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The Effects of Short-Term Exposure to Low Temperatures During the Booting Stage on Starch Synthesis and Yields in Wheat Grain
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Low temperatures (LT) in spring can have a major impact on the yields of wheat in winter. Wheat varieties with different cold sensitivities (the cold-tolerant Yannong 19 variety and the cold-sensitive Yangmai 18 variety) were used to study the responses of the wheat grain starch synthesis and dry material accumulation to short-term LT during the booting stage. The effects of short-term LT on the activities of key wheat grain starch synthesis enzymes, starch content and grain dry-matter accumulation were determined by exposing the wheat to simulated LT of from −2 to 2°C. Short-term LT stress caused a decrease in the fullness of the wheat grains along with decreased activities of adenosine diphosphate glucose pyrophosphorylase (AGPase, EC2.7.7.27), soluble starch synthase (SSS, EC2.4.1.21), granule-bound starch synthase (GBSS, EC2.4.1.21), and starch branching enzyme (SBE, EC2.4.1.18) at different spike positions during the filling stage. The rate of grain starch accumulation and starch content decreased with decreasing temperatures. Also, the duration of grain filling increased, the mean and the maximum filling rates were reduced and the quality of the grain dry-matter decreased. The number of grains per spike and the thousand-grain weight of the mature grains also decreased. Our data showed that short-term LT stress at the booting stage caused a decrease in the activities of key starch synthesis enzymes at the grain-filling stage. These changes reduced the accumulation of starch, decreased the filling rate, and lowered the accumulation of grain dry matter to ultimately decrease grain yields.
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INTRODUCTION

Low temperature stress is a major limiting factor seriously affecting global wheat production and development (Xiao et al., 2021). During springtime, the wheat-producing regions of Huang-Huai-Hai and the middle and lower reaches of the Yangtze River in China experience low temperatures (LT) that can act as major abiotic stresses and limit wheat production later in the season (Fang et al., 2011). LT in spring mostly occurs during the jointing to booting stages of wheat development. This can have major impacts on the morphology and growth resulting in decreased spike numbers, grain numbers and the thousand-grain weight (Zheng et al., 2015). Overall, low temperature has severely affected the production of wheat in the world (Holman et al., 2011; Zhang et al., 2011; Crimp et al., 2016).

Starch is the most important carbohydrate in wheat grains that accounts for 63–70% of the grain weight. The dynamics of starch contents and the accumulation of starch determines the yield and quality of wheat. Starch synthesis is mainly synthesized in the endosperm cells and regulated by a series of enzymes (Ran et al., 2020). Adenosine diphosphate glucose pyrophosphorylase (AGPase, EC2.7.7.27), soluble starch synthase (SSS, EC 2.4.1.21), granule-bound starch synthase (GBSS, EC2.4.1.21), and starch branching enzyme (SBE, EC2.4.1.18) have particularly important roles in starch synthesis (Wang et al., 2021). AGPase catalyzes the reaction between glucose-1-phosphate (G-1-P) and ATP to form adenosine diphosphate glucose (ADPG) and pyrophosphoric acid (PPi). This is a rate-limiting step in endosperm starch synthesis that is directly determined by the rate of starch synthesis and accumulation (Bowsher et al., 2007). SSS catalyzes the synthesis of amylopectin (Zhang et al., 2010) and a high level of SSS activity is required to improve the level of starch synthesis (Zhang G. Y. et al., 2011). AGPase and SSS enzymes are key enzymes in regulating rice starch synthesis (Prathap and Tyagi, 2020). GBSS participates in amylose synthesis by specifically binding to starch granules. SBE participates in the formation of α-1,6 glycoside branched-chain to synthesize amylopectin. In cereal endosperm, the deficiency of SBE could change the morphology and structure of starch to form heterogeneous starch granules (He and Wei, 2020).

The rate of accumulation of straight and branched-chain starch, and the total starch in wheat grains is directly correlated with the activities of SBE, SSS, GBSS, and AGPase (Wang et al., 2014). The expression of genes and the activities of enzymes related to starch synthesis in grains are sensitive to temperature and water stress (He et al., 2012; Cao et al., 2015). AGPase, SSS, and SBE activities decrease significantly at mid-late grain filling stage by water deficit (Mahla et al., 2017). Hurkman et al. (2003) found that high temperatures between anthesis and maturity increase the peak of enzyme activity relative to starch synthesis and reduce enzyme activity to shorten the duration of starch accumulation. LT during the filling stage significantly reduces the starch content in bread wheat grains (Labuschagne et al., 2009).

To date, most studies have focused on the effects of LT in spring on the growth, development and yields of wheat. Previous studies have reported significantly decreased rates of photosynthesis in functional wheat leaves caused by LT at the booting stage (Zhang W. J. et al., 2015). Also, LT can decrease carbohydrate accumulation (Zeng et al., 2011) leading to changes in the content of endogenous hormones and sucrose metabolism in young spikes (Zhang W. J. et al., 2019). However, few reports have characterized the effects of short-term LT at the booting stage especially the connective stage on starch synthesis in wheat grains.

This study aimed to analyze changes in the activities of enzymes associated with starch synthesis, starch accumulation, dry matter accumulation, and wheat yields after short-term LT stress at the booting stage in wheat varieties with different cold sensitivities. Also, we aimed to reveal the effects of short-term LT at this stage on grain development.



MATERIALS AND METHODS


Plant Materials

Two wheat varieties with differing sensitivities to LT were selected, the tolerant variety Yannong 19 (bred by Shandong Yantai Academy of Agricultural Sciences) and the sensitive variety Yangmai 18 (bred by Jiangsu Lixiahe Academy of Agricultural Sciences).



Experimental Design

The experiments were carried out at the experimental base of the Anhui Agricultural University (Hefei, Anhui) from November 2017 to June 2018 (31.52°N, 117.17°E). The subtropical humid monsoon climate zone was selected as the test site. The mean annual temperature was between 15 and 16°C, the mean annual precipitation was 900–1,000 mm, the annual sunshine total was 2,000 h and the mean annual frost-free period was 228 d. The meteorological data of the wheat growing season in this study including the mean daily temperature and the mean monthly rainfall are summarized in Figure 1.


[image: Figure 1]
FIGURE 1. The average daily temperatures and monthly rainfall during the wheat-growing seasons (2017–2018).


The experiment used a combination of potted and field planting methods. The pots were 30 cm high and 30 cm in diameter. The potting soil was taken from a 0 to 20 cm cultivation layer. The soil organic matter content was 14.80 g·kg−1, the total nitrogen was 0.81 g·kg−1 and the potassium, nitrogen, phosphorus, and concentrations were 102.4, 23.6, and 152.7 mg·kg−1, respectively. Each pot was filled with 10 kg of sieved soil. The plants were sown on November 2nd, 2018. Before sowing, 75 g of organic fertilizer, 2.26 g of pure nitrogen, and 7 g of compound fertilizer were added to each pot followed by the addition of 1.05 g of pure nitrogen at the jointing stage. For each variety, 120 pots were planted and subsequently buried in the experimental field so that the upper edge of the pots was flush with the ground. The seedlings were thinned so that 10 seedlings were left in each pot. All other field management measures were performed according to the requirements of high-yield cultivation.

Wheat is sensitive to low temperature between the pistil and stamen differentiation stage and the connective stage. Based on the time of the occurrence of LT in spring and observed the stage of spike differentiation with a microscope, 90 pots of each variety were placed in an artificial climate chamber (ACC) for LT treatment on April 3rd, 2018. The plants were housed at temperatures of −2, 0 or 2°C from 19:00 to 07:00, and from 07:00 to 19:00, the temperature was set to 5°C. The processing time was 24 h and the atmospheric humidity in the climate chamber was set to 70%. At the end of the LT treatment, the pots were transferred back to the field to allow the plants to mature.



Sample Harvesting

After anthesis, the wheat ears were marked to indicate the same period of growth and the flowering date. From 10 days after anthesis, 15–20 equally sized wheat ears were selected every 5 days. Five of the ears were washed, quickly frozen in liquid nitrogen and stored at −80°C to determine the activity of enzymes related to starch synthesis. The remaining grains were removed from the wheat ears and fixed at 105°C for 15 min. The grains were then dried at 80°C to constant weight and the values were used to determine the starch content and accumulation of grain dry matter. The two wheat varieties tested generally contained 18–20 spikelets per ear. The central six spikelets were termed the middle spikelets, the upper six to seven spikelets were termed upper spikelets, and the basal six to seven spikelets were termed the lower spikelets.



Measurements of Grain Parameters


Grain Morphology

From 10 days after anthesis, fresh wheat grains from the LT treatment and control were sampled every 5 days. For each sample, 1–2 grains at the base of the middle spikelet were harvested and observed using a SZX16 stereomicroscope (OLYMPUS, Japan).



The Activity of Enzymes Related to Starch Synthesis

10–15 grains were sampled and weighed. Five mL of 100 mmol.L−1 Tricine-NaOH extract [(pH 8.0, 10 mmol·L−1 MgCl2, 2 mmol·L−1 EDTA, 50 mmol·L−1 2-mercaptoethanol, 12% (v/v) glycerol, 5% (w/v) insoluble polyvinylpyrrolidone-40] was added to the samples that were then ground in a mortar at 0°C and centrifuged at 10,000 × g for 10 min (4°C). The supernatants were used to determine the activities of AGPase, SSS, and SBE. The samples were centrifuged and the pellets washed once with 800 μL 100 mmol·L−1 Tricine-NaOH extract. The pellets were then suspended in 100 mmol·L−1 Tricine-NaOH extract to give a crude enzyme solution that was used to determine the GBSS enzyme activity.

The activity of AGPase activity was determined following the method of Nakamura et al. (1989). 20 μL crude enzyme extract was added to 110 μL reaction solution [100 mmol·L−1 Hepes-NaOH (pH 7.4), 1.2 mmol·L−1 ADPG, 3 mmol·L−1 PPi; 5 mmol·L−1 MgCl2, 4 mmol·L−1 DTT]. The mixture was incubated at 30°C for 20 min and the reaction was terminated by placing in boiling water for 30 s. The solution was centrifuged at 10,000 × g for 10 min, then 100 μL supernatant was added to 5.2 μL colorimetric solution (5.76 mmol·L−1 NADP, 0.08 unit P-gucomutase, 0.07 unit G-6-P dehydrogenase). After incubation at 30°C for 10 min, the OD value at 340 nm was measured.

The activities of SSS and GBSS were measured as previously described by Nakamura et al. (1989) and Jiang et al. (2003). Crude enzyme extract (20 μL) was added to 36 μL of the reaction solution [(50 mmol·L−1 HEPES-NaOH (pH 7.4), 1.6 mmol·L−1 ADPG, 0.7 mg amylopectin, 15 mmol·L−1 DTT)] and incubated at 30°C for 20 min. The reaction was stopped by heating in boiling water for 30 s followed by cooling in an ice bath. 20 μL of reaction solution [(containing 50 mmol.L−1 HEPES-NaOH (pH 7.4), 4 mmol.L−1 PEP, 200 mmol.L−1 KCl, 10 mmol·L−1 MgCl2, 1.2 units pyruvate kinase)] was added and the samples incubated at 30°C for 20 min. The reaction was stopped by heating in boiling water. The samples were centrifuged at 10,000 × g for 10 min and 60 μL of supernatant was added to 40 μL of the reaction solution [50 mmol·L−1 HEPES-NaOH (pH 7.4), 10 mmol·L−1 glucose, 20 mmol·L−1 MgCl2, 2 mmol·L−1 NADP, 1.4 units hexokinase, 0.35 units G-6-P dehydrogenase)]. The mixture was incubated at 30°C for 10 min and the OD measured at 340 nm.

The activity of SBE was determined according to the methods of Nakamura et al. (1989) and Yang et al. (2004). Crude enzyme solution (20 μL) was added to 20 μL reaction solution [final concentration 50 mmol·L−1 HEPES-NaOH (pH 7.4), 5 mmol·L−1 G-l-P, 1.25 mmol·L−1 AMP, phosphorylase (5.4 units)]. After incubation of the reaction for 30 min at 30°C, 10 μL 1 mol·L−1 HCl was used to terminate the reaction, and 100 μL dimethylsulfoxide and 140 μL of 0.1% I2 and 1% KI were added and the OD value at 540 nm was determined.



Starch Content

The wheat grains were dried, ground into a powder and passed through a 100-mesh sieve. Eight mL of 80% ethanol was added to 0.1 g of each sample. The samples were then heated in a water bath at 80°C for 30 min, allowed to cool and centrifuged at 5,000 × g for 15 min. The supernatant was discarded and the precipitate was dried at 60°C. Distilled water (2 mL) was added to the precipitate, the solution was boiled for 20 min and then allowed to cool before adding 2 mL of 9.2 mol·L−1 HClO4. The samples were shaken for 10 min. Six mL of distilled water was added to each sample before being centrifuged at 5,000 × g for 15 min. The supernatant was decanted into a 50-mL volumetric flask. This process was repeated three times and the volume of each sample was adjusted to a constant volume. 0.1 mL of extract was then added to 4 mL of 0.2% anthrone. The samples were boiled for 15 min and the OD measured at 620 nm.

The logistic equation y = W/[1 + e(A+Bt)] (Darroch and Baker, 1990) was used to relate the variations in starch content (y) to the number of days after anthesis (t), where W is the final theoretical starch content, and A and B are constants. By calculating the first derivative of the equation, we obtained the following formula:
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Grain Dry-Matter Accumulation

After anthesis, wheat ears that had bloomed on the same day and had developed to the same size were marked. From 10 days after anthesis, 8–10 wheat ears with uniform growth were selected every 5 days. The grains were removed and the seeds were fixed at 105°C for 15 min. The grains were dried at 80°C to a constant weight. The samples were weighed and converted into a thousand-grain weight. The logistic equation Y = K/[1 + e(a+bt)] was used to associate the variations in grain weight (Y) with the number of days after anthesis (t), where K is the fitted maximum grain weight, and a and b are constants (Darroch and Baker, 1990). The first and second derivations of the equation were used to derive:
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The Number of Grains per Spike and Thousand-Grain Weight

After the wheat had matured, the ears from 20 pots that had not been sampled were randomly selected to calculate the number of grains per spike and the thousand-grain weight. The measurements were repeated three times.




Data Analysis

SPSS 10.0 software (version 10; IBM, Corp., Armonk, NY, USA) was used to analyze the variance of the data. Data were subjected to analysis of variance (ANOVA), and Duncan's method was used for multiple comparisons among treatments (P < 0.05). Curve fitting of starch content and grain dry-matter data were conducted with IBM SPSS Statistics 20 (version 20; IBM, Corp., Armonk, NY, USA) and relevant parameters were calculated. The Pearson's correlation coefficient was used to calculate the coefficients and p-values. Origin 8.0 was used to generate the graphical representations of the data.




RESULTS


The Effect of LT at the Booting Stage on Grain Morphology

Short-term LT stress at the booting stage affected wheat grain filling (Figure 2). The fullness of the grains after LT stress was poor compared to the grains that were not subjected to LT stress at the booting stage. The grain volume during the entire filling stage was lower than that of the controls. Also, the grain size decreased concomitantly with a decrease in the temperature indicating that short-term LT stress at the booting stage affects the grain development.


[image: Figure 2]
FIGURE 2. The effects of short-term low temperature (LT) at the booting stage on the morphology of grains during the grain filling stage (DAA, day after anthesis). At the booting stage, the sensitive (Yangmai 18, A) and the tolerant (Yannong 19, B) varieties were placed in the artificial climate chamber for LT stress. The temperature was set to 5°C during 07:00–19:00 and at 2, 0, and −2°C during 19:00–07:00. The normal growing plants without cold stress were used as controls.




The Effects of LT at the Booting Stage on the Activities of Starch Biosynthesis Enzymes in Grains


APGase Activity

The activity of AGPase in wheat grains at the filling stage showed a single-peak curve. After short-term LT stress at the booting stage, the enzyme activity was significantly decreased (Figures 3A,B) compared to the activity in the control group (P < 0.05). For the middle spikelet, the AGPase activity in the Yannong 19 and Yangmai 18 grains reached a peak around 20 days after anthesis and then rapidly declined (Figure 3A). After a short period of LT (2, 0 or −2°C) treatment at the booting stage, the AGPase activity was lower than in the control group during the entire filling stage. For example, at 20 days after anthesis, LT (2, 0, and −2°C) decreased AGPase activity in the grains of the middle spikelet of Yangmai 18 by 8.81, 11.75, and 16.53%, respectively, compared to the activities in the control group. In the Yannong 19 variety, the activity of AGPase decreased by 1.99, 4.60, and 6.40% at temperatures of 2, 0, and −2°C, respectively, compared to the control group.


[image: Figure 3]
FIGURE 3. The effect of short-term LT at the booting stage on the ADP-glucose pyrophosphorylase activity of wheat grains in the middle spikelets (A) and at different positions of the spikelets (B). UG, grains in the upper spikelets; MG, grains in the middle spikelets; LG, grains in lower spikelets. At booting stage, wheat plants were placed in the artificial climate chamber for LT stress. The temperature was set to 5°C during 07:00–19:00 and at 2, 0, and −2°C during 19:00–07:00. The normal growing plants without cold stress were used as controls. The data are presented as the means ± SD (n = 3). Different lowercase letters indicate significant differences between the treatments determined using the Duncan's multiple range test (P < 0.05).


The AGPase activity in grains at different spike positions decreased after −2°C treatment (Figure 3B). The AGPase activity in the upper, middle and lower spikelets of the Yangmai 18 variety reached a peak at around 20 days after anthesis. The peak enzyme activities decreased by 11.25, 13.77, and 15.83%, respectively, compared to the controls. In the Yannong 19 variety, the AGPase activity of the middle spikelet grains peaked at 20 days after anthesis, whilst for the upper and lower spikelet grains, the activity peaked at 25 days after anthesis. The timings of the peaks in the LT treatment groups were also consistent with those in the control group. The peak enzyme activities of the upper, middle and lower spikelets of the Yannong 19 variety decreased by 3.53, 6.40, and 10.06%, respectively, compared to the control spikelets. The AGPase activity in the LT-sensitive Yangmai 18 variety was more sensitive to variations in temperature compared to the Yannong 19 variety.



SSS Activity

The activity of SSS in wheat grains at the grain-filling stage showed a single-peak curve and the peak enzyme activity appeared around 20 days after anthesis (Figures 4A,B). After exposure to short-term LT stress at the booting stage, the SSS activity decreased (except for in the lower spikelet of Yannong 19). The activity of SSS in the middle spikelet grains increased consistently with decreasing treatment temperature (Figure 4A). Significant differences in the activity of SSS were observed in grains in the LT treatment and control groups (P < 0.05, except for Yangmai 18 at 10 d and 15 d after anthesis). At 20 days after anthesis, the activity of SSS in the grains of the middle spikelet of the Yangmai 18 variety decreased by 4.27%, 5.05% and 8.12% after treatments at 2, 0, and −2°C, respectively, and in the Yannong 19 variety, the corresponding SSS activities decreased by 3.27, 4.15, and 7.48%.
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FIGURE 4. The effect of short-term LT at the booting stage on the activity of soluble starch synthase in the wheat grain of the middle spikelets (A) and different position spikelets (B). UG, grains in the upper spikelets, MG, grains in the middle spikelets, LG, grains in the lower spikelets. At the booting stage, the wheat plants were placed in an artificial climate chamber for LT stress. The temperature was set to 5°C during 07:00–19:00 and 2, 0, and −2°C during 19:00–07:00. The normal growing plants without cold stress were used as controls. The data are presented as the means ± SD (n = 3). Different lowercase letters indicate significant differences between the treatments determined using the Duncan's multiple range test (P < 0.05).


For grains at different spike positions (except for the lower spikelets of Yannong 19), the SSS activity decreased after treatment at −2°C. The peak SSS activity for grains in the upper, middle and lower spikelets of the Yangmai 18 variety decreased by 6.38, 8.12, and 2.84%, respectively, compared to the grains at the respective positions in the control group. The peak SSS activity in the upper and middle grains of the Yannong 19 variety decreased by 6.91 and 7.48%, respectively, compared to the grains in the control. The activities of SSS in the lower grains increased slightly compared to the control (1.10%). A comparison between the varieties showed that the SSS activity in Yangmai 18 grains decreased after LT stress, however, the observed changes in the SSS activity of Yannong 19 grains were irregular.



GBSS Activity

The enzyme activity of GBSS in wheat grains at the filling stage showed a single-peak curve that reached peak activity at around 20 days after anthesis (Figures 5A,B). After a short period of LT (2, 0, and −2°C) treatment at the booting stage, the activity of GBSS in the grains of the two varieties was significantly lower than the control group during the entire filling period (P < 0.05). At 20 days after anthesis, after treatment at 2, 0, and −2°C, the GBSS enzyme activity in the grains of the middle spikelet of the Yangmai 18 variety decreased by 8.26, 11.14, and 15.05%, respectively. In the Yannong 19 variety, corresponding decreases of 7.83, 13.40, and 16.38%, were observed compared to the control group.
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FIGURE 5. The effect of short-term LT at the booting stage on the granule-bound starch synthase activity of wheat grain in the middle spikelets (A) and different position spikelets (B). UG, grains in the upper spikelets; MG, grains in the middle spikelets; LG, grains in the lower spikelets. At the booting stage, the wheat plants were placed in an artificial climate chamber for LT stress. The temperature was set to 5°C during 07:00–19:00 and 2, 0, and −2°C during 19:00–07:00. The normal growing plants without cold stress were used as controls. The data are presented as the means ± SD (n = 3). Different lowercase letters indicate significant differences between the treatments determined using the Duncan's multiple range test (P < 0.05).


The GBSS activities of grains at different spike positions after treatment at −2°C were significantly lower than the control group during the whole filling period (P < 0.05, Figure 5B). The GBSS activity peak for grains in the upper, middle and lower spikelets of the Yangmai 18 variety decreased by 11.81, 15.05, and 13.35%, respectively, compared to the corresponding controls. A similar decreasing trend was observed in the Yannong 19 variety with corresponding decreases in GBSS activities of 18.79, 16.38, and 11.56%, compared with the controls. These data indicate that the GBSS activity of Yannong 19 grains was higher than the Yangmai 18 grains during the whole filling period.



SBE Activity

The observed changes in the SBE activity of wheat grains during grain filling were similar to that of GBSS. The enzyme activity showed a single-peak curve that reached a peak around 20 days after anthesis (Figures 6A,B). After a short LT treatment at the booting stage, the SBE activity in the grains of the two varieties was significantly lower than the control group during the entire filling period (P < 0.05). At 20 days after anthesis, the SBE activity in the grains of the middle spikelet of the Yangmai 18 decreased by 10.03, 19.78, and 23.94% at corresponding temperatures of 2, 0, and −2°C, respectively. The Yannong 19 variety showed corresponding decreases of 11.28, 17.56, and 23.77%, respectively, compared to the controls.
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FIGURE 6. The effect of short-term LT at the booting stage on the starch branching enzyme activity of wheat grains in the middle spikelets (A) and at different position spikelets (B). UG, grains in the upper spikelets; MG, grains in the middle spikelets; LG, grains in the lower spikelets. At the booting stage, wheat plants were placed in the artificial climate chamber for LT stress. The temperature was set to 5°C during 07:00–19:00 and 2, 0, and −2°C during 19:00–07:00. The normal growing plants without cold stress were used as controls. The data are presented as the means ± SD (n = 3). Different lowercase letters indicate significant differences between the treatments determined using the Duncan's multiple range test (P < 0.05).


The SBE activities in grains at different spike positions after treatment at −2°C was significantly lower than in the control group during the whole filling period (P < 0.05, Figure 6B). The peak SBE activity for grains in the upper, middle and lower spikelets of the Yangmai 18 grains decreased by 13.70, 23.94, and 7.66%, respectively. The corresponding SBE activity values in Yannong 19 grains decreased by 24.69, 23.77, and 13.96% compared to controls. Furthermore, the SBE activity of Yangmai 18 grains was lower than in the Yannong 19 variety during the whole filling period.




The Effects of LT at the Booting Stage on the Content and Accumulation Rate of Starch in Grains

During wheat grain development, the starch contents gradually increased with time (Table 1). The starch contents increased rapidly at 15–20 d after anthesis and gradually stabilized at 25–30 d after anthesis. After short-term LT stress at the booting stage, the starch content of the grains was significantly lower compared to the control grains during the whole filling process (P < 0.05). These data indicated that LT stress at the booting stage reduced the accumulation of starch in wheat grains and lower temperatures had more significant impacts on starch accumulation. The rate of starch accumulation was obtained using logistic equations (Figure 7) and was maintained at a high level 10–20 days after anthesis before rapidly decreasing 25 days after anthesis. After LT stress at the booting stage, the rate of starch accumulation in grains was significantly lower than in control grains (P < 0.05). For example, the starch accumulation rate of grains of Yangmai 18 grains exposed to −2°C at the booting stage decreased by 17.69, 21.53, 6.55, 17.24, and 6.09% at days 10, 15, 20, 25, and 30 compared to control grains after anthesis.


Table 1. Effects of different treatments on starch content in wheat grains.
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FIGURE 7. The effect of short-term LT at the booting stage on the rate of starch accumulation. At the booting stage, wheat plants were placed in an artificial climate chamber for LT stress. The temperature was set to 5°C during 07:00–19:00 and 2, 0, and −2°C during 19:00–07:00. The normal growing plants without cold stress were used as controls. The data are presented as the means ± SD (n = 3). Different lowercase letters indicate significant differences between the treatments determined using the Duncan's multiple range test (P < 0.05).




The Effects of LT at the Booting Stage on Dry Matter Accumulation in Wheat Grains

The logistic equation was used to fit the dynamics of the accumulation of grain dry matter (Table 2). The coefficient of determination (R2) of each fitting equation was highly significant (P < 0.01). The maximum theoretical thousand-grain weight of the wheat after short-term LT stress at the booting stage was lower than the control and the grain dry weight decreased concomitantly with the LT treatment. Exposure to short-term LT at the booting stage prolonged the period of incremental filling (T1) compared to the control and differentially affected the rapid filling (T2) and slow filling (T3) periods of the two varieties. Exposure to short-term LT at the booting stage prolonged the filling period (T), delayed the time of the maximum filling rate (Tmax) and reduced the mean filling rate (R) and the maximum filling rate (Rmax) (except for the −2°C treatment of Yangmai 18) compared to the control grains. These data indicated that the main reason for the observed decrease in the accumulation of dry matter in grains caused by short-term LT was a reduction in the rate of grain filling.


Table 2. Summary of the dry matter accumulation model and the parameters of wheat grain after short LT treatment during the booting stage.
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The Effects of LT at the Booting Stage on the Number of Grains per Spike and Thousand-Grain Weight

Exposure to short-term LT stress at the booting stage decreased the final number of grains per spike and the thousand-grain weight (Figure 8). A significant difference was observed between the thousand-grain weight of the Yangmai 18 variety at different temperatures (P < 0.05). However, no significant difference was observed in the number of grains per spike at 2°C compared to the control samples. Further temperature reductions to 0°C and −2°C led to significant differences in the thousand-grain weight compared to the control samples. In the Yannong 19 grains, a notable difference between LT treatments and the controls (P < 0.05), however, the only significant difference in the number of grains per spike was detected at a temperature of −2°C. A short period of LT at the booting stage greatly affected the thousand-grain weight and the impact was greater in the temperature-sensitive Yangmai 18 variety.
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FIGURE 8. The effect of short-term LT at the booting stage on the 1000-grain weight and the grain number. At the booting stage, wheat plants were placed in an artificial climate chamber for LT stress. The temperature was set to 5°C during 07:00–19:00 and 2, 0, and −2°C during 19:00–07:00. The normal growing plants without cold stress were used as controls. The data are presented as the means ± SD (n = 3). Different lowercase letters indicate significant differences between the treatments determined using the Duncan's multiple range test (P < 0.05).




Correlation Analysis of the Rate of Wheat Starch Accumulation, Starch Content, Thousand-Grain Weight, and the Activity of Enzymes Related to Starch Synthesis Under Short-Term LT Conditions at the Booting Stage

The relationships between starch accumulation rate, starch content, thousand-grain weight and the activities of enzymes related to starch synthesis were analyzed and the data presented in Table 3. After short-term LT stress at the booting stage, a positive correlation was observed between the rate of starch accumulation, starch content and the activities of AGPase and SSS. The activities of SSS and AGPase were very strongly correlated with the rate of starch accumulation (P < 0.05). The AGPase activity was also significantly correlated with the starch content in the Yangmai 18 grains. Also, the activities of GBSS and SBE were positively correlated with starch content and thousand-grain weight. The correlation between the SBE activity in the two different grain varieties and the starch content and the thousand-grain weight was highly significant. The correlation between GBSS activity, the starch content and the thousand-grain weight was highly significant for the Yannong 19, whereas the same correlation in the Yangmai 18 was not significant.


Table 3. Summary of the correlation coefficients between the rate of starch accumulation, the starch content, the 1000-grain weight, and the enzyme activities after LT stress at booting stage.

[image: Table 3]




DISCUSSION


The Effects of Short-Term LT at the Booting Stage on the Activities of Enzymes Related to Starch Synthesis

In the processes of starch synthesis, a variety of enzymes participate in the metabolism of carbohydrates during endosperm development in cereal (Hannah and James, 2008, Chen et al., 2020). The synthesis and accumulation of grain starch are affected by genetic factors and environmental conditions. The activities of key starch synthesis enzymes during grain development are extremely sensitive to ambient temperature that can directly affect the synthesis of starch in wheat grains (Thitisaksakul et al., 2012; Davinder et al., 2018). For example, high temperatures after anthesis can significantly reduce the activities of AGPase, SSS, GBSS, sucrose synthase (SS), and SBE in wheat grains (Lu et al., 2019) whilst also reducing the relative expression of genes encoding GBSS, SBE, and AGPase (Zhao et al., 2008).

LT stress significantly decreases the activities of SS, SSS, and AGPase during the corn filling stage. These changes cause the reduced conversion of starch synthesis substrates and starch accumulation efficiency (Zhang et al., 2018). We demonstrated that the activities of key starch synthesis enzymes (AGPase, SSS, GBSS and SBE) during the grain-filling stage all showed a single-peak curve. After LT stress at the booting stage, the activities of the four key starch synthesis enzymes decreased to varying degrees in grains at different spike positions. Previous studies reported that under high-temperature conditions, the peak activities of AGPase and SSS in rice grains precede those of GBSS and SBE (Jiang et al., 2003; Cheng et al., 2005).

In this study, a peak in enzyme activity was generally observed around 20 days after anthesis, except for AGPase activity in the upper and lower spike grains of Yannong 19 grains where the peak was delayed and occurred 25 days after anthesis. Luo et al. (in press) found that AGPase, SSS, and SBE activities in superior and inferior grains played key roles in regulating starch synthesis and were closely correlated with the asynchronism grain filling (Zhao et al., 2021). This suggests that LT may have different effects on the activity of AGPase in grains at different spike positions. In our study, the upper and lower grains in the Yannong 19 variety that differentiate and develop later were more affected by LT. These observations did not occur in the sensitive Yangmai 18 variety and require further investigation to determine whether its role in floret development.

SSS catalyzes the synthesis of amylopectin which accounts for 65–78% of starch content in grains (Zhang et al., 2010). It is acknowledged that high SSS activity represents a high ability to synthesize amylopectin from the substrate ADPG (Zhang G. Y. et al., 2011). In this study, the two wheat varieties suffered short-term LT stress at the booting stage and the SSS activities at different spike positions were not consistent. The SSS activity in the middle spikelet grains was generally low and differed slightly from the control at an early filling stage (10–15 d after anthesis). However, differences in SSS activity at the middle and late stages of filling (15–30 d after anthesis) increased and may be due to decreases in AGPase activity leading to decreases in the amount of ADPG substrate that effects the activity of SSS.

Kumar et al. (2017) observed decrease in the activity of SSS under terminal heat stress. The influence of temperature changes on the activity of SSS is the main reason for reductions in starch synthesis. Other studies suggest that LT in the early and middle stages of corn grain filling mainly regulates starch synthesis and grain filling by affecting the activity of SSS in the grain (Zhang et al., 2018). In this study, a short period of LT (−2°C) at the booting stage decreased SSS activity during the filling stage, however, this effect was not always lower than the control in the upper and lower spikelet grains during the entire filling period. These data suggest a spike position-specific effect of LT during the booting stage. These observations may be related to the asynchronous development of florets at different spike positions, however, further investigations are required to better understand the importance of these findings.

Under LT conditions, gibberellin suppresses potato starch synthesis by downregulating the expression of genes that encode AGPase and GBSS (Xie et al., 2018). In rice, high temperature could decrease GBSS activity in grains and significantly reduce amylose content (Ahmed et al., 2015). In this study, the activity of GBSS in grains at different spike positions after a short period of LT at the booting stage was significantly lower than in the control grains during the entire filling stage which affected the synthesis of starch in the grain, particularly the synthesis of amylose. SBE is the key enzyme involved in the synthesis of amylopectin which catalyzes the conversion of amylose to amylopectin (Abe et al., 2014; Brummell et al., 2015). At the mature grain stage, LT caused a decrease in the activities of SUSase and SBE in rice endosperm, affecting starch synthesis and delayed grain maturation (Baek et al., 2018).

In contrast to the duration of LT, the LT level had a greater impact on the nutritional quality of wheat grains. Also, the amylopectin content is more sensitive to LT compared to the amylose content (Liu et al., 2019). Our data support these previous findings. A short period of LT at the booting stage led to a significant decrease in the activity of SBE in grains at different spike positions. These changes were proportional to the decrease in temperature and were more prominent in the sensitive variety compared to the tolerant variety. This study showed that the short-term LT at the booting stage influenced the activities of key enzymes involved in starch synthesis. Temperature decreases directly leading to decreases in the activities of enzymes involved in starch synthesis. The lower the treatment temperature, the greater the enzyme activity decreased.

Furthermore, there is evidence that the plastidial starch phosphorylase (Pho1) and plastidial disproportionating enzyme (DpeI) are major players in starch biosynthesis under low temperatures (Hwang et al., 2019; Koper et al., 2021). Pho1 is essential for starch initiation and reduce the starch accumulation at low temperature (Satoh et al., 2008). Next, we can further investigate the mechanisms of Pho1 and DpeI affecting starch synthesis together with the above key enzymes after short-term LT at the booting.



The Effects of Short-Term LT at the Booting Stage on the Accumulation of Starch Grains

The filling process of wheat grain mainly involves starch synthesis and accumulation. Stresses such as high temperatures and drought affect the activity of key starch synthesis enzymes in grains and impact grain development that in turn act to decreases the accumulation of starch grains (Asthir et al., 2012; He et al., 2012; Yi et al., 2014). Jenner et al. (1991) proposed that after anthesis high temperatures promote the accumulation of starch in the endosperm leading to a shorter filling period. High temperatures during the filling stage reduced the activity of starch synthase (Yang et al., 2018) and decreases metabolite levels in developing wheat grains (Asthir et al., 2012).

In this study, a short period of LT at the booting stage led to a lower starch content in wheat grains during the entire filling process which is consistent with previous results on the effect of high temperature after anthesis (Liu et al., 2017). This study also showed that the decrease in starch content was proportional to the decrease in temperature. This may be due to the inhibitory effect of LT at the booting stage on photosynthesis resulting in decreased carbon accumulation that reduces the synthesis and accumulation of starch and its components (Li et al., 2015).

Studies have also shown that LT during the maturation phase does not significantly affect total starch content but does affect the amylose content (Ahmed et al., 2015; Baek et al., 2018). Therefore, it is necessary to investigate whether exposure to short-term LT at the booting stage affects the starch composition of grains. Sreenivasulu et al. (2010) observed that the peak in starch accumulation generally occurs during the grain-filling stage, 12–35 days after anthesis. In this study, the rate of starch accumulation in the two wheat cultivars was maintained at a relatively high level 10–20 days after anthesis and then declined rapidly. These observations are consistent with the timing of the peak value and subsequent changes in the activity of starch synthase. After anthesis, the temperature of the canopy and the photosynthetic capacity decrease leading to decreases in the weight of single grains, the rate of starch synthesis, and starch accumulation (Savitch et al., 1997; Barnabás et al., 2008).

In this study, the rate of starch accumulation in the two wheat varieties after a short period of LT at the booting stage was lower than the control grains. This may be due to LT negatively affecting the developmental stage of young ears which consequently inhibits the synthesis of organic matter and changes the source-sink relationships (Zhang B. et al., 2015). These changes affect the supply of organic nutrients during endosperm cell proliferation and enrichment resulting in poor grain growth and a lower rate of starch synthesis during the later stages of development (Savitch et al., 1997). Cold stress after anthesis promotes the transfer of soluble proteins from leaves to grains and promotes the synthesis of grain proteins. It can also inhibit the rate of synthesis of grain starch to reduce starch content. Cold stress also inhibits grain lengths and volume leading to expanded and abnormal starch granules (Labuschagne et al., 2009; Wang et al., 2016).



The Effects of Short-Term LT at the Booting Stage on Grain Dry-Matter Accumulation and Yield

LT affects wheat yield by reducing the accumulation of grain dry matter and the number of grains per spike (Valluru et al., 2012; Frederiks et al., 2015), and reduces the rate of grain filling (Huang et al., 2013). LT during grain filling in rice reduces the filling rate, delays the filling process and ultimately leads to the insufficient accumulation of grain dry-matter (Ahmed et al., 2008). Our data showed that exposure to short-term LT at the booting stage reduced the mean and maximum rates of grain-filling rate in wheat resulting in decreased dry-matter accumulation (Gómez and Zamora, 2003). Furthermore, LT at the booting stage prolonged the time of the incremental filling period and delayed the maximum filling rate as wheat plants are more sensitive to LT during this stage. Temperatures lower than 0°C seriously affect the absorption and distribution of nutrient elements and reduce the rate of grain filling resulting in lower grain quality (Fuller et al., 2007). Ahmed et al. (2008) also reported that LT delays the entire filling process by reducing the maximum filling rate. We also observed that LT stress at the booting stage significantly reduced the mean filling rate in the two grain varieties with the sensitive Yangmai 18 grain showing a more significant decrease compared to the tolerant Yannong 19 grain.

The exposure of wheat to LT in spring results in low wheat yield due to the decline of tillers and the production of fewer grains in spikelets. These changes reduce the number of spikes per area and the number of grains per spike (Li et al., 2015; Martino and Abbate, 2019). In this study, the final grain number and the thousand-grain weight after short-term LT stress at the booting stage decreased which is consistent with previous studies in rice (Zhu et al., 2017). Furthermore, the decrease in thousand-grain weight and grain number per ear was proportional to the decrease in temperature.

LT in spring cause assimilates in wheat to move from the stem to the leaves, leading to a decreased accumulation of dry matter and ultimately reducing the yield (Poorter et al., 2012). LT especially at booting also caused increased spikelet sterility and decreased grain yield (Osman et al., 2020) and LT at the booting stage affects spikelet sucrose metabolism and hormone content, resulting in a decrease in the final grain number and thousand-grain weight (Zhang W. J. et al., 2019). LT at the jointing and booting stages also significantly reduced the number of effective tillers per plant (Li et al., 2015) and can result in chill-induced pollen sterility affecting the growth of young ears (Frederiks et al., 2015). In the present study, LT at the booting stage had a greater impact on the thousand-grain weight than on the number of grains per spike, and affected the sensitive variety more. Previous reports showed that the LT at the jointing and booting stages had a greater impact on the number of spikes and grains per spike than on the number of grains per spike (Ji et al., 2017). This is because the LT level used in this experiment had little effect on floret development in the tolerant variety, and only the number of grains per spike at −2°C differed significantly from that of the control.



The Relationship Between the Activities of Key Starch Synthesis Enzymes, Starch Synthesis, and the Accumulation of Dry Matter in Grains Following Short-Term LT at the Booting Stage

The AGPase and SS are the key regulatory enzymes involved in the starch biosynthesis, and the expression of its encoding gene is positively correlated with starch accumulation and content (Kittiwongwattana, 2019; Prathap and Tyagi, 2020). Starch accumulation is positively associated with AGPase activity in wheat endosperm (Verma et al., 2020). Zi et al. (2018) found that the activities of AGPase, SSS and GBSS in wheat endosperm were positively correlated with the contents of starch and amylopectin. Similar results were obtained in this study showing that changes in the activity of key enzymes involved in starch synthesis following short-term LT stress at the booting stage were closely related to the rate of starch accumulation, starch content and grain dry matter accumulation.

The observed changes in the activity of key enzymes involved in starch synthesis coincided with the rate of starch accumulation that reached a peak around 20 days after anthesis. The activities of AGPase and SSS were significantly positively correlated with the rate of starch accumulation and SSS activity was significantly positively correlated with the rate of starch accumulation. Studies have shown that the rate of rice grain filling is significantly related to the activity of SBE (Baek et al., 2018). In this study, the activities of GBSS and SBE were weakly correlated with the rate of starch accumulation but positively correlated with changes in starch content and the thousand-grain weight. In particular, the correlation between SBE activity, starch content and the thousand-grain weight was significant. From these data, it can be inferred that LT at the booting stage affects the development of spikelets and florets to reduce the production and supply of starch synthesis substrates in the grain. At the same time, LT significantly reduces the activity of key starch synthesis enzymes, reduces the conversion of starch synthesis substrates and the efficiency of starch accumulation. Collectively, these changes result in a decreased rate of starch synthesis leading to lower starch content and dry matter weight in the mature grain.




CONCLUSION

Exposure to short-term LT at the booting stage has a major impact on the starch synthesis and dry-matter accumulation in wheat grains during grain filling. The activities of key starch synthesis enzymes (AGPase, SSS, GBSS, and SBE) decreased to varying degrees throughout the filling period, whilst the rate of starch accumulation and the starch content gradually decreased with decreases in treatment temperature. The accumulation period of grain dry matter was prolonged but the accumulation rate decreased, and the timing of the maximum accumulation rate was delayed. The number of grains per spike and the thousand-grain weight also decreased.

Our data show that in wheat grains, starch synthesis and grain filling are subject to complex regulatory mechanisms during the booting stage. The influence of LT on other key enzymes for starch synthesis and starch components requires further investigation.
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control: wheat plants grown without cold stress. 2, 0, and —2°C: wheat plants were placed in an artificial climate chamber during booting stage for 24 h. Temperature was set to 5°C
during 07:00-19:00 and 2, 0, and —2°C during 19:00-07:00, respectively. Lowercase letters following the data refer to significant differences (P < 0.05).
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