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Comprehensive Proteome and Lysine Acetylome Analysis Reveals the Widespread Involvement of Acetylation in Cold Resistance of Pepper (Capsicum annuum L.)
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Pepper is a typical warmth-loving vegetable that lacks a cold acclimation mechanism and is sensitive to cold stress. Lysine acetylation plays an important role in diverse cellular processes, but limited knowledge is available regarding acetylation modifications in the resistance of pepper plants to cold stress. In this study, the proteome and acetylome of two pepper varieties with different levels of cold resistance were investigated by subjecting them to cold treatments of varying durations followed by recovery periods. In total, 6,213 proteins and 4,574 lysine acetylation sites were identified, and this resulted in the discovery of 3,008 differentially expressed proteins and 768 differentially expressed acetylated proteins. A total of 1,988 proteins were identified in both the proteome and acetylome, and the functional differences in these co-identified proteins were elucidated through GO enrichment. KEGG analysis showed that 397 identified acetylated proteins were involved in 93 different metabolic pathways. The dynamic changes in the acetylated proteins in photosynthesis and the “carbon fixation in the photosynthetic organisms” pathway in pepper under low-temperature stress were further analyzed. It was found that acetylation of the PsbO and PsbR proteins in photosystem II and the PsaN protein in photosystem I could regulate the response of pepper leaves to cold stress. The acetylation levels of key carbon assimilation enzymes, such as ribulose bisphosphate carboxylase, fructose-1,6-bisphosphatase, sedoheptulose-1,7-bisphosphatase, glyceraldehyde 3-phosphate dehydrogenase, phosphoribulokinase, and triosephosphate isomerase decreased, leading to decreases in carbon assimilation capacity and photosynthetic efficiency, reducing the cold tolerance of pepper leaves. This study is the first to identify the acetylome in pepper, and it greatly expands the catalog of lysine acetylation substrates and sites in Solanaceae crops, providing new insights for posttranslational modification studies.
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INTRODUCTION

Pepper (Capsicum annuum L.) is one of the most important vegetable crops in the world, and it is regarded as being a good source of basic nutrients, including capsaicinoids, pigments (anthocyanins and carotenoids), and vitamins (Aza-González et al., 2011). It is a typical warmth-loving vegetable that lacks a cold acclimation mechanism and is sensitive to cold stress; the optimal temperature range for its growth is 21–28°C. Cold stress is a major abiotic stress factor, and it can cause physiological damage in plants, including blocking the synthesis of chlorophyll and inhibiting photosynthetic enzymes (Aroca et al., 2003). A previous study found that cold stress can lead to a decrease in the number of pollen grains and an imbalance in antioxidant metabolism and homeostasis (Airaki et al., 2012). Cold stress has thus become the main factor restricting the growth and development of pepper plants.

In recent years, transcriptome tools have become useful for studying the molecular regulation mechanisms of cold adaptation in plants, and a large number of genes involved in the regulation of cold tolerance have been identified (Liu et al., 2012; Yang et al., 2015). Proteomic techniques have also been used to further study the mechanisms of plant cold tolerance. For example, Zhang et al. (2016) quantified 117 differentially expressed proteins (DEPs) under cold stress in petunia seedlings, and most of these proteins were involved in oxidation–reduction processes. Using two-dimensional gel electrophoresis, Gharechahi et al. (2014) identified 34 proteins that changed significantly in the response of wild wheat to cold stress, including several cold-stress-related proteins, cold-regulated proteins, cold-responsive LEA/RAB-related COR proteins, and oxygen-evolving enhancer proteins. Using two-dimensional differential in-gel electrophoresis, Kosová et al. (2013) identified 36 DEPs in spring and winter wheat under cold stress; they found an increased abundance of proteins involved in carbohydrate catabolism, redox metabolism, and chaperones, as well as defense-related proteins.

Precursor proteins need to undergo a series of posttranslational modifications (PTMs) to form functionally active proteins. It is widely accepted that protein PTM of targets is a critical process in transmitting environmental stresses to physiologically diverse processes, including cell cycle regulation, growth, enzyme activation, and protein stability (Philp et al., 2014). Nε-lysine acetylation is a reversible PTM that can control enzyme activities and carbon flux through different metabolic pathways and hormonal signaling. It plays key roles in a number of processes, including the cell cycle, flowering time, responses to environmental conditions, such as light or pathogen attack, root and shoot development, hormone signaling, and epigenetic processes (Xing and Poirier, 2012; Hart and Ball, 2013). Histone and many other non-histone proteins have been found to be acetylated, and their roles in regulating gene transcription have been extensively investigated (Li et al., 2007). Overexpression of 35S:AtHD2C-GFP in transgenic Arabidopsis resulted in reduced transpiration and enhanced tolerance to salt and drought stresses (Sridha and Wu, 2006). AtHDA6 expression in Arabidopsis thaliana was upregulated by cold (2°C) stress, and the HDA6 mutant axe1-5 was highly sensitive to low temperatures (−18°C) after low-temperature acclimation (To et al., 2011). Hu et al. (2011) reported that cold treatment induces significant upregulation of histone deacetylases (HDACs), leading to global deacetylation of histones H3 and H4, and trichostatin A treatment could inhibit the induction of cold-response genes such as ZmDREB1 and ZmCOR413, indicating that HDAC activity is necessary for cold-stress response and can activate the transcription of cold-induction genes. Recently, several large-scale lysine acetylome studies have been performed in species, including A. thaliana (Finkemeier et al., 2011), soybean (Smith-Hammond et al., 2014), and strawberry (Fang et al., 2015). Unfortunately, to date, there have been no studies focusing on large-scale screening of protein acetylation under cold stress in plants.

There have been reports on the effects of cold stress on the photoinhibition characteristics and photosynthetic rate of pepper, but the research has been focused on the effects of cold stress on physiological and biochemical characteristics (Pivonia et al., 2012; Ou et al., 2015). Therefore, to better understand the differences in the cold-tolerance adaptation mechanisms of peppers in the cold-stress and recovery stages, we present here for the first time comprehensive proteome and acetylation proteome profiling of two pepper varieties with different levels of cold resistance. Our findings provide important information on the molecular basis of cold resistance adaptation in this species, and this may be useful for further improving its cold resistance.



MATERIALS AND METHODS


Plant Growth and Sampling

Two pepper (Capsicum annuum L.) varieties, cold-resistant A188 and cold-sensitive A122, were provided by Hunan Vegetable Research Institute (Changsha, Hunan Province, China). Seeds were sown in 10 cm × 10 cm plastic pots with the nutrient substrate (organic matter ≥ 20%, N + P2O5 + K2O: 1–5%, pH: 5–7) and grown in a greenhouse (16 h of light at 30 ± 2°C and 8 h of darkness at 20 ± 2°C). After growing to four leaves and one core stage, the seedlings were treated in an artificial climate chamber (An extra compressor was added) (Cu-41L4, Percival Scientific Inc., United States) with temperature of 4°C, light intensity of 200 μmol/m2/s, air humidity of 70% and photoperiod of 16 h/8 h for different times up to 72 h, and then put at room temperature for recovery. In the whole treatment of cold stress and recovery, 10 experimental conditions, including 0, 2, 4, 8, 12, 24, 48, and 72 h of cold stress, recovery 1 h after 72-h cold stress, recovery 4 h after 72-h cold stress, were set. Each treatment was repeated three times, with a total of nine pepper seedlings per repetition (Supplementary Figure 1). After the cold stress time reached the preset time of each treatment, plant leaves were frozen in liquid nitrogen then stored at −80°C until analyses.

Subsequently, we applied 10 treatment samples to western blotting, using a pan anti-crotonyllysine antibody, a pan anti-2-hydroxyisobutyryllysine antibody, a pan anti-succinyllysine antibody, and a pan anti-acetyllysine antibody. It was found that acetylation modification of each treated protein was the most obvious PTM under cold stress (Supplementary Figure 2). Western blotting results were used to further select the four treatment samples, including 0 h of cold stress (T0), 2 h of cold stress (T1), 12 h of cold stress (T2), and recovery 1 h after 72 h of cold stress (R1) treatment for physiological measurement, proteome, and acetylome analysis.



Measurements of Malonaldehyde, Total Soluble Sugar, Glutathione Reductase Activity, and Water Content

The content of total soluble sugar was determined using the anthrone method (Min et al., 2014). Malonaldehyde content was measured to evaluate the peroxidation of membrane lipids, using a previously established method (Lv et al., 2011). Glutathione reductase activity was determined using the previously established method (Ciacka et al., 2019).

Leaf water content is calculated by referring to the following formula:
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W represents weight, Wf represents fresh weight, and Wd represents dry weight.



Transmission Electron Microscope and Observation of Pepper Leaves

The samples were fixed in 3% pentadiol for 2 h, followed by two rounds of 10-min rinse with 0.1 mol/L phosphate buffer solution, and then soaked in 1% osmium acid for 5 h, followed by the same cleaning process. Acetone gradient dehydration and two rounds of pure acetone dehydration were then applied in the cleaned samples. Then, gradient osmotic was conducted, using 812 resins in a gradient rate of 3:1, 3:2, and 3:3. The samples were then placed in dry environment for 8 h with the container cap opened. Afterward, the samples were embedded, and then treated with gradient polymerization, sectioned, stained, and observed under a transmission electron microscope.



Proteome Analysis


Protein Extraction

Samples were first grinded by liquid nitrogen, and then the powder was transferred to a 5-ml centrifuge tube and sonicated three times on ice, using a high intensity ultrasonic processor (Scientz, Ningbo, China) in a lysis buffer (including 1% Protease Inhibitor Cocktail, 3-μM Trichostatin A and 50-mM Nicotinamide). An equal volume of Tris-saturated phenol (pH 8.) was added; then, the mixture was further vortexed for 5 min. After centrifugation (4°C, 10 min, 5,500 g), the upper phenol phase was transferred to a new centrifuge tube. Proteins were precipitated by adding five volumes of ammonium sulfate-saturated methanol and incubated at −20°C for at least 8 h. After centrifugation at 4°C for 10 min, the supernatant was discarded. The 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 a BCA kit (Beyotime Biotechnology, Shanghai, China) according to the instructions of the manufacturer.



Trypsin Digestion

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 Triethylammonium bicarbonate to urea concentration less than 2 M. Finally, trypsin was added at a 1:50 trypsin-to-protein mass ratio for the first digestion overnight and a 1:100 trypsin-to-protein mass ratio for a second 4 h-digestion.



LC-MS/MS Analysis

The tryptic peptides were dissolved in 0.1% formic acid (solvent A), directly loaded onto a 25 cm × 75 μm analytical column, 1.6-μm C18 beads with an integrated nanospray emitter (IonOpticks, Australia). The gradient was composed of an increase from 6 to 24% solvent B (0.1% formic acid in acetonitrile) over 70 min, 24–32% in 14 min, and climbing to 80% in 3 min, and then holding at 80% for the last 3 min, all at a constant flow rate of 300 nl/min on a nanoElute UHPLC system (Bruker Daltonics Inc, Billerica, United States).

The peptides were subjected to Capillary source, followed by the timsTOF Pro (Bruker Daltonics Inc, Billerica, United States) mass spectrometry. The electrospray voltage applied was 1.4 kV. Precursors, and fragments were analyzed at the TOF detector, with an MS/MS scan range from 100 to 1,700 m/z. The timsTOF Pro was operated in a parallel accumulation serial fragmentation (PASEF) mode. Precursors with charge states 0 to 5 were selected for fragmentation, and 10 PASEF-MS/MS scans were acquired per cycle. The dynamic exclusion was set to 30 s.



Database Search

The resulting MS/MS data were processed, using Maxquant search engine (v.1.6.6.0), and LFQ (Label Free Quantitation) was used for quantitative analysis. The search was performed, using the following settings based on the pepper transcriptome database (unpublished) concatenated with a reverse decoy database. Trypsin/P was specified as a cleavage enzyme, allowing up to two missing cleavages. The mass tolerance for precursor ions was set as 40 ppm in the first search and the main search, and the mass tolerance for fragment ions was set as 40 ppm. Carbamidomethyl on Cys was specified as fixed modification, methionine oxidation, protein N-terminal acetylation, and deamidation (NQ) as variable modifications. FDR was adjusted to <1%, and a minimum score for modified peptides was set >40. Proteins identified in at least two of the three replicates in at least one sample were considered for expression analysis. For LFQ, while t-test p < 0.05, a fold change of >1.5 or <0.667 was regarded as significantly up- or downregulated, respectively.



Gene Ontology (GO) Annotation

Sequences of identified proteins were retrieved from the UniProt-GOA database1. The retrieved sequences were locally searched against the non-redundant protein sequence (NR) database, using the NCBI BLAST+ and InterProScan (v.5.14-53.02) to find homologous sequences from which the functional annotation can be transferred to the studied sequences. Blast2GO was then used to annotate sequences and map gene ontology (GO) (version 3.3.5). The GO annotation results were plotted by R scripts.



KEGG Pathway Annotation

The sequences of identified proteins were blasted against the online Kyoto Encyclopedia of Genes and Genomes (KEGG) database3 to retrieve their KOs and were subsequently mapped to pathways in KEGG. The corresponding KEGG pathways were extracted.



Functional Enrichment Analysis

To further explore the impact of differentially expressed proteins on different biological processes and discover internal relations between differentially expressed proteins, enrichment analysis was performed. GO term and KEGG pathway enrichment analyses were performed based on Fisher’s exact test, considering the whole quantified protein annotations as the background dataset. Only functional categories and pathways with p < 0.05 were considered as significant.




Acetylation Protein Analysis


Acetylation Protein Analysis

The method of protein extraction and trypsin digestion is the same as that described in proteome analysis.



Pan Antibody-Based PTM Enrichment

To enrich modified peptides, tryptic peptides dissolved in a immunoprecipitation (IP) buffer (100-mM NaCl, 1 mM EDTA, 50-mM Tris-HCl, 0.5% NP-40, pH 8.0) were incubated with prewashed acetylated beads (Lot No. 104, PTM Bio) at 4°C overnight with gentle shaking. Then, the beads were washed four times with an IP buffer and two times with H2O. The bound peptides were eluted from the beads with 0.1% trifluoroacetic acid. Finally, the eluted fractions were combined and vacuum-dried. For LC-MS/MS analysis, the resulting peptides were desalted with C18 ZipTips (Millipore Inc., MA, United States) according to the instructions of the manufacturer.



LC-MS/MS Analysis

The tryptic peptides were dissolved in 0.1% formic acid (solvent A), directly loaded onto a 25 cm × 75 μm analytical column, 1.6-μm C18 beads with an integrated nanospray emitter (IonOpticks, Australia). The gradient was comprised of an increase from 6 to 22% solvent B (0.1% formic acid in acetonitrile) over 20 min, 22–30% in 6 min and climbing to 80% in 2 min and then holding at 80% for the last 2 min, all at a constant flow rate of 250 nl/min on a nanoElute UHPLC system (Bruker Daltonics Inc., Billerica, United States).

The peptides were subjected to the Capillary source, followed by the timsTOF Pro (Bruker Daltonics Inc., Billerica, United States) mass spectrometry. The electrospray voltage applied was 1.4 kV. Precursors, and fragments were analyzed at the TOF detector, with an MS/MS scan range from 100 to 1,700 m/z. The timsTOF Pro was operated in a parallel accumulation serial fragmentation (PASEF) mode. Precursors with charge states 0–5 were selected for fragmentation, and 10 PASEF-MS/MS scans were acquired per cycle. The dynamic exclusion was set to 24 s.



Database Search

The resulting MS/MS data were processed, using Maxquant search engine (v.1.6.6.0). Tandem mass spectra were searched against the pepper transcriptome database (unpublished) concatenated with a reverse decoy database. Trypsin/P was specified as a cleavage enzyme, allowing up to four missing cleavages. The mass tolerance for precursor ions was set as 40 ppm in the first search and the main search, and the mass tolerance for fragment ions was set as 40 ppm. Carbamidomethyl on Cys was specified as fixed modification, methionine oxidation, protein N-terminal acetylation, deamidation (NQ), and lysine acetylation as variable modifications. FDR was adjusted to <1%, and a minimum score for modified peptides was set >40. Proteins identified in at least two of the three replicates in at least one sample were considered for expression analysis. For modification sites intensity, while t-test p < 0.05, a fold change of >1.5 or <0.667 was regarded as significantly up- or downregulated, respectively.



GO, KEGG Annotation, and Enrichment Analysis

Gene Ontology, KEGG annotation, and enrichment analysis, used the same method described in proteome analysis.



Motif Analysis

Soft MoMo (motif-x algorithm) (V5.0.24) was used to analyze the model of sequences constituted with amino acids in specific positions of modify-21-mers (10 amino acids upstream and downstream of the site) in all protein sequences. All the database protein sequences were used as a background database parameter. Minimum number of occurrences was set to 20. Emulate original motif-x was ticked and other parameters with default.



Subcellular Localization

WoLF PSORT (v.0.25), a subcellular localization predication program, was used to predict subcellular localization of the proteins.




Production of Polyclonal Antibodies, Immunoprecipitation, and Western Blotting Analysis

Anti-PsaN, anti-PsbO, anti-PsaN-K155acetyl, and anti-PsbR-K44acetyl polyclonal antibodies were generated by HUABIO Inc. (Hangzhou, Zhejiang, China). Immunoprecipitation using anti-PsaN and an anti-PsbO antibody, and western blotting analysis, using anti-PsaN, anti-PsbO, anti-PsaN-K155acetyl, and Anti-PsbR-K44acetyl antibodies, were performed as previously described (Mo et al., 2015).




RESULTS AND DISCUSSION


Phenotype, Physiology, and Cell Microstructure Response of Peppers Under Cold Stress

Through phenotypic investigation, it was found that injury to A188 under cold stress appeared later and the plant recovered more easily, while the damage under cold stress to A122 appeared earlier, and it was difficult for the plant to recover (Figures 1A,B and Supplementary Figure 1). Malonaldehyde reflects oxidative injury of membranes; soluble sugars are important osmotic regulatory substances in plants, especially under cold stress; changes in relative water content probably reflect the degree of stress, whereas glutathione reductase activity is an enzyme involved in protection from oxidative stress, which usually accompanies cold stress. In this study, the application of cold stress caused these indexes to first increase and then decrease in both pepper varieties (Figures 1C–F). The leaf water content, soluble sugars, and glutathione reductase activity in A188 were significantly higher than those in A122, while the malonaldehyde content was significantly lower in A188 than in A122. The results of transmission electron microscopy showed that, with increasing cold-stress duration, the mesophyll cells gradually swelled, the cytoplasm separated from the cell wall, and the degree of damage to organelles deepened (Supplementary Figure 3). However, with the same cold-stress treatment, the degree of damage to A188 was lower than that to A122. Phenotypically and biochemically, A188 behaves as being cold tolerant, whereas A122 is a cold-sensitive variety.
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FIGURE 1. Phenotypic and physiological response of A188 (cold-resistant variety) and A122 (cold-sensitive variety) under cold stress and recovery stages. (A) Phenotype of cold-resistant A188 under different treatments. (B) Phenotype of cold-sensitive A122 under different treatments. (C) Changes in relative water content in the pepper leaves. (D) Changes in malondialdehyde content in the pepper leaves. (E) Changes in total soluble sugar contents in the pepper leaves. (F) Changes in glutathione reductase activity in the pepper leaves. T0, T1, T2, and R1 refer to 0 h, 2 h, 12 h of cold stress, and recovery 1 h after 72 h of cold stress treatment, respectively. The black and gray columns in the bar chart represent A188 and A122, respectively. The symbol * indicates a significant difference between A188 and A122 in the same treatment (P < 0.05).




Cold Stress Changes the Proteome Profile in Pepper Seedlings

To examine the whole proteome in response to cold stress, four treatment stages were analyzed in seedlings of the two pepper varieties. The proteomic analysis identified 37,025 (91.34%) unique peptides from a total of 40,536 detected peptides (a false discovery rate, FDR ≤ 0.01). In total, 6,213 protein groups (FDR ≤ 0.01) were identified based on these peptides, among which 5,161 protein groups were quantified (Supplementary Table 1). Among these proteins, 4,220 of 5,006 and 4,058 of 5,976 quantified proteins were found in all four stages in A188 and A122, respectively (Supplementary Figure 4A).



Statistics of DEPs Under Cold Stress

In this study, a total of 3,008 protein species were found to have significantly changed in the two varieties (Supplementary Table 2). Compared to T0 treatment, the number of DEPs increased with the stress and reached their highest number after R1 treatment, but the DEPs of A188 were significantly lower than those of A122 after R1 treatment (Figure 2A). At the same time, the number of downregulated proteins in A188 was always greater than the number of upregulated proteins, whereas proteins in A122 showed the opposite trend. This indicates that there is a significant difference in the protein-expression trend between the cold-resistant variety A188 and the cold-sensitive variety A122 under cold stress. Between these two varieties, the number of DEPs was basically the same after the T0, T1, and T2 treatments, but the number of DEPs reached 1,333 after R1 treatment (Figure 2B). This indicates that the response of these pepper varieties to cold stress is not only reflected in the stress process but also in the impact on the recovery process after the end of cold stress.
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FIGURE 2. Statistics of differentially expressed proteins/acetylated proteins under cold stress. (A) Numbers of differentially expressed proteins in different comparison groups. (B) Numbers of differentially expressed proteins between A188 and A122. (C) Numbers of differentially expressed acetylated proteins in different comparison groups. (D) Numbers of differentially expressed acetylated proteins between A188 and A122. The black and gray columns in the bar chart represent A188 and A122, respectively.




Gene Ontology Term Analysis of DEPs Under Cold Stress

Gene ontology databases were used to categorize all of the quantified DEPs (Figure 3A). In terms of the number of DEPs, cellular metabolic processes and intracellular and organic cyclic compound binding were predominant in biological processes, cellular components, and molecular function, respectively. To elucidate the functional differences of these proteins, next, the quantified DEPs were analyzed for GO enrichment based on clustering analysis. In the biological process category, many of the DEPs were enriched in the monocarboxylic acid metabolic process and the monocarboxylic acid biosynthetic process (Figure 3B). In the cellular component category, a large number of DEPs were highly enriched in the plastid part, chloroplast part, and organelle envelope (Figure 3C). In terms of molecular function, a large number of DEPs were highly enriched in ion binding, anion binding, and cation binding (Figure 3D).
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FIGURE 3. Gene Ontology analysis of quantified and differentially expressed proteins under cold stress. (A) GO annotation of quantified and differentially expressed proteins. (B) GO enrichment analysis in the biological process. (C) GO enrichment analysis in the cellular component. (D) GO enrichment analysis in the molecular function.




Statistics of Acetylation-Related Proteins in Proteome

In the proteomics data, 99 acylation-related proteins were identified, and 84 of these were quantified (Supplementary Table 3). Among these quantified acylation-related proteins, 24 were closely related to protein acetylation, namely, 19 acetyltransferase proteins (Cluster I) and five deacetylase proteins (Cluster II) (Figure 4). Histone acetyltransferase can participate in transcriptional activation, gene silencing, and other cellular processes, and it plays an important regulatory role (Boycheva et al., 2014). Its protein expression is regulated by abiotic stresses, such as low temperatures (Pavangadkar et al., 2010). Among the 19 acetyltransferase proteins, 10 showed significant changes under cold stress and between varieties differing in sensitivity, but the main change was in the expression of N-acetyltransferase proteins.
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FIGURE 4. Heat map analysis of acetylation-related proteins in proteomics under cold stress.


In the A188 and A122 varieties, the expressions of Capana03g004631 were significantly increased, by 1.512 and 2.079 times in T1, respectively. The expressions of Capana03g000730 significantly decreased by 0.728 and 0.718 times in T2. Additionally, Capana03g004633, Capana09g002402, and Capana12g000438 were found to have no significant changes during the cold stress; their expressions in A188 were always significantly lower than in A122. Ling et al. (2006) and Liu et al. (2007) found that, when treated with H2O2 or cisplatin, the transcriptional activity and the mRNA expression of N-acetyltransferase 10 are significantly increased, indicating that N-acetyltransferase expression is affected by related stresses. Enhanced production of melatonin by ectopic overexpression of human serotonin N-acetyltransferase has been found to play a role in cold resistance in transgenic rice seedlings (Kang et al., 2010). In this study, the changes in N-acetyltransferase in response to cold stress in pepper varieties with different cold-tolerance levels suggest that N-acetyltransferase may play a more important regulatory role in response to cold stress than histone acetyltransferase.

In terms of deacetylase, the expression of Capana04g001713 showed no significant changes after the T0, T1, or T2 treatments for either of the varieties, but the expression in A188 was significantly higher after R1 treatment, while the expression in A122 showed no significant changes. The expression of Capana05g001085 and Capana12g000224 was not identified or was low after each treatment of the two varieties, while Capana01g001049 and Capana03g000880 were highly expressed. However, there was no significant difference in these proteins during the whole process or between the two varieties.

Studies have shown that low temperatures can induce a large amount of deacetylase expression in plants (Ma et al., 2013, 2016), and this plays a certain role in improving their cold resistance. To et al. (2011) studied A. thaliana and found that HDA6 expression increased significantly after low-temperature treatment, suggesting that HDA6 may play an important role in cold acclimation and cold stress. In this study, the expression of HDA6 (Capana12g000224) was not identified in either of the two varieties after T0 treatment. However, after T1 treatment, the expression of HDA6 was identified in A122 but not A188. This indicates that HDA6 may be involved in the response to cold stress of cold-sensitive pepper varieties.



Cold Stress Changes the Acetylation Profile in Pepper Seedlings

The acetylation modification of proteins is common in plants, and it is likely to cause extensive modification of various aspects of cell physiology. To further understand the effect of cold stress on the change of acetylation modification in pepper seedlings, the two pepper varieties with different cold sensitivities were analyzed by acetylome. In the acetylome analysis, a total of 9,328 peptides and 4,461 acetylated modified peptides were identified by mass spectrometry. Further analysis found that a total of 2,261 protein groups from 4,574 lysine acetylation sites were identified, of which 3,713 sites in 1,875 protein groups were accurately quantified (Supplementary Table 4). Most of the identified proteins were modified at only one or two sites, and 23.17% of the proteins were modified at more than two sites (Supplementary Figure 5).



Statistics of Differentially Expressed Acetylated Proteins Under Cold Stress

To screen for differentially expressed acetylated proteins (DEAPs) in this study, proteins containing at least one differentially expressed acetylation site were defined as DEAPs. Under this filtering principle, a total of 768 acetylated protein expressions were found to have significant changes in the two varieties (Supplementary Figure 4B and Supplementary Table 5); among these, 117 were upregulated, and 197 were downregulated (Supplementary Figure 4B). Compared with T0 treatment, only 67 acetylated modified proteins were differentially expressed in A188 after T1 treatment, and most of these proteins showed upregulation. However, the DEAPs after T2 and R1 treatment of A188, and the DEAPs in all treatments of A122 were significantly increased, and these were mainly downregulated (Figure 2C). In the two pepper varieties, the number of DEAPs was the highest after the T1 and R1 treatments, among which the number of DEAPs after T1 treatment reached 285 (Figure 2D). According to the changes in the amount of DEAPs in A188 and A122 after T1 treatment, it can be seen that the sensitivities of the two pepper varieties are notably different, even in the early stages of cold stress. The cold-resistant variety has little stress response to cold, leading to a small number of DEAPs, and these were mainly upregulated; however, the cold-sensitive variety showed a greater stress response to cold; the number of DEAPs changed significantly, and these were mainly downregulated.



GO Analysis of Co-identified Proteins in Proteome and Acetylome

To compare the acetylation with the proteome, all identified acetylated proteins were matched with proteome data. In the results, a total of 1,988 proteins were identified in both the proteome and the acetylome (Supplementary Figure 6 and Supplementary Table 6). To elucidate the functional differences between the upregulated and downregulated proteins in these co-identified proteins, the DEPs were examined for GO enrichment based on clustering analysis (Figure 5). In terms of biological processes, the downregulated proteins in A188 were mainly enriched in the amide biosynthetic process, peptide metabolic process, and peptide biosynthetic process categories, while many of the upregulated proteins in A122 were enriched in these categories. In the cellular component category, many of the upregulated proteins in both A188 and A122 were enriched in the membrane protein complex. In the molecular function category, in A188, many of the upregulated proteins were enriched in protein complex and peptidase activity; downregulated proteins were mainly enriched in structural molecule activity and structural constituents of ribosomes. In A122, many of the upregulated proteins were enriched in structural molecule activity and RNA binding, while many of the downregulated proteins were enriched in hydrolase activity, acting on glycosyl bonds and transferase activity, transferring hexosyl groups. Clearly, the amide biosynthetic process, peptide metabolic process, peptide biosynthetic process, and structural molecule activity categories in the GO enrichment analysis showed large differences between A188 and A122. It could be suggested that the proteins and acetylated proteins in these categories may play important roles in the cold resistance of pepper plants.
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FIGURE 5. Functional enrichment analysis between the upregulated and downregulated proteins in co-identified proteins. The percentage of differentially expressed proteins indicates the ratio of the mapping proteins to all mapping proteins. The percentage of identified proteins indicates the ratio of the background proteins to all background proteins.




Motif Analysis of Lysine-Acetylated Sites

Twenty acetylation motifs were defined on 3,934 unique sites, accounting for 86.01% of the total lysine-acetylated sites, using the MoMo software package (Figure 6A and Supplementary Table 7). These motifs exhibited different abundances, and motifs ∗KS∗, ∗KY∗, and ∗KH∗ occupied the highest proportions of all the identified peptides; ∗AxxKP∗ occupied the lowest proportion in these motifs (Figure 6B). This indicates that the lysine residues around some alkaline residues (S, Y, or H) may be more easily acetylated under cold stress.
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FIGURE 6. Functional bioinformational analysis of acetylated proteins. (A) Sequence motif analysis of acetylated sites. (B) The number of identified peptides containing acetylated sites in each motif. (C) The relative abundance of amino acid residues flanking the acetylated sites represented by an intensity map. (D) Comparison of non-modified and modified-acetylated proteins amino acids in protein secondary structures. (E) Comparison of non-modified and modified-acetylated proteins amino acids in protein surface accessibility. (F) Distribution of the acetylated proteins in subcellular compartments.


There is increasing evidence that suggests that different species show distinct preferences for amino acid residues at specific positions surrounding acetylated lysines (Pan et al., 2014). According to the heat map of the amino acid compositions surrounding the acetylation sites, histidine (H) and tyrosine (Y) were significantly overrepresented in positions −3 to +3; other residues, such as phenylalanine (F) and serine (S), were highly presented in position +1 (Figure 6C). Previous studies have found that three motifs common in pepper (∗KY∗, ∗KH∗, and ∗KF∗) also exist in rice (Hartl et al., 2017) and strawberry (Smith-Hammond et al., 2014). This indicates that the preferences for amino acid distribution present similarities among different species, although some other distinct amino acid residues were also present in these species.



Secondary Structure Analysis of Acetylated Proteins

To determine whether acetylated lysine occurs frequently within particular structures in proteins, the probabilities of different secondary structures near acetylated lysine sites were compared with the secondary structure probabilities of non-modified lysine sites on the proteins identified in this study. The results show that the possibility of α-helix occurring in non-modified lysine are higher than in modified lysine, while the possibility of coiling occurring in modified lysine was higher than in non-modified lysine (Figure 6D). A total of 69.55% of modified lysine was distributed in regions predicted to be disordered (coiled) proteins. In addition, 30.48% of modified lysine was distributed in ordered regions. This result was highly similar to the distribution in a silkworm (Nie et al., 2015) and rice (Nallamilli et al., 2014). This indicates that the acetylated modifications also tend to occur in the unstructured regions (coils) in pepper proteins. The surface accessibility of the acetylated lysine was also analyzed. The results show that 39.62% of non-modified lysine and 38.10% of the modified lysine, respectively, were located on the protein surface (Figure 6E). Therefore, lysine acetylation is likely to slightly affect the surface properties of modified proteins in pepper.



Subcellular Localization Analysis of Acetylated Proteins

During the whole process of cold-stress treatment, subcellular distribution predictions showed that acetylated proteins in A188 and A122 pepper leaves were distributed predominantly in the chloroplast, cytoplasm, and nucleus. In contrast, there were relatively few acetylated proteins located in the mitochondria, plasma membrane, or extracellular space (Figure 6F). Compared with the T0 treatment, after the T1 and R1 treatments, A122 showed more DEAPs in the chloroplasts and cytoplasm than A188. In addition, between the two varieties, the number of DEAPs in the chloroplasts and cytoplasm after the T1 and R1 treatments was also the highest (Supplementary Figure 7). This suggests that cold stress mainly affects the abundance of acetylated proteins located in the chloroplasts and cytoplasm of pepper leaves.



Clustering Analysis of Acetylated Proteins

To obtain an unbiased view of the acetylated proteome expression dynamics under cold stress, we performed unsupervised fuzzy clustering of all DEAPs. Through this analysis, six trend clusters with the largest number of acetylated proteins were obtained (Figure 7A). Furthermore, GO functional annotation analysis was also carried out for the DEAPs in these clusters (Figure 7B). The results showed that all of the acetylated proteins in Clusters II and III were upregulated. The proteins in Cluster II were mainly associated with apoplasts, poly-pyrimidine tract binding, and poly (U) RNA binding, while the proteins in Cluster III were mainly involved in the terms associated with the transmembrane transporter activity and envelope. Furthermore, some acetylated proteins in Clusters II and III were found to be enriched in thylakoids, plastid envelope, and chloroplast envelope. The proteins in Cluster IV were mainly involved in unfolded protein binding, positive regulation of leaf senescence, and regulation of miRNA metabolic process. The proteins in Cluster VI were associated with apoplast, nicotinamide adenine dinucleotide phosphate (NADP) binding, and fructose-bisphosphate aldolase activity. Acetylated proteins in Clusters I and V were both downregulated under cold stress. The proteins in Cluster I were mainly involved in apoplasts, mitochondria, and some terms associated with metabolic processes. However, proteins in Cluster V were mainly associated with apoplasts. It can be seen from this clustering trend that acetylated proteins in Clusters I, II, V, and VI were clustered into apoplasts in large quantities, indicating that significant changes in apoplasts in pepper leaves were expressed more under cold stress.
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FIGURE 7. Dynamic acetylome remodeling of peppers during cold stress and recovery stages. (A) Unsupervised clustering of acetylome dynamics revealed top six clusters with distinct protein expression profiles. n represents the number of acetylated proteins per cluster. (B) Gene ontology enrichment analysis of each cluster. Representative biological process (BP), cellular components (CC), and molecular function (MF) that are overrepresented in one of the clusters are visualized. (C) Unsupervised clustering of acetylome dynamics revealed top six clusters with distinct protein expression profiles in A188 and A122, respectively. n represents the number of acetylated proteins per cluster.


To explore the reasons for the difference in cold resistance of the two pepper varieties, trend clustering analyses of A188 and A122 were conducted, and it was found that the top-six changes (those with the largest numbers) in the clusters for the two pepper varieties had the same overall trend, but there were still significant differences between the two varieties (Figure 7C). The trends in the change of acetylated proteins in Clusters II and V were opposite in treatments T2 and R1. The variation trend in Clusters IV and VI showed significant differences between treatments T0 and T1; the acetylated protein expression abundance of A188 was basically unchanged, while that of A122 was significantly downregulated. The difference in Clusters II, IV, V, and VI indicated that the difference in the expression trend of acetylated proteins in treatments T1 and R1 was an important reason for the significant difference in the resistance to cold stress between the two peppers. In the early stages of cold stress (T1 treatment), the expression of some important proteins in A122, which has weak resistance to low-temperature stress, was significantly downregulated; this may weaken its resistance to cold stress and deepen the damage caused by it. However, after a long period of cold stress (R1 treatment), the cold-resistant pepper A188 suffered less damage, and a large number of proteins showed little change, while proteins in the cold-sensitive pepper A122 were significantly upregulated to repair stress damage.



KEGG Analysis of Acetylated Proteins

Lysine acetylation has been shown to play a major role in metabolism regulation in eukaryotes (Walley et al., 2018). In this study, 397 identified acetylated proteins were involved in 93 different metabolic pathways (Supplementary Table 8). Of these metabolic pathways, 21 identified more than 10 acetylated proteins. Among these, 49 acetylated proteins were involved in ribosomes, 35 were involved in glycolysis/gluconeogenesis, 32 were involved in glyoxylate and dicarboxylate metabolism, 31 were involved in carbon fixation in photosynthetic organisms, 23 were involved in protein processing in endoplasmic reticulum, 22 were involved in the pentose phosphate pathway and glutathione metabolism, and 19 were involved in oxidative phosphorylation and photosynthesis. Almost all the proteins involved in the basic metabolic pathway were identified to be acetylated, indicating the role of reversible lysine acetylation in regulating and controlling cellular protein activity at the PTM level during cold stress.



Photosynthesis

Light functions in photosynthesis to produce “assimilatory power” (ATP and NADPH) to push the dark reaction, and the process is carried out by photosystem I (PS I), photosystem II (PS II), and light-harvesting pigments in the thylakoid membrane. Under cold stress, other substances, such as peroxiredoxins, H2O2, and metabolic intermediates, will be produced due to the imbalance caused by excessive energy being captured by the chlorophyll antenna complex (Huner et al., 2012). When suffering cold stress, proteins in the photosynthesis pathway are modified by different degrees of acetylation. A total of 111 acetylation modification sites were identified from 19 acetylated proteins in the photosynthetic pathway. Among these, 55 sites showed significant differences in the level of acetylation modification (Figure 8 and Supplementary Table 9).
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FIGURE 8. Comparative analysis of acetylated proteins involved in the photosynthesis pathway. (A) Schematic illustration of the photosynthesis pathway. (B) Heat map analysis of acetylated proteins involved in the photosynthesis pathway. (C) Western blotting analysis of photosystem II 10 kDa polypeptide (PsbR) acetylation and photosystem I reaction center subunit N (PsaN). PsaA, photosystem I P700 chlorophyll a apoprotein A1; PsaD, photosystem I reaction center subunit II; PsaN, photosystem I reaction center subunit N; PsaE, Photosystem I reaction center subunit IV A; PsbO, oxygen-evolving enhancer protein 1; PsbP, oxygen-evolving enhancer protein 2; PsbR, photosystem II 10 kDa polypeptide; PsbQ, oxygen-evolving enhancer protein 3-2; PsbB, photosystem II CP47 chlorophyll apoprotein; PetC, cytochrome b6-f complex iron-sulfur subunit; PetA, apocytochrome f; PetH, Ferredoxin–NADP reductase; AtpA, ATP synthase subunit alpha; AtpC, ATP synthase gamma chain; AtpD, ATP synthase delta chain; AtpF, ATP synthase subunit b.


Photosystem II is responsible for absorbing light energy and using it to split H2O, producing protons and releasing O2. Cold stress and other environmental factors can easily lead to reduced PS II transport capacity by changing the protein expression pattern (Huner et al., 2012; Lamers et al., 2020). Studies have shown that the oxygen-evolving enhancer protein 1 (PsbO) complex is the most closely related peripheral protein, and this plays the role of stabilizing manganese clusters while playing an auxiliary role in maintaining the oxygen release reaction on the chloroplast thylakoid membrane (Hasni et al., 2015). Removal of this protein results in both the loss of oxygen-evolving activity and a reduction in the number of manganese ions bound to the thylakoid membrane (Mayfield et al., 1987). A deficiency in the PS II 10-kDa polypeptide (PsbR) protein reduces the expression levels of oxygen-evolving enhancer protein 2 (PsbP), oxygen-evolving enhancer protein 3-2 (PsbQ), and D2 proteins in PS II, resulting in the decrease of the oxygen precipitation rate and the reoxidation of quinone (Allahverdiyeva et al., 2013).

Acetylation can have a range of biochemical and biological effects; acetylation of LHCB1 and LHCB2 appears to influence LHC attachment to PS II complexes (Wu et al., 2011). Liu et al. (2019) found that the acetylation levels of PsaH2, LHCB6, and LHCA1 at high temperatures were downregulated in grape leaves. In this study, the acetylation levels of PsbO (K99 and K133 of Capana02g003173, K97, and K273 of Capana02g000764) and PsbR (K44 of Capana07g002488) in the PS II of A188 were significantly higher than those of A122 at the initial stage of cold stress (2 h); the acetylation levels of PsbO (K149 of Capana02g000764, K133 of Capana02g003173) and PsbR (K44 of Capana07g002488) were still significantly higher than those of A122, following 1 h of recovery after 72 h of cold stress. This indicates that acetylation of the PsbO and PsbR proteins could regulate the response of leaves to cold stress and promote the activity of these proteins in PS II with the increase of their modification level. This will accelerate water cleavage, release oxygen, and alleviate the photoinhibition effect of cold stress on PS II. To validate the acetylation events in PsbR (K44 of Capana07g002488), we carried out western blotting analysis of the whole cell lysate under different cold conditions, using a pan anti-acetylation antibody and an anti-PsbR-K44 acetyl antibody (Figure 8C). Our findings confirmed PsbR (K44 of Capana07g002488) acetylation through immunoprecipitation, and the acetylation levels remained consistent with the lysine acetylome results.

Although PS II is considered to be the primary site of photoinhibition, it is the component most sensitive to low temperatures in photosynthetic apparatus (Gerganova et al., 2016). However, studies have found that under low-temperature photoinhibition, PS I rather than PS II is the primary action site of photoinhibition in higher plants, and the photoinhibition of PS I is the main reason for photosynthetic decline of cold-sensitive plants under cold stress (Yang et al., 2017). Cold stress can inhibit the activity of plant carbon dioxide fixation-related enzymes, thus inhibiting the rate of carbon assimilation, leading to the excessive accumulation of reducing force NADPH on the PS I receptor side, causing excessive reduction (Golbeck, 1987), promoting the generation of hydroxyl radicals, and ultimately accelerating the photoinhibition of PS I (Huang et al., 2018). In this study, the acetylation level of PS I reaction center subunit N (PsaN, k155 of Capana01g004493) protein of cold-resistant material A188 was always significantly higher than that of A122 under cold stress and recovery after cold stress, while other subunit proteins in PS I showed no significant differences. PsaN, a subunit that mediates LHCII energy delivery to the PS I core in plants and green algae (Vanselow et al., 2009), plays an important role in drawing from plastocyanin to P700 efficient electron transport. In the absence of PsaN, the second-order rate constant for plastocyanin oxidation decreases to about 60% (Haldrup et al., 1999). This indicates that the increase of the PsaN (k155 of Capana01g004493) acetylation modification level in the light system PS I may promote the energy transfer in PS I, which plays an important role in alleviating the photoinhibition of PS I under cold stress. To validate the acetylation events in PsaN (k155 of Capana01g004493), we also carried out western blotting analysis of the whole cell lysate under different cold conditions, using a pan anti-acetylation antibody and an anti-PsaN-K155 acetyl antibody (Figure 8C). Our findings confirmed PsaN (k155 of Capana01g004493) acetylation through immunoprecipitation, and the acetylation levels remained consistent with the lysine acetylome results.



Carbon Fixation in Photosynthetic Organisms

When suffering cold stress, most enzyme proteins in the “carbon fixation in photosynthetic organisms” pathway were also modified by different degrees of acetylation. A total of 163 acetylation modification sites were identified from 31 acetylated proteins in the carbon fixation in photosynthetic organism pathway, of which 82 sites showed significant differences in the level of acetylation modification (Supplementary Table 10 and Figure 9). It was found that the acetylation level of proteins in the carbon fixation in photosynthetic organism pathway of the two pepper varieties mainly decreased across the whole period of cold stress and recovery.
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FIGURE 9. Comparative analysis of acetylated proteins involved in carbon fixation in photosynthetic organisms. FBPase, fructose-1,6-bisphosphatase; TKT, Transketolase; SBPase, sedoheptulose-1,7-bisphosphatase; PRK, phosphoribulokinase; RPE, ribulose-phosphate 3-epimerase; PPDK, pyruvate, phosphate dikinase; TPI, triosephosphate isomerase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RuBisco, ribulose bisphosphate carboxylase; PPC, phosphoenolpyruvate carboxylase; MDH, malate dehydrogenase; FbaA/FbaB, fructose-bisphosphate aldolase. PGK, phosphoglycerate kinase.


Low temperatures inhibited sucrose synthesis in the cytoplasm and reduced the circulation between the cytoplasm and chloroplast of inorganic phosphate released by sucrose synthesis (Hurry et al., 2000). This, in turn, hindered the synthesis of the ATP required for ribulose-1,5-phosphate reconstruction, resulting in the failure of normal fixation of CO2. The activity of fructose-1,6-bisphosphatase (FBPase) in metabolic pathways also affects starch synthesis and carbon metabolism balance (Rojas-González et al., 2015; Gütle et al., 2016). Studies have found that low-temperature stress can reduce the activity of FBPase in tomatoes (Hutchison et al., 2000) and woody plants (Allen and Ort, 2001). In this study, there were no significant changes in the protein abundance of ribulose bisphosphate carboxylase (Rubisco) and FBPase under cold stress. However, in the initial stages of cold stress (T1 treatment), the acetylation levels of FBPase (k212, k218, and k227 of Capana04g001331) in A188 were significantly higher than those in A122 (Figure 9). This indicates that maintaining high levels of acetylation of FBPase in the early stages of cold stress may be an important molecular regulatory mechanism for enhancing the cold resistance of pepper plants.

There are also sedoheptulose-1,7-bisphosphatases (SBPases) similar to FBPases in plants, which have the same origin but different functions in the process of evolution. SBPase is a unique and key enzyme, and its activity is highly regulated; it controls the carbon circulation in the Calvin cycle process (Köhler et al., 2017). Studies have shown that SBPase activity is affected by the reduced reduction capacity of chloroplast matrix at low temperatures (Wise, 1995), and a high level of SBPase activity under low-temperature stress is beneficial to the photosynthesis and carbon fixation of tomato plants and resistance to low-temperature-induced oxidative stress—thus, enhancing the resistance of tomatoes to low-temperature stress (Ding et al., 2017). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in chloroplasts plays a central role in the Calvin cycle of CO2 assimilation through specific binding of NADPH (McFarlane et al., 2019). The promoter of DbGAPDH in Chlorophyta (Dunaliella bardawil) contained six obvious regulatory elements, including an aerobic response element, a light regulatory element, and a cold-stress regulatory element, indicating that DbGAPDH has a certain regulatory ability for cold stress (Lao et al., 2012); GAPDH and phosphoribulokinase (PRK) synergistically regulate the Calvin cycle by forming a reversible PRK/GAPDH/CP12 multi-enzyme complex with the chloroplast intrinsic protein CP12 (Howard et al., 2011).

In this study, the acetylation levels of SBPase, PRK, and GAPDH were significantly higher in A188 than A122 after treatments T1 and T2. Among these, the acetylation levels of SBPase (K245 of Capana05g002020), PRK (K76 of Capana01g000893), and triosephosphate isomerase (TPI, K70 of Capana05g000346) were always significantly higher in A188 than in A122, while the acetylation levels of GAPDH (k57 and k62 of Capana06g000896, k130 of Capana04g0059, k98 of Capana12g000555) and GAPDH (k212 of Capana06g000896, k107 and k178 of Capana12g000555) were increased after treatments T1 and T2, respectively. However, the abundance of these proteins did not change significantly overall under cold stress. Liu et al. (2019) also established that acetylation had a greater effect on the Calvin cycle than other modifications. This indicates that the acetylation levels of SBPase, PRK, and GAPDH are positively correlated with their enzyme activity; the higher the level of their acetylation modification, the stronger the enzyme activity and the higher the carbon assimilation capacity, and this, therefore, reduces photoinhibition damage. Moreover, the increase of the TPI (k70 of Capana05g000346) acetylation level in A188 is helpful to catalyze the formation of glyceraldehyde 3-phosphate into glycerol phosphate and accelerate the cycle speed of the carbon assimilation and the regeneration stage. Therefore, we consider that the decrease of the acetylation levels of key carbon assimilation enzymes, such as Rubisco, FBPase, SBPase, GAPDH, PRK, and TPI under cold stress, is an important reason for the decreases in carbon assimilation capacity and photosynthetic efficiency. Enhancing the acetylation levels of key carbon assimilation enzymes can thus promote the carbon assimilation pathway to fix CO2 and produce more sucrose, which then forms fructan and other substances to accumulate in mesophyll cells (Savitch et al., 2002), thus effectively enhancing the ability of pepper plants to resist cold stress.




CONCLUSION

In summary, a total of 6,213 proteins and 4,574 acetylated protein sites were identified by proteome and lysine acetylome analysis in this study. Further analysis found that a total of 1,988 proteins were identified in both the proteome and acetylome, and the functional differences in these co-identified proteins were elucidated through GO enrichment. The dynamic changes in the acetylated proteins in photosynthesis and the carbon fixation in the photosynthetic organism pathway in pepper under low-temperature stress were further analyzed. It was found that acetylation of the PsbO and PsbR proteins in the PS II light system and the PsaN protein in the PS I light system could regulate the response of pepper leaves to cold stress, and the acetylation levels of Rubisco, FBPase, SBPase, GAPDH, PRK, and TPI of key carbon assimilation enzymes decreased, leading to decreases in carbon assimilation capacity and photosynthetic efficiency, reducing the cold tolerance of pepper leaves. This study greatly expands the catalog of lysine acetylation substrates and sites in Solanaceae crops and provides new insights for posttranslational modification studies.
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