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Over the past several decades, a decreasing trend in solar radiation has been observed during the wheat growing season. The effects of shade stress on grain yield formation have been extensively studied. However, little information on shade stress’s effects on protein formation warrants further investigation. Two wheat cultivars were grown under three treatments, no shade as the control group (CK), shading from the joint to the anthesis stage (S1), and shading from the joint to the mature stage (S2), to investigate the effects of shade stress on the free amino acids of the caryopsis and endosperm and protein accumulation during grain filling. The dry mass of caryopsis and endosperm was significantly decreased under shade stress, whereas Glu, Ser, Ala, and Asp and protein relative content increased during grain filling. The observed increases in total protein in S1 and S2 were attributed to the increases in the SDS-isoluble and SDS-soluble protein extracts, respectively. S1 improved polymer protein formation, but S2 delayed the conversion of albumins and globulins into monomeric and polymeric proteins. Moreover, shade stress increased the proportion of SDS-unextractable polymeric protein, which represented an increase in the degree of protein polymerization. The polymerization of protein interrelations between protein components and accumulation in caryopsis and endosperm provided novel insights into wheat quality formation under shade stress.
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1 Introduction

Cereal endosperms are important food sources, and their content is a major determinant of yield and end-use quality (Shewry and Morell, 2001; Liu et al., 2022). Wheat is commonly milled to produce white flour. The starchy endosperm of wheat accounts for approximately 80% of the dried weight of the grain, and millers strive for white flour yields that are similar to this value (Tosi et al., 2018).

Wheat grain and flour proteins are essential nutritional traits and significant factors in determining end-use quality (Dowell et al., 2008). The starchy endosperm contains the major gluten storage proteins (gliadins and glutenins), as well as albumin and globulin (Bechtel et al., 2009). During grain development, the supply of free amino acids and the capacity for storage protein synthesis interact to control protein accumulation and content in mature grains (Zheng et al., 2022), and grain protein may be further limited by amino acid supply during grain filling (Zhong et al., 2020). Extractability of proteins in the SDS buffer, which may represent the protein polymerization process, was assessed using SE-HPLC (Hayta and Schofield, 2004). During grain maturation, proteins have been demonstrated to polymerize gradually: from albumins and globulins to large monomers; small SDS-soluble polymers; and, finally, larger and insoluble polymers (Stone and Nicolas, 1996; Ferreira et al., 2012). In wheat grains, monomeric and polymeric proteins are accumulated concurrently in the central endosperm (Tosi et al., 2011). Wheat flour characteristics and uses are largely determined by the distribution of monomeric and polymeric proteins and the solubility of these proteins (Daniel and Triboi, 2002). Therefore, the investigation of the relationship between free amino acid supply and monomeric and polymeric protein aggregation processing during grain filling will provide valuable information.

For human nutrition, end-use functional qualities, and commodity value, wheat grain quality must be maintained despite climatic change (Nuttall et al., 2017; Pramanick et al., 2022). Previous study has shown that 80% of the 430 stations in various wheat regions across China experienced a decreasing trend in solar radiation during growing season from 1980 to 2020 (Han et al., 2023). Notably, solar radiation has had a significant decreasing trend in the wheat growing season in these stations with a monsoon-influenced humid subtropical climate and a subtropical monsoon climate in China (Li and Tao, 2022). Wheat productivity is significantly reduced by the decrease in solar radiation due to cloudy and rainy weather in the Sichuan Basin of China with wet climates (Yang et al., 2013; Qin et al., 2020). Wheat plants are exposed to long-term low radiation in tree-wheat intercropping systems (Qiao et al., 2019; Jia et al., 2021). Moreover, the grain number per spike decreased by shading before anthesis, the grain weight significantly reduced by shading after anthesis, and the two kinds of shading enhanced the grain protein (Artru et al., 2017; Jia et al., 2021; Yang et al., 2023a). Besides, the concentration of the SDS-insoluble polymer protein increased by shading from joint to maturity during grain filling and in maturity (Li et al., 2012). However, further in-depth studies are required to investigate protein formation in the caryopsis and endosperm during filling under shade stress. It will contribute to further understanding of wheat’s quality formation mechanism under shade stress.

Our previous studies indicated that shading stress affects the protein composition in wheat flour, ultimately leading to changes in baking quality (Ma et al., 2024). In this study, we performed field trials using two wheat cultivars under different shading conditions with a polyethylene screen that reduced the light intensity by 50% across the two consecutive wheat growing seasons. The aim of this study was to evaluate t alterations in (1) the accumulation and polymerization of proteins, (2) the levels of free amino acids (FAAs) in caryopsis and endosperm during grain filling after shade stress, and (3) those relationship between them. Our results advance the understanding of the mechanisms involved in wheat quality under shade stress.




2 Methods



2.1 Material and field experiments

During the 2020.10–2021.5 and 2021.10–2022.5 wheat growing seasons, two locally adapted common wheat (Triticum aestivum L.) cultivars, Shumai482 (SM482) and Chuanmai39 (CM39), were grown at the Wenjiang (30°43′N, 103°52′E) experimental stations of Sichuan Agricultural University. The soil was a medium loam with 30.3 g kg-1 organic matter, 1.04 g kg-1 total N, 0.79 g kg-1 total P, 15.1 g kg-1 total K, 103.5 mg kg-1 alkali hydrolyzable N, 30.4 mg kg-1 Olsen-P, and 107.8 mg kg-1 exchangeable K. The field experiment was conducted using a split-block design with three replicates. Each plot size was 3 m × 4 m. Seeding density was 250 seeds m-2 with 20 cm row spaces. According to local wheat management, 90 kg N ha−1, 75 kg P2O5 ha−1, and 75 kg K2O ha−1 were applied before sowing, and another 60 kg N ha−1 was administered at stem elongation. The two cultivars were evaluated under three shading conditions: unshaded (control; CK), partially shaded (S1) from the joint to the anthesis stage, and fully shaded (S2) from the joint to the maturity stage. The polyethylene screen was blocked approximately 50% of the light intensity, which was suspended more than 2 m above the ground to promote excellent ventilation, and completely covered the corresponding shaded plots from the joint to anthesis stage and joint to maturity stage. The timing of the shading was shown in Figure 1, as well as the climate data such as daily temperature(mean, maximum and minimum) and rainfall (Figure 1).




Figure 1 | Climate date during the experimental period.






2.2 Sampling

For samples collected when the grains were still developing (14–42 d after anthesis [DAA]), 10–14 grains from the first and second florets were collected from the well-developed spikelets in the middle of the spike. The entire endosperm was carefully removed from the grains (Figure 1). After freeze-drying for 48 h, each sample was weighed (to within 0.1 mg) and ground into a fine powder.




2.3 Content of total nitrogen

The total nitrogen contents of the caryopsis and endosperm samples during grain filling were calculated using a Kjeldahl™ 8400 nitrogen determinator (FOSS, Denmark). Briefly, each sample, weighing 100mg, was digested at a temperature of 420°C for 2 hours along with 3.6g of K2SO4, 0.4g of CuSO4·5H2O, and 8.0mL of H2SO4. After digestion, the cooled samples were analyzed for total nitrogen content.




2.4 Free amino acids

Samples of freeze-dried caryopsis and endosperm powder were steeped in 0.1 M HCl for 24 h before filtering through a 0.45-m membrane. FAAs were analyzed using an A300 amino acid analyzer (Membera Pure GmbH, Germany) after the filtrate was combined with an equivalent amount of 4% sulfosalicylic acid and filtered. Seventeen amino acids were identified, evaluated, and expressed in units of dry weight.




2.5 Contents of protein fractions

SE-HPLC was performed to assess the glutenin, gliadin, albumin, and globulin contents according to a method in the literature with slight modifications (Morel et al., 2000; Wang et al., 2017). Caryopsis and endosperm samples were suspended in 0.5% SDS, 0.1M phosphate buffer (pH 6.9) to extract the SDS-soluble proteins. The remaining proteins were resuspended in the same buffer after sonication for 30 s to extract the SDS-insoluble proteins. The SE-HPLC analysis was performed for 20 min at a 0.7 mL/min flow rate and 210 nm absorbance on TSK G4000-SWXL (7.8 × 300 mm, Tosoh Biosep) columns in a 0.02 M sodium phosphate buffer (pH 6.9). Three major peaks, F1–F3, were obtained from the SDS-soluble protein fraction. The SDS-insoluble protein fraction yielded F1 –F3*. The F1 and F1* peaks represent polymeric glutenins, F2 and F2* represent monomeric gliadins, and F3 and F3* represent albumins and globulins.




2.6 Statistical analysis

Differences were examined using SPSS (version 26.0; IBM, USA) for analysis of variance(ANOVA). The ANOVA mean comparisons were in terms of the least significant difference(LSD), and results with P < 0.05 were considered to show a statistically significant difference. Figures were drawn using OriginPro 2023 software (OriginLab, USA). The data in figures and tables were the average of three replicates.





3 Results



3.1 Accumulation of dry mass and total nitrogen in caryopsis and endosperm during grain development

Shade stress delayed the growth of the caryopsis and endosperm (Figure 2A). At 14 DAA, the shade treatment showed much less development than the control. S1 showed a trend similar to that of CK after 21 DAA, whereas S2 still demonstrated a notable delay. The moisture levels in the caryopsis and endosperm was elevated by shade stress during grain filling (Figure 2B). For instance, the moisture content of S1 was similar to that of CK in the endosperm but greater than that of CK in the caryopsis, and the moisture content of S2 was higher than that of CK and S1 in the caryopsis and endosperm. The dry mass of S1 and S2 in the caryopsis was approximately 0.73–1.00 and 0.61–0.83 times that of CK, respectively, and that of S1 and S2 in the endosperm was approximately 0.76–1.01 and 0.33–0.88 times that of CK (Figure 2B). Notably, the dry matter weights both in caryopsis and endosperm were significantly lower than that of CK at 14-42DAA. The variance in the total nitrogen content differed from that in the dry mass, and the contrast between the shaded and control treatments was minor. The content of total nitrogen was significantly decreased by shade stress at 14 DAA. However, S1 exhibited higher total nitrogen content than CK from 21 to 42 DAA, but S2 continued to show a significantly downward trend(except SM482’s endosperm in 2021-2022). The amount of total nitrogen of S1 and S2 present in the caryopsis was approximately 0.80–1.32 and 0.65–1.00 times that of CK, respectively, and that in the endosperm of S1 and S2 was approximately 0.75–1.27 and 0.33–1.31 times that of CK. The results indicate that the S1 treatment positively influenced the accumulation of total nitrogen in the caryopsis and endosperm while slightly reduced the dry mass during grain filling; conversely, the S2 treatment had a detrimental effect on dry mass and total nitrogen buildup.




Figure 2 | Changes in morphogenesis (A), moisture content, dry mass, and total nitrogen accumulation (B) after anthesis in caryopsis and endosperm development. B The dry mass and total N difference in caryopsis and endosperm are converted to a color, calculated by shade stress divided by control treatment, and * in the figure indicate significant differences at p<0.05.






3.2 Free amino acid content in wheat caryopsis and endosperm

The wheat caryopsis and endosperm during the grain-filling stage are shown in Figure 3, along with the individual components and total quantities of FAAs. The concentration of total free amino acids (TFAA) in the wheat caryopsis and endosperm was significantly increased by shade stress during the filling stage (Figure 3A), and the increase in S2 was more pronounced than that in S1. As filling was maintained, the difference in TFAA between S1 and the CK in the caryopsis diminished, but the difference remained substantial in the endosperm. For the period 2021–2022, the TFAA content of the endosperm and caryopsis was higher in S1 by 20.6–66.5% and by 0.2–46.9%, respectively, than that of CK and was higher in S2 by 32.5–79.3% and by 12.3–100.7%. S2 and S1 exhibited comparable levels of TFAA in the endosperm. However, the two growing seasons showed different results in caryopsis, reflecting that the variation between S1 and S2 was less pronounced in 2020–2021 and the levels of TFAA were notably lower in S1 in 2021–2022.




Figure 3 | Changes in total free amino acids (TFAA) (A) and individual compositions (B) in wheat caryopsis and endosperm after anthesis under shade stress. Caryopsis free amino acid (FAA) analysis is performed 14–35 d after anthesis (DAA), and endosperm FAA analysis is performed 21–35 DAA. The TFAA difference in caryopsis and endosperm is converted to a color, calculated by the difference between shade stress (TFAAS) and control treatment (TFAACK) divided by TFAACK, and * in the figure indicate significant differences at p<0.05. B The heatmap of individual FAA during grain development is shown as normalized data rather than its actual content.



A heatmap of individual FAAs in the caryopsis and endosperm during grain development is shown in Figure 3B. During grain filling, Glu, Ala, Ser, Gly, Asp, and Pro were the main FAAs in the caryopsis and endosperms, and Lys, His, Cys, and Arg were relatively high only in the caryopsis. Individual FAA levels in caryopsis consistently decreased from 14 DAA, and only Glu and Ala had high levels at 35 DAA. From 21 to 35 DAA, the individual amino acid content in the endosperm similarly changed with that in the caryopsis, and Glu was more abundant in the endosperm than in the caryopsis. During caryopsis and endosperm development, the shade stress groups had higher concentrations of Glu, Ser, Ala, and Asp than the control group did in both growing seasons. Besides, an increase in Gly occurred at 21 DAA after shade stress, and the increase in Pro occurred in 2020–2021. The amounts of each FAA in S1 and S2 were similar, except for Asp, which was typically greater in S2 than in S1, and Ile, which was higher in S2 than S1 in caryopsis at 14-21 DAA.




3.3 Variation in SDS-soluble and SDS-insoluble protein content during grain development

During grain development, caryopsis and endosperm protein samples were extracted stepwise using SDS and analyzed by SE-HPLC. Figure 4 shows the changes in the two protein fractions in response to shade-induced stress in the caryopsis and endosperm during the grain-filling period. Regarding the observed elevation in total protein levels in shade stress treatments compared with that in the control group (CK), that of S1 was ascribed to an increase in SDS-insoluble (SDS-I) protein extracts, and that of S2 was the increase in SDS-soluble (SDS-I) protein extracts. In caryopsis, the SDS-S protein fraction was higher in S2 than in the CK treatment, especially in 2021–2022, and the SDS-I protein fraction was the highest in S1, which was considerably more significant than in the CK treatment. Alterations in the protein components in the endosperm were similar to those in the caryopsis, and there were apparent distinctions among S1, S2, and the CK in 2021–2022. The SDS-S component of S1 showed a decreasing trend with S2, but the SDS-I component of S1 showed an increasing trend with S2, with substantial variances between S1 and S2 in the caryopsis and endosperm at 28-42 DAA in 2021–2022.




Figure 4 | Changes in SDS-soluble and SDS-insoluble protein extracts under shade stress in wheat caryopsis and endosperm during grain filling. SDS-soluble (SDS-S) and SDS-insoluble (SDS-I) protein extracts were analyzed 14–42 DAA in caryopsis and endosperm (except in endosperm at 14 DAA in 2020–2021). The difference in SDS-S and SDS-I protein content is marked by the letters within and above the column, respectively. The different letters show a significant difference at P < 0.05.






3.4 Variation in protein composition during grain development

Alterations in the composition of proteins in the caryopsis and endosperm after shade stress are depicted in Figure 5 for the filling stage. The polymer and monomer protein contents of the caryopsis and endosperm during the filling stage were consistent in the two growth seasons. There was a difference in the polymeric gluteins and monomeric gliadins in the endosperm between the two cultivars.




Figure 5 | Changes in polymeric and monomeric proteins proportion under shade stress of wheat caryopsis and endosperm during grain development. The protein proportion was analyzed 14–42 DAA in caryopsis and endosperm (except in endosperm at 14 DAA in 2020–2021, and the different letters show a significant difference at P < 0.05.





3.4.1 Polymeric proteins

The polymeric protein of S1 exhibited an increase than that of CK within the caryopsis, and S2 showed a decrease. However, the polymer protein of S2 was significantly higher than that of CK at 42 DAA in CM39. At 28–42 DAA, the concentration of the polymeric protein in the CK was significantly higher than that of S1 and S2 in the endosperm of SM482, and S1 had a higher concentration than that of the CK and S2 in the endosperm of CM39. In the SM482 variety, the disparity between the shade treatment and the control became progressively minor at 35-42 DAA.




3.4.2 Monomeric gliadins

The monomeric protein component of S2 in caryopsis was significantly less than those of the CK, and those of S1 were slightly less than those of the CK from 21 to 35 DAA. However, the monomeric protein content was increased by shade stress at 42 DAA. Additionally, there was a greater increase in monomeric gliadins in S2 than in the CK and S1. From 28 to 42 DAA, the monomeric protein in endosperm of S1 in SM482 was significantly lower than that in CK, but that in CM39 showed an increase than CK.




3.4.3 Albumins and globulins

The albumins and globulins levels of S2 were higher than those of the CK and S1 in the endosperm, especially in 2020-2021. In caryopsis, the levels of albumins and globulins in S1 were similar to those in the CK, and the content of albumins and globulins of S2 from 21 to 35 DAA was considerably higher than that of the CK and S1. The albumin and globulin levels in S2 were lower than those in the CK at 42 DAA.

The results indicate that the S1 treatment positively influenced the accumulation of polymeric protein in the caryopsis during grain filling and in the endosperm at the late filling stage; conversely, the S2 treatment had a detrimental effect on polymeric protein buildup at early and mid filling stage.





3.5 Variation in SDS-unextractable polymeric protein during grain filling

Figure 6 illustrates the changes in SDS-unextractable polymeric protein (UPP) in the caryopsis and endosperm during the filling stage under shade stress. The UPP content was significantly increased by shade stress during grain filling. The UPP of S1 in caryopsis was significantly higher than that of the CK and S2 from 21 to 42 DAA. Additionally, S2 showed more UPP content than CK. The rate of increase in UPP in S2 was lower than that in the CK from 35 to 42 DAA, but S1 rapidly increased in UPP. The UPP content in the endosperm was identical to that in the caryopsis. The shade treatments exhibited greater values than those of the CK from 14 to 42 DAA. The UPP of S2 increased slowly but remained higher than that of CK from 28 to 42 DAA.




Figure 6 | Changes in SDS-unextractable polymeric proteins (UPP) under shade stress of wheat caryopsis and endosperm during grain development. UPP were analyzed 14–42 d after anthesis in caryopsis and endosperm (except in endosperm at 14 DAA in 2020–2021). UPP is calculated by dividing the SDS-insoluble polymer protein by the polymer protein, and the different letters show a significant difference at P < 0.05.







4 Discussion

Grain filling is crucial for growth and extremely responsive to environmental changes (Teng et al., 2023). Wheat showed a trend of decreasing grain weight when the amount of assimilates available was constrained by abiotic factors (Alvarez Prado et al., 2023). Our result that the dry mass of caryopsis and endosperm was reduced by shade stress during grain filling supports the results of Artru et al. (2017), Yang et al. (2023b) and Li et al. (2012). The reduction of grain weight under shading from the joint to mature stage treatment (S2) was more than that of shading from the joint to anthesis stage treatment (S1) and was due to its constant shading environment in which assimilates produced by photosynthesis decreased during grain filling (Li et al., 2010). Another study has demonstrated that shade can reduce the effect on grain weight by modifying the allocation of nutrients from the plant’s reserves to the grains (Maydup et al., 2020), and that has been found to enhance the total nitrogen content(%) in grains (Jia et al., 2021). Additionally, consistent with those aforementioned results: the S1 treatment increased the accumulation of total nitrogen content in caryopsis and endosperm, and the S2 treatment had a detrimental influence on total nitrogen buildup due to the dry mass decreased sharply (Figure 2).

FAAs are required for protein biosynthesis and have essential functions in other metabolic pathways and signal transduction processes; their content and composition may change dynamically and substantially in response to environmental factors or developmental stages (Hildebrandt et al., 2015). During grain filling, the TFAA content steadily decreased (Figure 3A), as in Zhong et al. (2018). Shade stress increased the TFAA in caryopsis and endosperm during grain development more than it did in the CK. The TFAA of S2 was higher than that of S1 because the decrease in dry mass of S2 was more pronounced than that of S1 (Figure 3A), and thus its FAA was less diluted by starch and gluten proteins (Shi et al., 2019). As filling was maintained, the difference between S1 and the CK in caryopsis diminished, but the difference remained substantial in the endosperm. The starchy endosperm uses amino acids for gliadin and glutenin synthesis, and increasing amino acid delivery and availability increases the protein content in the endosperm (Wan et al., 2021). In our study, during caryopsis and endosperm development, shade stress groups had higher concentrations of Glu, Ser, Ala, and Asp than the control group did (Figuer 3B), which are the major components for storage protein synthesis (Zhong et al., 2020). Aspartic and glutamic acids are important substrates for nitrogen (N) supply (Zhang et al., 2021), Glu was similar in S1 and S2, and S2 contained more Asp than S1 did. The increase in these FAAs may contribute to wheat protein content (Zhen et al., 2016).

The quantity and proportion of proteins in developing grains can also be affected by environmental conditions such as precipitation or global radiation (Wroblewitz et al., 2014). When abiotic (cloudy periods, global dimming) adversities occur, protein accumulation in grains can be partially regulated by the availability of assimilates post-flowering (Arata et al., 2023). Artru et al. (2017) and Yang et al. (2023a) have found that shade stress increases protein in mature grains and flour. In our results, shade stress increased the total protein content during caryopsis and endosperm growth (Figure 4). There is a distinct correlation between grain moisture loss and protein polymerization, and grains with a higher moisture content may contain a lower proportion of SDS-insoluble protein (Johansson et al., 2008). During grain filling, S1 had a moisture content similar to that of the CK, and S2 had a moisture content higher than that of the CK (Figure 2B). A possible reason for the increase in total protein is that the S2 protein was ascribed to the increase in the SDS-soluble protein extracts, and the S1 protein was ascribed to the increase in the SDS-insoluble protein extracts.

On the basis of protein aggregating properties, wheat proteins may be classified as polymeric (glutenins) and monomeric (gliadins, albumins, and globulins) (Gupta et al., 1996). Glutenins and gliadins are the primary components of wheat’s storage protein, which affect dough viscoelasticity and baking quality (PanozzoA et al., 2001). In wheat grains, glutenins and gliadins are accumulated and co-located in the endosperm (Tosi et al., 2011). Glutenins and gliadins accumulated rapidly before 35 DAA and slowed down after 42 DAA during grain filling (Shewry et al., 2009), and the proportion of albumins and globulins decreased continuously (Koga et al., 2017). Another study found that the gliadins and glutenins contents of flour increased after different shading periods (Yang et al., 2023a). Our results further reveal that S1 promoted the formation of polymer protein in the caryopsis and endosperm, and S2 increased the proportion of monomeric gliadins at 42 DAA (Figure 5). S2 exhibited lower levels of gliadin and glutenin and greater levels of albumin and globulin before 42 DAA than CK and S1 did. However, the difference in glutenin content between S2 and the CK and S1 was reduced at 42 DAA, and S2 exhibited a higher level of gliadin and lower levels of albumin and globulin than CK and S1 did (Figure 5). The pattern of protein synthesis is characterized by the accumulation of one protein class and the decrease in another protein class (PanozzoA et al., 2001) during grain filling. Albumin and globulin may be precursors for the synthesis of glutenins and gliadins (Stone and Nicolas, 1996; Ferreira et al., 2012). This observation could be partly explained by the delayed caryopsis and endosperm development of S2 (Figure 2), which causes the conversion of albumin and globulin into monomeric and polymeric forms to be delayed (Figure 5).

SDS-unextractable polymeric protein as a percentage of UPP was used to represent the glutenin polymer size distribution, which was positively correlated with the rheological properties (Gupta et al., 1993). Variations in UPP have been applied to reflect the process of quality formation during grain filling (Koga et al., 2017; Gao et al., 2018). In our study, shade stress increased the UPP of the caryopsis and endosperms during grain filling (Figure 6). Grain desiccation could enhance the fraction of SDS-insoluble polymers due to an increase in the proportion of HMW-GS in glutenins (Carceller and Aussenac, 2001). The SDS-insoluble gel of glutenin polymers is called glutenin macropolymer (GMP) (Don et al., 2003). Li et al. (2012) reported that shading from the joint to the mature stage influences HMW and GMP accumulation during grain filling, which may support our results. The accumulation of polymeric proteins during grain development is highly influenced by the growing circumstances (Aussenac et al., 2020) The size of the glutenin polymer decreased during grain desiccation, possibly due to the increase in moisture content disturbing the polymer assembly (Koga et al., 2020). The polymerization of polymers was related to the continuous dehydration after physiological maturity (Ferrise et al., 2015) and the rapid water loss during grain desiccation (Carceller and Aussenac, 2001). After the transition of grain color from green to yellow during grain filling, the size of polymeric proteins increased (Koga et al., 2017). Similar results confirmed that the increase in UPP in S2 was slower than in the CK and S1 in our results, partly explained by the slightly green grain at 42 DAA and the high moisture content of caryopsis from 35 to 42 DAA for S2 (Figure 6). In the literature, the accumulation of UPP increased flour processing quality (Li et al., 2019; Olckers et al., 2022) and was a good predictor of bread-making quality even under abiotic stress (Olckers et al., 2022).




5 Conclusions

Analysis of the changes in the free amino acid and protein accumulation and polymerization in caryopsis and endosperm is essential for understanding the mechanism underlying the establishment of wheat quality formation in response to shade stress. This study showed that shade stress influenced protein accumulation and polymerization (Figure 7). Shade stress increased the FAA supply levels and improved Glu, Asp, Ala, and Ser. The increase in the relative protein content of S2 was ascribed to the increase in SDS-S protein extracts, and that of S1 was ascribed to the increase in SDS-I protein extracts. Further analysis revealed that S1 promoted the formation of polymer proteins in the caryopsis and endosperm. In contrast, S2 delayed polymeric glutein synthesis, and monomeric gliadins were promoted in the endosperm. Shade stress increased the accumulation of UPP in the caryopsis and endosperm during grain filling, which represented an increase in the degree of glutein polymerization. These findings provide novel insights into wheat quality formation under shade stress by protein accumulation and polymerization of the caryopsis and endosperm.




Figure 7 | Changes in protein accumulation and polymerization of wheat after shading. C, caryopsis; E, endosperm; FAA, free amino acid; UPP, Unextractable polymeric protein. Dark blue indicates a decreasing trend between shade stress and the control; red indicates an increasing trend between shade stress and the control; black indicates a similar trend between shade stress and the control.
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