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Abstract

:

Here we document physiological and molecular attributes of three wheat cultivars (ZM9023, YM158 and FM1228) under low light intensity with advanced technologies, including non-standard quantitative technology and quantitative proteomics technology. We found lower dry matter accumulation of YM158 compared with ZM 9023 and FM1228 under low light intensities due to up-regulation of photosynthetic parameters electron transport rate (ETR), Y(II), Fv/Fm, Chl (a + b) of YM158 and down-regulation of Chl a/b. ETR, Y(II) and Fv/Fm significantly decreased between ZM9023 and FM1228. The ETR between PSII and PSI of YM158 increased, while light use efficiency (LUE) of ZM9023 and FM1228 decreased. We found that YM158 had greater propensity to adapt to low light compared with ZM9023, as the former was able to increase photochemical electron transfer rate, enhance photosystem activity, and increase the light energy under low light. This meant that the YM158 flag leaf has stronger regulatory mechanism under low light environment. Through proteomic analysis, we found LHC protein (LHCB1, LHCB4, LHCA2, LHCA3) for YH158 was significantly up-regulated, while the PSII subunit protein of FM1228 and ZM9023 b559 subunit protein were down-regulated. We also documented enhanced light use efficiency (LUE) due to higher light capture pigment protein complex (LHC), photosystem II (PSII), PSI and cytochrome B6F-related proteins, with dry matter accumulation being positively correlated with Fv/Fm, ETR, and ΦPS(II), and negatively correlated with initial fluorescence F0. We suggest that Fv/Fm, ETR, and ΦPS(II) could be considered in shade tolerance screening to facilitate wheat breeding.
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1. Introduction


The mid and lower reaches of the Yangtze River are prominent wheat cropping regions in China. Annual wheat acreage is about 4 × 106 hm2, with total output of around 1.5 × 107 t, respectively comprising 12% and 14% of national totals [1]. The middle and lower reaches of the Yangtze River have however suffered from a combination of increasingly frequent extreme rainfall events together with a trend towards declining solar radiation in recent decades [2]. These trends are similar to those seen in other agro-ecological regions of the globe [3]. Reduced solar radiation duration and intensity has serious implications on crop production, with impacts on wheat production in the middle and lower reaches of the Yangtze River of 6% to 26% [4]. Some scientists have posited that increased rainy weather during the growing season in this region will increase over the coming decades [5].



Light is a prerequisite for photosynthesis and plant growth, and changes in radiation affect the efficiency of light and carbon use, and total food production [6,7]. Under weak light, nitrogen content, stomata conductivity and transpiration rate of wheat leaves are reduced, and chloroplast function and photosystem activity are affected. As a result, the photosynthetic rates of wheat leaves are reduced. Accumulation and transport of dry matter are also affected by weak light, leading to reduced growth [8,9]. Post-anthesis photosynthates play an important role in grain weight accumulation, such that insufficient light after anthesis can be a limiting factor for wheat production in the middle and lower reaches of the Yangtze River plain.



Photosynthesis drives plant nutrient concentration and organic matter accumulation [10], with photosynthetic duration and efficiency over the growing season determining production [11]. While effects of suboptimal light intensity on plant photosynthesis have been extensively studied, fewer studies have explored the low light response mechanism of photosynthesis at the molecular level. Under low light exposure, porphyrin and chlorophyll metabolism, photosynthesis-antenna proteins, proteins for carbon fixation in photosynthetic organisms of soybeans are up-regulated, while leaf light-harvesting efficiency of PSII is increased. However, other proteins involved in photosynthesis are down-regulated, and the electron transfer rate between PSII and PSI is reduced [12], which may be the main reason for the reduction in its photosynthetic capacity. Leaves of pea (Pisum sativum) grown in low light (LL) had lower levels of Photosystem II (PSII), ATP synthase, cytochrome b/f (Cyt b/f) complex, and components of the Calvin–Benson cycle (especially ribulose-1,5-bisphosphate carboxylase/oxygenase, Rubisco), while levels of major chlorophyll a/b-binding light-harvesting complexes (LHCII), associated with PSII were elevated [13].



Plants have the ability to change their growth habits in a given light environment [14], with leaf-level plasticity being an important indicator to measure the ability of plants to adapt to heterogeneous environments. Leaf plasticity is reflected in plants regulating leaf morphology and physiological changes to adapt to low light environments. For example, leaf dry weight, chlorophyll content, actual photochemical efficiency, ΦPS(II), thylakoid number and thylakoid stacking degree of cells in the chloroplast ultrastructure under low light environment [15], improve the light utilization efficiency of PSⅡ photoreaction center [16]. Photosynthetic yield under low light conditions depends on the efficiency of capture of light energy by the antenna pigment and its transfer to the reaction center and the redistribution of the captured light energy between photosystems I and II [17]. Chlorophyll fluorescence can be used to measure the efficiency of PSII photochemistry [18]. Leaf plasticity is often closely related to the high potential adaptation of plants to the environment [19]; contributions of leaf-level plasticity to crop yield under low light environment have been deeply explored [20]. Experimental results have been achieved at the physiological and proteomic levels, but further studies on the differentially tolerant varieties of weak light are lacking. In the present study, we combined physiological analysis with Label-free proteomic analysis to explore the changes in the abundance of photosynthetic proteins in contemporary wheat genotypes under low light stress, to enable insight into mechanisms underlying proteomic responses to low light intensity.




2. Materials and Methods


2.1. Experimental Design and Field Management


The experiment was conducted from 2018 to 2019 at Changjiang University Experimental Base (29°260′ N, 111°150′ E) in Jingzhou, Hubei Province. Two treatments of natural lighting (CK) and post-flowering shading (AS) were set. Yangmai 158 (YM 158, high tolerance of shade stress), Zhengmai 9023 (ZM 9023, medium tolerance of shade stress), and Fumai 1228 (FM 1228, low tolerance of shade stress) were examined in this study. A shading test method was conducted as follows; 50% of natural light is blocked by placing a black polyethylene mesh over the test area. The length and width of the area covered by the shade net exceed 25 cm of the cell to ensure the shaded cell was fully covered. Treatments were arranged in a split-plot design with shading treatment as the main plots and varieties as subplots. The experiment was replicated three times, in 12 m2 subplots with row spacing at 25 cm. Before sowing, 90 kg hm−2 of pure nitrogen, 105 kg hm−2 of P2O5 and 105 kg hm−2 of K2O were applied at the bottom, and 90 kg hm−2 of nitrogen was top-dressed at jointing. Nitrogen fertilizer is urea (N 46%), phosphorus fertilizer is superphosphate (P2O5 12%), potassium fertilizer is potassium sulfate (K2O 60%), with seedling densities of 2.25 million hm−2. Wheat sowing time was October 31, 2018. YM 158, ZM 9023, FM 1228, flowered on 12 April, 14 April, and 14 April 2019, respectively, while maturation was recorded on the 19th, 21st, and 21st of the month, respectively.




2.2. Determination of Chlorophyll Content and Dry Matter Accumulation


Sampling was carried out 14 days after flowering, and representative flag leaves with healthy growth were selected and determined by the Arnon method [21]. The flag leaves were cut into pieces, mixed and weighed 0.1 g. After leaching with the acetone-ethanol-water mixture, the absorbance values at 663 and 645 nm were measured with a spectrophotometer and the chlorophyll content was calculated. 14 days after flowering, 15 wheat plants of each treatment were taken and repeated three times. The ears, flag leaves, other leaves and stems were divided into samples and stored separately. They were fixed at 105 °C for 30 min, dried at 60 °C to constant weight, and weighed to determinate the dry matter accumulation.




2.3. Determination of Chlorophyll Fluorescence Parameters


Using a MINI-PAM-II fluorometer (Imaging PAM, Walz, Effeltrich, Germany), following the method described previously [22]. Three representative flag leaves were selected for each treatment and the functional leaves were fully dark-adapted for 30 min to measure initial fluorescence intensity. Next, maximum photochemical quantum yield (Fv/Fm) of PSⅡ, the actual photochemical efficiency (ΦPSⅡ), photochemical quenching coefficient (qP) and the non-photochemical quenching coefficient (NPQ) of PSⅡ were determined under light adjustment.




2.4. Label-Free Quantitative Proteomic Analysis


Each sample was ground after freezing with liquid nitrogen; the powder was transferred to a 5 mL centrifuge tube and centrifuged three times on ice using a high intensity ultrasonic processor (Scientz) in lysis buffer (including 1% TritonX-100, 10 mM dithiothreitol and 1% Protease Inhibitor Cocktail, 50 μM PR-619, 3 μM TSA, 50 mM NAM and 2 mM EDTA). An equal volume of Tris-saturated phenol (pH 8.0) was added; then, the mixture was further vortexed for 5 min. After centrifugation (4 °C, 10 min, 5000 g), the upper phenol phase was transferred to a new centrifuge tube. Proteins were precipitated by adding at least four volumes of ammonium sulfate-saturated methanol and incubated at −20 °C for at least 6 h. After centrifugation at 4 °C for 10 min, the supernatant was discarded. Remaining precipitate was washed with ice-cold methanol once, followed by ice-cold acetone for three times. The protein was redissolved in 8 M urea and the protein concentration was determined with BCA kit according to the manufacturer’s instructions. For digestion, the protein solution was reduced with 5 mM dithiothreitol for 30 min at 56 °C and alkylated with 11 mM iodoacetamide for 15 min at room temperature in darkness. The protein sample was then diluted by adding 100 mM TEAB to urea concentration less than 2 M. Finally, trypsin was added at 1:50 trypsin-to-protein mass ratio for the first overnight digestion and at a trypsin-to-protein mass ratio of 1:100 for a second 4 h-digestion.



Tryptic peptides were dissolved in 0.1% formic acid (solvent A) using an analytical-phase column (15-cm length, 75 μm i.d.). Solvent B (0.1% formic acid in 98% acetonitrile) was increased from 6% to 23% over 26 min, 23% to 35% in 8 min and climbing to 80% in 3 min, then holding at 80% for the last 3 min. All stages were conducted with a constant flow rate of 400 nL/min on an EASY-nLC 1000 UPLC system.



The peptides were subjected to an NSI source followed by tandem mass spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo) coupled online to the UPLC. The electrospray voltage applied was 2.0 kV. The m/z scan range was 350 to 1800 for full scan, and intact peptides were detected in the orbitrap at a resolution of 70,000. Peptides were then selected for MS/MS using NCE setting at 28 and the fragments were detected in the Orbitrap at a resolution of 17,500. A data-dependent procedure that alternated between one MS scan followed by 20 MS/MS scans with 15.0s dynamic exclusion. Automatic gain control (AGC) was set at 5E4. Fixed first mass was set at 100 m/z. The resulting MS/MS data were processed using Maxquant search engine (v.1.6.6.0) (Table 1). Tandem mass spectra were searched against human uniprot database concatenated with reverse decoy database. Trypsin/P was specified as cleavage enzyme allowing up to 4 missing cleavages. The mass tolerance for precursor ions was set at 20 ppm in the first search and 5 ppm in the main search, and the mass tolerance for fragment ions was set at 0.02 Da. Carbamidomethyl on Cys was specified as fixed modification and acetylation modification and oxidation on Met were specified as variable modifications. FDR was adjusted to <1% and the minimum score for modified peptides was set at >40.



Proteins were subdivided into three categories using GO annotation: biological process, cellular compartment and molecular function. For each category, a two-tailed Fisher’s exact test was employed to test the enrichment of the differentially expressed protein against all identified proteins. The GO with a corrected p-value < 0.05 is considered significant. The encyclopedia of Genes and Genomes (KEGG) database was used to identify enriched pathways by a two-tailed Fisher’s exact test to test the enrichment of the differentially expressed protein against all identified proteins. The pathway with a corrected p-value < 0.05 was considered significant. These pathways were classified into hierarchical categories according to the KEGG website.



For each category of proteins, the InterPro database (a resource that provides a functional analysis of protein sequences by classifying them into families and predicting the presence of domains and important sites) was researched and a two-tailed Fisher’s exact test was employed to test the enrichment of the differentially expressed protein against all identified proteins. Protein domains with a corrected p-value < 0.05 were considered significant.



For further hierarchical clustering based on differentially expressed protein functional classification (such as GO, Domain, Pathway, Complex). We first collated all the categories obtained after enrichment along with their p-values, and then filtered for those categories which were at least enriched in one of the clusters with p-value <0.05. This filtered p-value matrix was transformed by the function x = −log10 (p-value). These values were then z-transformed for each functional category and then clustered by one-way hierarchical clustering (Euclidean distance, average linkage clustering) in Genesis. Cluster membership was visualized by a heat map using the “heatmap.2” function from the “gplots” R-package.




2.5. Statistical Analysis


A combination of software packages was used for analyses: DPS software for significant difference (LSD method, α = 0.05), Canoco 5.0 for redundancy analysis, Origin 2018 software and Microsoft Excel 2016 software were used for graphing of physiological data.





3. Results


3.1. Chlorophyll Content


Low light intensity increased chlorophyll content Chl(a+b), chlorophyll b content (Chl.b), and chlorophyll a content (Chl.a), while decreased Chl.a/b (Figure 1). Chl.a contents of both YM 158 and FM 1228 were significantly higher under low light intensity than the control. Chl.a of YM 158 increased by 35% and the corresponding increment for FM 1228 was 11%. Chl.a in ZM 9023 increased by only 5%. Chl.b contents of the flag leaves of YM 158 and ZM 9023 after shading were higher than that of the control with 62% and 33% increases in YM 158 and ZM 9023 FM 1228, respectively. In contrast, Chl.b content in leaves of FM 1228 showed only a 5% increase (p > 0.05). Under low light, Chl(a+b) increased in all three genotypes with 41%,14%, and 9% increases for YM 158, ZM 9023 and FM 1228, respectively. The Chl.a/b ratios of ZM 9023 and YM 158 decreased, while FM 1228 Chl.a/b did not alter under shading. The chlorophyll content of YM 158 was most sensitive to low light environments; its chlorophyll content increased the most (effects of low light on Chl.a was less than that for Chl.b).




3.2. Chlorophyll Fluorescence Parameters


Analysis of changes in chlorophyll fluorescence parameters helps practitioners identify affected parts of the photosynthetic apparatus [23]. F0—initial fluorescence is the fluorescence when the PSII reaction center is fully opened. Under the shading treatment, the F0 of ZM 9023 increased by of 5.9% (p > 0.05), FM 1228 increased by 16.1% (p < 0.05), and YM 158 increased by only 1.5% (p > 0.05), compared with the controls (Figure 2). Reduced F0 indicates increased heat dissipation from the antenna while an increase in F0 indicates less reversible destruction of the PSII reaction center [24]. Our results suggest that the PSⅡ reaction center of FM 1228 flag leaves was damaged under 50% shading intensity, while the PSⅡ reaction centers of ZM 9023 and YM 158 flag leaves were hardly affected by low light density.



Electron transport rate (ETR) is the product of the effective photochemical yield of PSII and photosynthetic photon flux density. The decrease of ETR under abiotic stress indicates that the electron transfer efficiency of PSII reaction center decreases and the photosynthetic capacity of plants is weakened [25]. The electron transport efficiency of FM 1228 was significantly reduced (−11.4%) by the influence of weak light; the ETR of ZM 9023 was also decreased by 7.2%. In contrast, the electron transport efficiency of YM 158 was significantly increased under low light with a 15.4% increase (Figure 2).



The maximum photochemical efficiency of PSII Fv/Fm is the maximum quantum yield of PSII under dark adaptation, which can reflect the utilization efficiency of light energy by plants [26]. The decrease in photochemical conversion efficiency of PSII inhibits the primary reaction of photosynthesis which in turn affects the photosynthetic process [27]. Increased Fv/Fm indicates increased light energy conversion efficiency and potential activity of photosynthetic reaction centers [28]. Under shading, the maximum photochemical efficiency of ZM 9023 and FM 1228 PSⅡ decreased, and their Fv/Fm decreased by 0.3% and 2.2%, respectively, while the maximum photochemical efficiency of YM 158 increased by 0.5% in low light environment (Figure 3).



The actual photochemical quantum efficiency ΦPS(II) is often used to represent the total photochemical quantum yield of PSII under plant photosynthesis [29]. After shading, the ΦPS(II) of ZM 9023 and FM 1228 decreased by 7.9% and 9.3%, respectively, while the ΦPS(II) of YM 158 increased by 17.4% under low light stress (Figure 3).



The non-photochemical fluorescence quenching NPQ and qN reflect the part of the light energy absorbed by plant PSII that cannot be used for photosynthetic electron transfer and is dissipated in the form of heat [30]. Shading increased the NPQ of ZM 9023 by 23.7%, FM 1228 by 24.0%, and YM 158 by 44.0% (Figure 3). The qN of FM 1228 and YM 158 also showed a decreasing trend, and the decrease rates were 25.7% for YM 158 and 11.2% for FM 1228. ZM 9023 qN showed an upward trend, with an increase of 8.8%. A higher NPQ indicates the excess energy in PSII is dissipated as heat, a plant protection mechanism against stress [31].



The photochemical quenching coefficients qP and qL represent the proportion of open PSII reaction centers. The larger the parameter, the greater the electron transfer activity of PSII [32]. After shading, the qP and qL increased by 9.3% and 3.8% in YM 158, decreased by 4.9% and 3.9% in ZM 9023, and decreased by 11.3% and 16.8% in FM 1228, compared to those of the controls (Figure 3). The results indicated that shading increased the proportion of the open part of the PSII reaction center of YM 158, while the proportion of the open part of the reaction center of FM 1228 PSII was reduced by weak light, and the proportion of light energy used to promote the transfer of photosynthetic electrons decreases, thereby reducing the potential for utilizing light energy.



Y(NPQ) is the quantum yield of light-induced non-photochemical fluorescence quenching, while Y(NO) is the quantum yield of non-regulated thermal dissipation and fluorescence emission [33]. Shading reduced YM 158 and FM 1228 Y (NPQ) by 28.6% and 10.1%, respectively, but increased ZM 9023 Y (NPQ) by 8.6%. YM 158 and FM 1228 Y (NO) significantly increased (18.4% for YM 158 and 25.3% for FM 1228) while ZM 9023 Y (NO) decreased significantly (8.5%) (Figure 3).




3.3. Label-Free Quantitative Proteomics Analysis in Wheat Leaves


We identified 6408 proteins in leaves by label-free quantitative proteomics analysis and obtained quantitative information for 4518 proteins. According to the recognition criteria for differentially abundant proteins (DAPs), fold change ratio >1.5 or <0.67 and p-value < 0.5 (Student’ t-test), 325 DAPs were identified in YM 158 14 days after shading treatment, including 96 upregulated proteins and 229 downregulated proteins; 195 DAPs were identified in ZM 9023, including 92 proteins were up-regulated and 103 proteins were down-regulated; and 412 DAPs in FM 1228 were identified, including 295 upregulated proteins and 117 downregulated proteins (Figure 4A). Comparing YM 158-AS and ZM 9023-AS, 407 DAPs were identified, including 78 upregulated proteins and 329 downregulated proteins, of which 20 proteins were specifically enriched in this group (Figure 4C). Between FM 1228-AS and YM 158-AS, 377 DAPs were differentially enriched, containing 149 up-regulated and 128 down-regulated proteins, of which 23 proteins were significantly enriched in this group (Figure 4D). A total of 443 DAPs were identified between FM 1228-AS and ZM 9023-AS, of which 101 proteins were up-regulated, 342 proteins were down-regulated, and 43 DAPs showed significantly enriched in this group (Figure 4E).




3.4. Gene Ontology Classification of DAPs


We performed a statistical analysis of the proteins quantified by ZM 9023, FM 1228 and YM 158 in GO secondary annotations. GO annotations fall into three main categories: molecular functions (Figure 5A), cellular components (Figure 5B), and biological processes (Figure 5C).



GO cluster analysis showed that the DAP in FM 1228-AS vs. FM 1228-CK highly enriched in glycerol-3-phosphate metabolic process, seven functions, e.g., chitin binding and glycerol kinase activity, protein repair, and alditol phosphate metabolic process, localized in the extracellular region and actin cytoskeleton. Seven significantly enriched GO terms were found among the DAPs of YM 158-AS vs. YM 158-CK, e.g., vitamin biosynthetic process, water-soluble vitamin biosynthetic process, which are located in plastid part, chloroplast part, and play roles in the glutaminase activity. The DAPs of ZM 9023-AS vs. ZM 9023-CK enrich in photosynthesis, light harvesting, carbohydrate biosynthetic process, and oligosaccharide biosynthetic process, and play roles in molecular function regulator, carbonate dehydratase activity and tetrapyrrole binding. They are located in chloroplast part, intrinsic component of membrane, membrane protein complex, photosystem I reaction center, membrane part, intrinsic component of plasma membrane, anchored component of membrane, anchored component of plasma membrane, cell periphery, plasma membrane part, and plasma membrane. The DAPs of FM 1228-AS vs. YM 158-AS enrich in cellular chemical homeostasis, cellular ion homeostasis, inorganic ion homeostasis, ion homeostasis and cation homeostasis, which are located in actin cytoskeleton, play roles in ferric iron binding, ferroxidase activity, oxidoreductase activity and oxidizing metal ions. The DAPs of FM 1228-AS vs. ZM 9023-AS located in ribosome, intracellular non-membrane-bounded organelle, non-membrane-bounded organelle, and play roles in 3-hydroxyacyl-CoA dehydrogenase activity, GTPase binding, small GTPase binding, Ran GTPase binding and Ras GTPase binding. The DAPs of YM 158-AS vs. ZM 9023-AS intracellular protein transport, protein transport, lipid oxidation, cellular lipid catabolic process, localized in endomembrane system, cytoskeleton, endoplasmic reticulum play a role in phosphatase activity, protein kinase activity, catechol oxidase activity.




3.5. KEGG Pathway Analysis of DAPs


Kyoto Encyclopedia of Genes and Genomes (KEGG) databases are used for pathway enrichment analysis (Figure 5D). Fisher’s exact paired-end test method (a two-tailed Fisher’s exact test) was used to test differentially expressed proteins against the background of the identified proteins, and a p-value < 0.05 for the pathway enrichment test was determined as considered significant.



The DAPs enrichment pathways of different wheat cultivars are quirent different in low light environment. Under low light density, KEGG cluster analysis showed that the up-regulated DAPs of FM 1228 were highly enriched in monoterpenoid biosynthesis and diterpenoid biosynthesis, the down-regulated DAPs of FM 1228 were highly enriched in starch and sucrose metabolism. However, up-regulated DAPs of YM 158 were highly enriched in fatty acid elongation and Ascorbate, photosynthesis-antenna proteins and aldarate metabolism, the down-regulated DAPs of YM 158 were highly enriched in vitamin B6 metabolism. The up-regulated DAPs of ZM 9023 were highly enriched in selenocompound metabolism and sulfur metabolism, the down-regulated DAPs were enriched in 3 glycosphingolipid biosynthesis-globo and isoglobo series, sphingolipid metabolism.




3.6. Differential Analysis of Wheat Photosynthetic Proteins under Low Light


In this experiment, 47% of the differential proteins were located in the chloroplast (Figure 4B), and studies have shown that low light can affect the photosynthesis, synthesis and metabolism of chlorophyll in wheat (Figure 5E). Therefore, we further analyzed the identified differential proteins. A total 14 differentially expressed proteins were mapped into KEGG pathway, including four proteins related to porphyrin and chlorophyll metabolism, four proteins related to photosynthesis-antenna proteins, and six proteins related to photosynthesis (Table 2). The magnesium-chelatase subunit ChlH proteins and Mg-protoporphyrin IX chelatase in Porphyrin and chlorophyll metabolism pathway of FM 1228 and YM 158 were significantly down-regulated under low light treatment. The abundance of the proteins was higher in YM 158. However, these two proteins of ZM 9023 were significantly up-regulated. This is the first committed step of chlorophyll biosynthesis and is a branchpoint of two major routes in the tetrapyrrole pathway. Four chlorophyll a-b binding proteins in Photosynthesis-antenna proteins of YM 158 were significantly up-regulated under low light treatment. However, these four proteins of ZM 9023 were significantly down-regulated. The photosystem I subunit XI and photosystem I subunit III proteins in photosynthesis pathway of YM 158 were significantly up-regulated. However, photosystem I subunit XI protein and photosystem II cytochrome b559 subunit of ZM 9023 were significantly down-regulated. The photosystem II oxygen-evolving enhancer protein 3 and photosystem II 10kDa protein of FM 1228 were significantly down-regulated under low light treatment. In addition, cytochrome b6 subunit XI proteins of YM 158 were significantly up-regulated, while no significant changes were found in FM 1228 and ZM 9023.




3.7. Effects of Shading on Dry Matter Accumulation


Under shading stress, dry matter accumulation of wheat decreased significantly, and there were differences between genotypes (Figure 6A). Growth of FM 1228 was most affected with a 21% reduction in dry matter; while 158 was least affected, decreasing only by 13%. The actual photochemical efficiency ΦPS(II) of PSII, electron transfer efficiency ETR, initial fluorescence F0, maximum photochemical efficiency Fv/Fm of PSII, Chl b and dry matter accumulation were redundantly analyzed (Figure 6B). The first-axis interpretation rate of the selected indicators for the dry matter accumulation was 77%, the second-axis interpretation rate was 6%. Dry matter accumulation was positively correlated with Fv/Fm, ETR, ΦPS(II) and Chl b, and negatively correlated with the initial fluorescence F0.





4. Discussion


4.1. Effects of Low Light on Dry Matter Accumulation and Leaf Physiology in Different Wheat Varieties


Light provides both radiant energy for plant photosynthesis as well as a signal to regulate physiological processes throughout the plant life cycle. Low light is an important limiting factor affecting plant photosynthesis, with deviations in plant biomass reflect responses to low light stress [34,35,36]. This study demonstrated that there were genotypic differences in the biomass reduction of under shading, with dry matter accumulation of FM 1228 most affected and YM 158 was least affected.



Higher chlorophyll content, photosynthetic efficiency and stronger antioxidant capacity in low light intensity environments may indicate tolerance to low light intensity stress [37]. Elevated chlorophyll b content in low light environments not only enhances light absorption in the wavelength range between blue and red, but also affects light capture and use in PSII [31]. Increased Chl b content in low light is an indicator of adaptation to low light environment [38]. This study shows that the chlorophyll content of wheat increases significantly under low light environment, consistent with previous research. We found that YM 158 and ZM 9023 yielded significant increases in Chl.b, and significant decrease in Chl.a/b. Therefore, it is speculated that the regulatory mechanisms of ZM 9023 are sensitive to weak light response. By increasing Chl.b, the utilization efficiency of light is enhanced, and the photosynthetic demand of plants is maintained under the condition of insufficient light. In the low light environment, YM 158 had the largest increase in Chl.b and the smallest decrease in dry matter accumulation, and FM 1228 had the smallest increase in Chl.b and the largest decrease in dry matter accumulation, which again verified the positive correlation between dry matter accumulation and Chl.b.4.2 response of chlorophyll fluorescence parameters to low light.




4.2. Responses of Chlorophyll Fluorescence Parameters to Low Light


Chlorophyll fluorescence parameters have been successfully used to probe and elucidate injury to study the effect of stresses on the photosynthetic process, which can systematically reflect the absorption, transmission, dissipation and distribution of light energy by leaves [39]. This study demonstrated that there were differences in the response of chlorophyll fluorescence parameters of different varieties to low light.



F0 is mainly related to the initial exciton density in the PSII antenna pigment, the structural state of the antenna pigment, the excitation energy transfer rate of the PSII reaction center, and the chlorophyll content [40]. The F0 of ZM 9023 and FM 1228 increased under low light, and Fv/Fm and ΦPS(II) decreased, indicating that the PSII reaction center was damaged, the activity decreased, and the light quantum absorbed by the antenna pigment decreased [41]. However, F0 and Fv/Fm of YM 158 remained basically unchanged in low light, and ΦPS(II) increased significantly, indicating that shading treatment did not damage its photoreaction center of YM 158, and actual photochemical efficiency was improved in low light environment. Under low light conditions, F0 of FM1228 increased significantly, Fv/FM and ΦPS(II) decreased more than other varieties, and dry matter accumulation decreased the most. The ΦPS(II) of YM 158 increased significantly, and the decrease of dry matter accumulation was the lowest, indicating that F0 of chlorophyll fluorescence parameters was negatively dependent on the dry matter accumulation, while Fv/FM and ΦPS(II) were positively correlated with the dry matter accumulation.



Reduced ETR and decreased qP and qL indicate that the flow of electrons from the PSII oxidation side to the PSII reaction side is inhibited, and the proportion of excitation energy trapped by open PSII reaction centers is decreased [42]. The ETR, qP and qL values of FM 1228 and ZM 9023 were significantly decreased under low light, indicating that electron flow in PSII was inhibited and electrons accumulated in the PSII reaction center. NPQ and Y(NPQ) are related to the energy dissipated as heat through regulatory mechanisms (i.e., the lutein cycle), Y(NO) reflects the fraction of energy passively dissipated as heat and fluorescence [43,44]. ZM 9023 Y (NPQ), NPQ, Y (NO) and qN increased, while FM 1228 Y (NPQ), NPQ and qN decreased. Therefore, it is most likely that the excess light energy of ZM 9023 PSII reaction center is dissipated in the form of heat, which protects its PSII reaction center from photooxidation damage, while FM 1228 failed to dissipate excess light energy in time, resulting in its PSII reaction center being photooxidized. YM 158 showed a significant increase in ETR, qP, Y(NO), and a decrease in NPQ and Y(NPQ) under low light conditions, indicating that the proportion of PSII reaction center opening was increased, the photochemical electron transfer rate was increased, the heat dissipation was decreased, and Non-photochemical quantum dissipation dissipated electron share is used for photochemical fixation and the actual photochemical yield increases. In the low light environment, the PSII reaction center of YM 158 was not damaged and its activity was increased, and the utilization rate of light energy and the level of energy metabolism were improved.




4.3. Effects of Low Light on Proteomics across Genotypes


The proteomic study of plants under stress has been extensive, and the study of proteomics can give us a deeper understanding of the molecular mechanism of plant response to stress conditions. Most of the proteins differentially expressed in plants induced by low-level light stress are located in the chloroplast and are closely related to photochemical reaction of photosynthesis. Low light environment caused by intercropping and dense planting affects the expression of soybean involved in porphyrin and chlorophyll metabolism, photosynthesis-antenna protein-related proteins [17]. Low light stress enhances the expression of chlorophyll-binding protein, photoreactive center protein and ferredoxin in maize, thereby improving the operation rate of photosynthetic electron transport chain [45].



The results of this study showed that 47% of shading caused differentially expressed proteins were localized in the chloroplast and were mainly involved in chlorophyll metabolism and photosynthesis. Chlorophyll biosynthesis is a very complex process that occurs through a series of coordinated reactions and is catalyzed by a variety of enzymes [46]. We identified a total of 4 differentially expressed proteins of enzymes in the chlorophyll synthesis and metabolism pathway. Both protoporphyrinogen/coproporphyrinogen III oxidase, magnesium chelase and magnesium protoporphyrin IX chelase [47], are key enzymes in the chlorophyll synthesis pathway. Chlorophyll in plants with down-regulated expression of magnesium chelatase subunit ChlH [48], magnesium protoporphyrin chelatase subunit I [49] show decreased protoporphyrinogen/coproporphyrinogen III oxidase-related protein PPOX content [50]. Phosphorylurea oxygenase (PaO) plays an important role in plant chlorophyll degradation [51], and its expression can be inhibited to delay chlorophyll degradation [52]. The content of chl(a + b) in wheat was significantly increased under low light, and the proteins of ChlH, ChlI and PaO were significantly down-regulated in FM 1228 and YM 158, while ChlH and ChlI were significantly up-regulated and PAO protein was significantly down-regulated in ZM 9023. This is inconsistent with the results of previous studies [53]. Therefore, it is speculated that the increase in chlorophyll content in ZM 9023 in low light environment is mainly due to the up-regulation of chlorophyll synthesis proteins; while the increase in chlorophyll content of FM 1228 and YM 158 is due to down-regulated chlorophyll metabolism proteins.



In aerobic photosynthesis, the capture of light energy and its conversion into biochemical intermediates occurs in membrane bound protein complexes [54]. Electron transfer complex PSI, PSII, and cytochrome b6f, light-trapping pigment complex (LHC), which together produce ATP and NAD(P)H for biosynthesis. The light-harvesting chromoprotein complex (LHC) is a pigment-protein complex that mediates PSII light interception and the flow of excitation energy to the reaction center, capturing light energy and rapidly transferring energy to the reaction center to cause photochemical reactions [55]. In addition to absorbing and transmitting light energy in the thylakoid membrane, they maintain the structure of the thylakoid membrane, regulating the excitation energy distribution between the two optical systems, and the reduced accumulation of Lhcb protein is directly related to the reduced level of light-harvesting complexes [56]. The increased abundance of LHC in low light environment ensures that PSII receives more excitation energy [57], while LHC-deficient plants have reduced adaptability to low light [58]. The electron transport efficiency and quantum yield of the photoreaction center in YM 158 were significantly enhanced under low light conditions. After shading, four LHC proteins (Lhcb1, Lhcb4, Lhca2, Lhca3) were significantly up-regulated in YM 158, and only Lhcb1 was significantly up-regulated in FM 1228. Lhca3 was significantly up-regulated while Lhcb1, Lhcb4, and Lhca3 were significantly down-regulated in ZM 9023. The results indicated that increased LHC protein in YM 158 through its own anti-stress mechanism was conducive to the formation of light-harvesting complexes and enhanced the capture and utilization of light energy.



The cytochrome b559 subunit is located near each PSII D2 subunit [59], and Cyt b559 is able to accept electrons from reduced plastoquinone (PQ) on the electron acceptor side of PSII. Thus, a circulatory pathway connecting the donor and recipient sides of PSII is formed to remove excess oxidation equivalent. Cyt b559 protects photosystem II from excess light [60]. The Cyt b559 subunit protein was significantly down-regulated in ZM 9023, while its expression in FM 1228 and YM 158 was not affected by low light. Green plant photosystem I (PSI) consists of at least 18 distinct protein subunits, the Psa-F subunit of PSI is a transmembrane protein with a large lumenal domain [61]. The reduced stability of PSI in the absence of Psa-F affects the energy transfer from the light-harvesting complex to the P700 reaction center. Psa-L is likely to be involved in the connection between the PSI core complex and the antenna system of LHCII [62], the LHCII content of PSI is greatly reduced in mutants lacking Psa-L [63]. The cytochrome b6f complex is one of three heterooligomeric membrane protein complexes responsible for electron transport and energy transduction in oxygenated photosynthetic membranes. The b6f complex (PEt-B) occupies an electrochemical central position in an acyclic or “linear” electron transport chain [64]. Psa-F, Psa-L and Pet-B were significantly up-regulated in YM 158, which once again proved that YM 158 had a better photosystem stability than ZM 9023 and FM 1228 in low light environment. The oxygen evolution complex OEC of PSII consists of three extrinsic nuclear-encoded subunits, PsbO (33 kDa), PsbP (23 kDa), and PsbQ (17 kDa), which are essential for regulating PSII assembly and/or activity. PsbR is an important link in the PSII core complex, and PsbR is closely related to OEC proteins [65] and is located on the lumen side of the PSII. Deletion of PsbR reduces the oxygen evolution capacity of thylakoid membranes, suggesting that PsbR is essential for optimizing photosynthetic water splitting and electron transfer in PSII. PsbR and PsbQ were significantly down-regulated in FM 1228, which was consistent with the ETR changing trend.





5. Conclusions


Low light stress affected the abundance of three chlorophyll synthesis-related proteins (ChlH, ChlI, and PPOX) in chlorophyll synthesis and metabolic pathways, a chlorophyll metabolizing enzyme subunit protein PAO, and the abundance of light-responsive proteins in photosynthesis, including four LHC related proteins (Lhcb1, Lhcb4, Lhca2, Lhca3), two proteins related to PSII (PsbQ, PsbR), Cytb subunit protein PetB, PSI subunit protein (PsaL and PsaF). The main functions of these photoresponse-related proteins are to maintain photosystem stability and promote photosynthetic electron transfer. In YM 158, only the PSII subunit protein PsbQ was down-regulated, while PSI and cytochrome b6f-related subunit proteins were up-regulated. YM 158 can increase photochemical electron transfer rate, enhance the activity of the photosystem, and increase the light energy in a low light environment thus accommodating low light. FM 1228 and ZM 9023 have poor adaptability to the low light environment, the chlorophyll fluorescence parameters, Fv/Fm, ΦPS(II) and ETR, were significantly reduced, demonstrating varying degrees of photosystem damage. The expression of PSII subunit protein in FM 1228 was down-regulated, while PSI and cytochrome b559-related subunit proteins were down-regulated in ZM 9023. Based on the analysis of chlorophyll fluorescence parameters, dry matter accumulation and photoreaction-related proteins, the adaptation of YM 158 to weak light is better than that of FM 1228 and ZM 9023. The photosystem activity, light energy capture ability and electron transfer rate of YM 158 were enhanced under low light density. Therefore, the utilization rate of light energy is improved, and sufficient power is formed for the photosynthesis reaction. Using the redundancy analysis, we showed that dry matter accumulation had a very significant positive correlation with Fv/Fm, ETR, ΦPS(II), and a very significant negative correlation with the initial fluorescence F0. We conclude that the effects of low light on the photosystem depend on genotype. Genotypes with greater adaptive capacity to weak light are more able to alleviate a lack of photosynthesis under low light stress through both electron transfer between systems and regulation of photosystem activity. Chlorophyll fluorescence parameters Fv/Fm, ΦPS(II) and ETR values can be used as indicators for assessing low light adaptation. The results of this experiment provide a theoretical basis for high-yielding wheat genotypes in areas prone to continuous rainy weather and lack of solar radiation.
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Figure 1. Chlorophyll contents of three wheat genotypes under shading stress. Different lowercase letters indicate significant differences among treatment at a 0.05 probability level. 
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Figure 2. Changes in chlorophyll fluorescence parameters of three wheat genotypes under shading. Different lowercase letters denote significant differences between treatment at the 0.05 probability level. 
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Figure 3. Radar map: Changes in chlorophyll fluorescence parameters of three wheat genotypes under shading (AS) or nil shading (CK). Red line: shading (AS); Black line: nil shading (CK). 
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Figure 4. (A): Protein overview map; (B): Distribution map of subcellular structure localization of differentially expressed proteins; (C): YM 158 and ZM 9023 differential protein Venn diagram; (D): FM 1228 and YM 158 differential protein Venn diagram; (E): FM1228 and ZM 9023 differential protein Venn diagram. The overlapping part of the 3 circles is the differential protein between the two varieties. 
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Figure 5. Cluster analysis heatmap based on GO classification, KEGG pathway and protein domain enrichment: (A): Molecular function analysis; (B): Cellular component analysis; (C): Biological process analysis; and (D): KEGG pathway analysis. Colored scales of the Z score (−log10 p-value) are shown; (E): photosynthetic apparatus. 
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Figure 6. (A): Changes in dry matter accumulation in three wheat genotypes under low light conditions. (B): Redundancy analysis of chlorophyll fluorescence parameters and dry matter accumulation. Different lowercase letters denote significant differences among treatment at the 0.05 probability level. 






Figure 6. (A): Changes in dry matter accumulation in three wheat genotypes under low light conditions. (B): Redundancy analysis of chlorophyll fluorescence parameters and dry matter accumulation. Different lowercase letters denote significant differences among treatment at the 0.05 probability level.



[image: Agronomy 13 00272 g006]







[image: Table] 





Table 1. Bioinformatics analysis methods and software.
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	Analysis
	Software/Method
	Version/Website
	Version/Website





	Mass spectrum data analysis
	MaxQuant
	v.1.6.6.0 http://www.maxquant.org/
	12 August 2019



	Motif analysis
	MoMo
	v.5.0.2 http://meme-suite.org/tools/momo
	12 August 2019



	GO comment
	InterProScan
	v.5.14-53.0 http://www.ebi.ac.uk/interpro/
	12 August 2019



	Domain annotation
	InterProScan
	v.5.14-53.0 http://www.ebi.ac.uk/interpro/
	12 August 2019



	KEGG comment
	KAAS
	v.2.0 http://www.genome.jp/kaas-bin/kaas_main
	12 August 2019



	
	KEGG Mapper
	v.2.5 http://www.kegg.jp/kegg/mapper.html
	12 August 2019



	Subcellular localization
	Wolfpsort
	v.0.2 http://www.genscript.com/psort/wolf_psort.html
	12 August 2019



	
	CELLO
	v.2.5 http://cello.life.nctu.edu.tw/
	12 August 2019



	Enrichment analysis
	Perl module
	v.1.31 https://metacpan.org/pod/Text::NSP::Measures::2D::Fisher
	12 August 2019



	Clustering heat map
	R Package pheatmap
	v.2.0.3 https://cran.r-project.org/web/packages/cluster/
	12 August 2019
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Table 2. Effects of shading on the abundance of light-responsive proteins in different wheat cultivars.
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	Protein Accession
	FM 1228_AS/

FM 1228_CK Ratio
	FM 1228_AS/

FM 1228_CK

p Value
	YM 158_AS/

YM 158_CK Ratio
	YM 158_AS/

YM 158_CK

p Value
	ZM 9023_AS/

ZM 9023_CK Ratio
	ZM 9023_AS/

ZM 9023_CK

p Value
	Subcellular Localization
	KEGG KO No.
	KEGG Gene
	KEGG pathway





	A0A3B6MJI8
	0.682
	0.000319
	0.872
	0.008401
	1.074
	0.015861
	chloroplast
	K00231
	PPOX,;protoporphyrinogen/coproporphyrinogen III oxidase
	osa00860 Porphyrin and chlorophyll metabolism



	A0A3B6D8J7
	0.174
	0.002397
	0.563
	0.020221
	3.052
	0.001818
	chloroplast
	K03403
	chlH, bchH; magnesium chelatase subunit H
	osa00860 Porphyrin and chlorophyll metabolism



	A0A3B6RQT6
	0.656
	8.17E-05
	0.897
	0.008597
	1.27
	0.047158
	chloroplast
	K03405
	chlI, bchI; magnesium chelatase subunit I, Mg-protoporphyrin IX chelatase
	osa00860 Porphyrin and chlorophyll metabolism



	A0A3B6I0Y7
	0.823
	0.005938
	0.803
	0.000179
	0.786
	0.018519
	chloroplast
	K13071
	PAO, ACD1; pheophorbide a oxygenase
	osa00860 Porphyrin and chlorophyll metabolism



	A0A3B6C6E5
	1.258
	0.106482
	1.23
	0.021164
	0.814
	0.002942
	chloroplast
	K08915
	Lhcb4; light-harvesting complex II chlorophyll a/b binding protein 4
	osa00196 Photosynthesis-antenna proteins



	A0A3B6DA68
	1.409
	0.149784
	5.011
	0.006844
	0.878
	0.43954
	chloroplast
	K08908
	Lhca2; light-harvesting complex I chlorophyll a/b binding protein 2
	osa00196 Photosynthesis-antenna proteins



	A0A1D5RS51
	1.723
	0.000722
	1.562
	0.004579
	0.6
	0.002898
	chloroplast
	K08912
	Lhcb1; light-harvesting complex II chlorophyll a/b binding protein 1
	osa00196 Photosynthesis-antenna proteins



	W5GFA4
	1.247
	0.017805
	1.808
	0.001079
	0.752
	0.02286
	chloroplast
	K08909
	Lhca3; light-harvesting complex I chlorophyll a/b binding protein 3
	osa00196 Photosynthesis-antenna proteins



	A0A3B6MT65
	1.263
	0.132322
	0.937
	0.66118
	0.594
	0.000504
	nucleus
	K02707
	psbE; photosystem II cytochrome b559 subunit alpha
	osa00195 Photosynthesis



	A0A3B6N0T3
	0.966
	0.015923
	0.929
	0.043041
	0.868
	0.11284
	chloroplast
	K08901
	psbQ; photosystem II oxygen-evolving enhancer protein 3
	osa00195 Photosynthesis



	A0A3B6NWL9
	0.745
	0.005485
	1.028
	0.63812
	1.349
	0.014479
	chloroplast
	K03541
	psbR; photosystem II 10kDa protein
	osa00195 Photosynthesis



	A0A3B6GQA5
	1.184
	0.014319
	1.779
	0.011498
	0.682
	0.019324
	chloroplast
	K02699
	psaL; photosystem I subunit XI
	osa00195 Photosynthesis



	A0A3B6MXE7
	1.021
	0.77492
	1.207
	0.007018
	0.833
	0.136616
	chloroplast
	K02694
	psaF; photosystem I subunit III
	osa00195 Photosynthesis



	P60162
	0.957
	0.43904
	1.293
	0.033939
	0.746
	0.051481
	cytoplasm
	K02635
	petB; cytochrome b6
	osa00195 Photosynthesis
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