increased by N regulation exhibited a similar increasing tendency with growth traits under post-anthesis heat, drought and combined stress. The results of our study are supported by Engels [59], who reported that a sufficient N supply can increase plant height, green leaf growth, and source sink capacity by improving the photosynthetic rate. This finding was confirmed in the current study. It is interesting to note that increasing the N supply could not alleviate the adverse effects of combined heat and drought stress. In contrast, it aggravated the effects of combined stress and led to a decrease in plant growth. Therefore, it can be seen from the above findings that N plays a vital role in regulating the effects of heat and drought stresses on plant growth. However, its regulatory effects significantly differ due to differences in stress types. In our study, the growth characteristics of stressed wheat, including green leaf area, ADM, plant height, N accumulation, protein content and protein yield in grain, were positively affected by N application (Table 1 and Figure 6), which was beneficial to the increase in yield, WUE and NUE. This can be further observed in the correlation established among the above parameters (Figure 7).




4.5. Appropriate N Supply Can Improve the WUE and NUE of Wheat under Short-Term Heat, Drought and Their Combined Stress after Anthesis


Extreme short-term high temperature and drought stress on the Guanzhong Plain usually occur after anthesis of wheat. In the study, short-term heat, drought and their combined stress were carried out after anthesis, and the simulated high temperature in the growth chamber was basically consistent with the historical average (Supplementary Figure S1). After stress treatment, all wheat plants under outdoor conditions remained well watered, during which time wheat plants were not subjected to extreme heat stress (Supplementary Figure S2). Therefore, the difference in yield under different stress conditions was mainly caused by short-term heat, drought and combined stress after anthesis.



The accumulated evidence clearly shows that heat and drought stress from flowering to grain filling shorten grain filling duration and reduce grain weight, resulting in a severe reduction in crop yield [60,61]. Similar results were observed in the present study. Our study showed that although wheat plants were exposed to heat stress, sufficient soil water partially compensated for the adverse effect of heat stress on spike development, resulting in a more pronounced negative effect of drought than heat stress on yield components, which was finally reflected in grain yield. The reduction in yield components and grain yield under combined heat and drought stress was higher than their individual levels. However, compared with N1, N2 or N3 application effectively increased wheat yield and yield components under short-term individual heat and drought stress after anthesis (Table 2). This finding was previously noted in some crop plants, i.e., Lalelou and Fateh [62] found that nitrogen supplementation compensated for the wheat yield loss and deteriorative effects of water-deficit conditions. Our study also found that compared with N2 and N3 applications, N application reduction (N1) mainly improved grain yield by increasing SNG and TGW under combined stress, potentially because plants had a better water status under a low N supply, sustaining kernel set and cell division in the embryo and endosperm [63]. These findings indicated that wheat grown under insufficient N application can better cope with one or several completely different abiotic stresses [33]. A previous study reported that WUE can be increased under moderate drought stress and reasonable N application conditions [64,65]. In this study, WUEg and WUEb were significantly increased by post-anthesis short-term drought stress when compared to controls. Nonetheless, increasing N application strengthened this regulatory mechanism, as revealed by the higher WUEg and WUEb under the N2 application in the SD and HF treatments compared to N1 (Table 2). This may be because the regulatory effect of N2 application on grain yield and ADM was more significant than that of N1 application. Nevertheless, under post-anthesis combined stress, N1 application can achieve a higher yield by increasing GN and TKW, and the higher WUEg may be mainly attributed to the higher yield under N1 compared with the N2 and N3 applications (Table 2).



It has been reported that drought stress can cause a decrease in the N utilization capacity of plants, which is associated with reduced soil nitrogen availability or root nitrogen uptake capacity under drought stress conditions [66]. High temperatures exceeding the critical value depressed N metabolism enzyme activities and exacerbated N loss [20,52], which may be the main reason for the reduced N use capacity of plants under heat stress conditions. In the present study, NUEg and NUEb were significantly reduced under post-anthesis heat and drought stress alone, and the decreases in NUEg and NUEb under combined stress conditions were greater than those under individual heat and drought stress. The significant reduction under combined stress may be the result of a combined effect of the above two reasons. It was found that N2 application significantly increased NUEg and NUEb of wheat under short-term individual heat and drought stress (Table 2). The increased NR and GS activities in grains under the N2 application promoted the increase in grain N accumulation, which was conducive to the improvement in yield (Figure 7). This is likely to be an important reason for the increased NUEg. It is worth noting that excessive N application did not increase NUEg and NUEb. Conversely, increasing N application significantly reduced NUE under combined stress conditions compared with N1 application (Table 2). This is because the transport of N nutrition from vegetative organs to grains has been severely inhibited, leading to a lower grain N accumulation under N3 than under N1 and N2 applications, which may lead to lower grain yield and thus lower NUEg. In addition, a decrease in NUEg indicated that the improvement in grain yield was lower than the increase in plant N uptake. These results may prove that plants cannot absorb N due to their overloaded absorption mechanism when an excessive N application rate is applied under combined heat and drought stress conditions [67,68].





5. Conclusions


Compared with N1, N2 or N3 application enhanced the activities of NR and GS in grain and increased N accumulation and protein yield in grain under short-term heat and drought stress after anthesis. The decreased PSII photochemical efficiency and photosynthesis by post-anthesis heat and drought stress were improved under N2 application, while the favorable effects of N on the abovementioned parameters under combined heat and drought stress were usually observed under N1 application. An may be a better yield indicator than Fv/Fm and  Φ PSII, and it can be more accurately explained by N-area than N-weight. It can be concluded that under short-term individual heat and drought stress after anthesis, N2 application effectively increased yield by improving photosynthesis and enhancing the activities of NR and GS, the accumulation of N and protein in grains and the growth of wheat, and the highest WUE and NUE were achieved by N2 application. However, under combined heat and drought stress conditions, N1 application effectively improved the growth and physiological activity of wheat, alleviating the reduction in yield, WUE and NUE.
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Figure 1. Schematic diagram of the overall experimental layout. 
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Figure 2. Changes in daily temperature (a) and soil water content (b) during the stress treatment. 
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Figure 3. Effects of N application on net photosynthetic rate (An, a), stomatal conductance (gs, b), transpiration rate (Tr, c) and instantaneous water use efficiency (WUEleaf, d) in the leaves of wheat under short-term heat, drought and combined stress after anthesis. SD: suitable temperature + drought stress; HD: heat + drought stress; HF: heat stress + full watering; SF: suitable temperature + full watering. T: temperature; W: watering; N: nitrogen. The values are the means ± standard deviation, n = 10. Different lowercase letters indicate statistically significant differences (p < 0.05). The right side of the figure shows the proportion of variance explained by each factor and interaction. 
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Figure 4. Effects of N application on the efficiency of PSII photochemistry ( Φ PSII, a), maximum efficiency of PSII photochemistry (Fv/Fm, b), photochemical quenching coefficient (qP, c) and nonphotochemical quenching coefficient (NPQ, d) in the leaves of wheat under short-term heat, drought and combined stress after anthesis. SD: suitable temperature + drought stress; HD: heat + drought stress; HF: heat stress + full watering; SF: suitable temperature + full watering. T: temperature; W: watering; N: nitrogen. The values are the means ± standard deviation, n = 5. Different lowercase letters indicate statistically significant differences (p < 0.05). The right side of the figure shows the proportion of variance explained by each factor and interaction. 
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Figure 5. Effects of N application on the activities of nitrate reductase (NR, a) and glutamine synthetase (GS, b) in the leaves of wheat under short-term heat, drought and combined stress after anthesis. SD: suitable temperature + drought stress; HD: heat + drought stress; HF: heat stress + full watering; SF: suitable temperature + full watering. T: temperature; W: watering; N: nitrogen. The values are the means ± standard deviation, n = 5. Different lowercase letters indicate statistically significant differences (p < 0.05). The right side of the figure shows the proportion of variance explained by each factor and interaction. 
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Figure 6. Effects of N application on grain N accumulation (a), grain protein content (b) and grain protein yield (c) under short-term heat, drought and combined stress after anthesis. SD: suitable temperature + drought stress; HD: heat + drought stress; HF: heat stress + full watering; SF: suitable temperature + full watering. T: temperature; W: watering; N: nitrogen. The values are the means ± standard deviation, n = 5. Different lowercase letters indicate statistically significant differences (p < 0.05). The right side of the figure shows the proportion of variance explained by each factor and interaction. 
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Figure 7. PCA for growth traits, N accumulation and protein yield in grain, grain yield, yield components, water and N use efficiency in wheat plants under post-anthesis stress conditions. GNA: grain nitrogen accumulation; GPY: grain protein yield; GLA: green leaf area; PH: plant height. 
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Figure 8. Correlations between the photosynthetic rate (An) and N-mass and N-area. (a,b) represent the correlation between An and N-mass as well as between An and N-area under different measurement dates, respectively. (c,d) represent the relationships between An and N-mass as well as between An and N-area under different N applications. The arrows in the figure correspond to the regression lines under different N treatments. 
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Table 1. Effects of N application on green leaf area, plant height, aboveground dry mass (ADM) and relative growth rate (RGR) of wheat plants under short-term heat, drought and combined stress after anthesis.
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Treatments

	
Growth Traits




	
Temperature/Water/Nitrogen Regimes

	
Green Leaf Area

(cm2/Plant)

	
Plant Height

(cm)

	
ADM

(g/Plant)

	
RGR

(mg·g−1·Day−1)






	
S

	
D

	
N1

	
56.24 ± 4.21 g

	
62.17 ± 1.23 g

	
2.90 ± 0.045 g

	
21.67 ± 1.21 f




	
N2

	
67.65 ± 4.40 cde

	
64.07 ± 0.88 f

	
3.10 ± 0.029 e

	
23.44 ± 0.87 de




	
N3

	
71.02 ± 6.53 c

	
64.65 ± 1.23 ef

	
2.99 ± 0.077 fg

	
22.90 ± 1.45 ef




	
F

	
N1

	
89.55 ± 4.42 a

	
66.89 ± 2.10 bc

	
3.45 ± 0.045 c

	
30.48 ± 0.60 b




	
N2

	
90.04 ± 6.54 a

	
67.67 ± 1.55 b

	
3.61 ± 0.120 b

	
32.63 ± 2.01 a




	
N3

	
82.49 ± 5.89 b

	
69.01 ± 0.77 a

	
3.72 ± 0.082 a

	
33.74 ± 1.32 a




	
H

	
D

	
N1

	
64.50 ± 4.71 e

	
61.80 ± 1.20 g

	
2.61 ± 0.039 hi

	
15.82 ± 0.41 g




	
N2

	
58.93 ± 2.67 fg

	
60.25 ± 1.83 h

	
2.69 ± 0.60 h

	
15.32 ± 0.29 g




	
N3

	
49.44 ± 3.02 h

	
58.56 ± 1.35 i

	
2.53 ± 0.021 j

	
13.08 ± 0.56 h




	
F

	
N1

	
60.37 ± 4.32 f

	
63.86 ± 2.43 f

	
2.95 ± 0.051 fg

	
22.48 ± 1.01 ef




	
N2

	
68.70 ± 3.23 cd

	
65.89 ± 0.67 cd

	
3.21 ± 0.101 d

	
25.08 ± 0.82 c




	
N3

	
65.40 ± 3.45 de

	
65.18 ± 1.78 de

	
3.02 ± 0.084 ef

	
24.65 ± 1.33 cd




	
Variance proportion (%)

	
T

	
29.74

	
19.87

	
31.80

	
30.40




	
W

	
19.10

	
21.30

	
23.44

	
24.73




	
N

	
7.52

	
19.55

	
14.32

	
11.76




	
T × W

	
21.03

	
16.24

	
12.15

	
10.19




	
T × N

	
7.88

	
8.39

	
4.85

	
6.26




	
W × N

	
0.75

	
4.48

	
12.38

	
12.65




	
T × W × N

	
13.98

	
10.17

	
1.06

	
4.01








S: suitable temperature; H: high temperature; D: drought, F: full watering; T: temperature; W: watering; N: nitrogen. The values are the means ± standard deviation, n = 5. Different lowercase letters indicate statistically significant differences (p < 0.05).
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Table 2. Effects of N application on yield, yield components, water and N use efficiency of wheat plants under short-term heat, drought and combined stress after anthesis.
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Treatments

	
Yield and Its Components

	
Water and N Efficiency




	
Temperature/Water/

Nitrogen Regimes

	
GN

(no.)

	
TKW

(g)

	
Yield

(g pot−1)

	
WUEg

(g kg−1)

	
WUEb

(g kg−1)

	
NUEg

(g g−1 N)

	
NUEb

(g g−1 N)






	
S

	
D

	
N1

	
31.01 ± 0.45 f

	
37.32 ± 0.98 h

	
41.10 ± 1.59 f

	
2.32 ± 0.05 bc

	
4.83 ± 0.12 c

	
31.23 ± 0.64 d

	
65.48 ± 1.63 ef




	
N2

	
33.28 ± 0.78 d

	
40.12 ± 0.77 de

	
46.41 ± 2.01 d

	
2.46 ± 0.05 a

	
5.15 ± 0.21 a

	
33.43 ± 0.65 b

	
68.35 ± 1.18 b




	
N3

	
32.25 ± 0.99 e

	
39.12 ± 1.45 f

	
44.30 ± 1.87 e

	
2.50 ± 0.02 a

	
4.96 ± 0.08 b

	
30.23 ± 0.81 e

	
63.39 ± 1.25 g




	
F

	
N1

	
36.21 ± 0.88 b

	
42.32 ± 0.93 d

	
52.39 ± 2.44 b

	
2.27 ± 0.06 cd

	
4.48 ± 0.15 f

	
35.73 ± 0.24 a

	
70.58 ± 2.56 a




	
N2

	
38.40 ± 0.56 a

	
44.19 ± 1.54 a

	
57.19 ± 1.45 a

	
2.33 ± 0.05 bc

	
4.56 ± 0.17 ef

	
36.03 ± 0.55 a

	
70.25 ± 1.52 a




	
N3

	
36.20 ± 0.65 b

	
43.89 ± 1.20 b

	
53.63 ± 1.89 b

	
2.23 ± 0.03 de

	
4.51 ± 0.09 f

	
33.58 ± 0.53 b

	
67.82 ± 0.89 bc




	
H

	
D

	
N1

	
29.34 ± 0.87 g

	
36.21 ± 1.01 i

	
38.50 ± 0.98 g

	
2.19 ± 0.06 ef

	
4.53 ± 0.13 ef

	
32.05 ± 0.78 c

	
66.92 ± 1.78 d




	
N2

	
28.05 ± 0.66 h

	
35.04 ± 0.78 g

	
36.35 ± 2.10 h

	
2.14 ± 0.03 f

	
4.75 ± 0.09 cd

	
29.20 ± 0.55 f

	
62.82 ± 2.25 g




	
N3

	
26.12 ± 0.77 i

	
32.44 ± 1.67 j

	
32.89 ± 1.32 i

	
1.99 ± 0.08 g

	
4.60 ± 0.14 e

	
26.21 ± 0.45 g

	
60.48 ± 1.46 h




	
F

	
N1

	
32.01 ± 1.05 e

	
37.56 ± 1.60 gh

	
39.77 ± 2.76 fg

	
2.24 ± 0.07 de

	
4.71 ± 0.12 d

	
31.10 ± 0.77 d

	
65.77 ± 2.55 e




	
N2

	
34.13 ± 0.78 c

	
41.01 ± 1.10 ef

	
48.40 ± 1.45 c

	
2.37 ± 0.04 b

	
5.02 ± 0.07 b

	
33.26 ± 0.80 b

	
67.42 ± 2.09 cd




	
N3

	
34.78 ± 0.65 c

	
38.34 ± 1.32 c

	
46.07 ± 1.01 de

	
2.29 ± 0.08 cd

	
4.80 ± 0.19 c

	
31.77 ± 0.36 cd

	
64.77 ± 3.58 f




	
Variance proportion (%)

	
T

	
18.19

	
35.66

	
33.33

	
4.51

	
5.91

	
30.76

	
33.18




	
W

	
16.23

	
33.90

	
29.67

	
18.90

	
33.73

	
28.31

	
17.42




	
N

	
19.57

	
7.44

	
10.47

	
19.42

	
9.52

	
13.21

	
15.30




	
T × W

	
3.66

	
15.61

	
20.75

	
23.28

	
31.35

	
10.39

	
18.54




	
T × N

	
17.23

	
5.28

	
2.46

	
18.18

	
7.44

	
7.73

	
13.01




	
W × N

	
15.58

	
1.64

	
1.54

	
14.52

	
9.06

	
8.64

	
0.79




	
T × W × N

	
9.54

	
0.47

	
1.78

	
1.19

	
2.99

	
0.96

	
1.76








S: suitable temperature; H: high temperature; D: drought, F: full watering; T: temperature; W: watering; N: nitrogen. The values are the means ± standard deviation, n = 3. Different lowercase letters indicate statistically significant differences (p < 0.05).
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Table 3. Parameters of linear regression and accuracy evaluation of the fitting equation between An and N-mass and N-area.
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Dependent Variable

	
Independent Variables

	
N Application

	
a

	
b

	
R2

	
p






	
An (µmol·m−2·s−1)

	
N-mass (gN kg−1)

	
N1

	
0.381

	
3.358

	
0.835

	
<0.001




	
N2

	
0.263

	
5.131

	
0.526

	
0.042




	
N3

	
0.325

	
3.392

	
0.604

	
0.023




	
N-area (gN m−2)

	
N1

	
5.031

	
3.845

	
0.849

	
<0.001




	
N2

	
3.017

	
7.206

	
0.575

	
0.029




	
N3

	
3.902

	
5.403

	
0.639

	
0.017








a: slope of the regression equation; b: interceptions of regression equation; R2 and p represent statistical parameters.
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