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Carrot (Daucus carota L.) Seed Germination Was Promoted by Hydro-Electro Hybrid Priming Through Regulating the Accumulation of Proteins Involved in Carbohydrate and Protein Metabolism












	 
	ORIGINAL RESEARCH
published: 10 February 2022
doi: 10.3389/fpls.2022.824439





[image: image]

Carrot (Daucus carota L.) Seed Germination Was Promoted by Hydro-Electro Hybrid Priming Through Regulating the Accumulation of Proteins Involved in Carbohydrate and Protein Metabolism

Shuo Zhao1, Hao Zou2, Yingjie Jia3, Xueqin Pan3 and Danfeng Huang1,3*

1School of Agriculture and Biology, Shanghai Jiao Tong University, Shanghai, China

2School of Mechanical Engineering, Institute of Refrigeration and Cryogenics, Shanghai Jiao Tong University, Shanghai, China

3Shanghai Vegetable Research Institute, Shanghai, China

Edited by:
Andrej Frolov, Leipzig University, Germany

Reviewed by:
Jinwei Suo, Zhejiang Agriculture and Forestry University, China
Łukasz Wojtyla, Adam Mickiewicz University, Poland

*Correspondence: Danfeng Huang, hdf@sjtu.edu.cn

Specialty section: This article was submitted to Plant Proteomics and Protein Structural Biology, a section of the journal Frontiers in Plant Science

Received: 29 November 2021
Accepted: 20 January 2022
Published: 10 February 2022

Citation: Zhao S, Zou H, Jia Y, Pan X and Huang D (2022) Carrot (Daucus carota L.) Seed Germination Was Promoted by Hydro-Electro Hybrid Priming Through Regulating the Accumulation of Proteins Involved in Carbohydrate and Protein Metabolism. Front. Plant Sci. 13:824439. doi: 10.3389/fpls.2022.824439

Asynchronized and non-uniform seed germination is causing obstacles to the large-scale cultivation of carrot (Daucus carota L.). In the present study, the combination of high voltage electrostatic field treatment (EF) with hydropriming (HYD), namely hydro-electro hybrid priming (HEHP), significantly improved all germination indicators of carrot seeds, and the promoting effect was superior to that of the HYD treatment. A tandem mass tags (TMT)-based proteomic analysis identified 4,936 proteins from the seeds, and the maximum number of differentially abundant proteins (DAPs) appeared between CK and HEHP. KEGG analysis revealed that the upregulated DAPs were mainly enriched in the pathways related to protein synthesis and degradation such as “ribosome” and “proteasome,” while the downregulated DAPs were mainly enriched in photosynthesis-related pathways. Furthermore, the maximum DAPs were annotated in carbohydrate metabolism. Some proteins identified as key enzymes of the glyoxylate cycle, the tricarboxylate cycle, glycolysis and the pentose phosphate pathway showed enhanced abundance in priming treatments. The activities of several key enzymes involved in carbohydrate metabolism were also enhanced by the priming treatments, especially the HEHP treatment. Real-time quantitative PCR (qRT-PCR) analysis revealed that the effect of priming is mainly reflected before sowing. In conclusion, the optimal effect of HEHP is to regulate the synthesis and degradation of proteins in seeds to meet the requirements of germination and initiate the utilization of seed storage reserves and respiratory metabolism. The present work expanded the understanding of the response mechanism of carrot seed germination to priming and the biological effects of high voltage electrostatic field.
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INTRODUCTION

Rapid and uniform germination is a crucial factor in determining field performance and crop yield, especially under the increasing uncertainty caused by global climatic change (Marcos-Filho, 2015; Finch-Savage and Bassel, 2016). Asynchronized and non-uniform seed germination is causing obstacles to the large-scale cultivation of carrot (Daucus carota L.). The mechanized precision sowing widely used in carrot cultivation also puts forward higher requirements for the germination performance of carrot seeds. Our group has developed a novel seed priming technology named hydro-electro hybrid priming (HEHP) by combining high voltage electrostatic field treatment (EF) and hydropriming (HYD). Moreover, we applied this method to carrot seeds for the first time, which expanded the model of the presowing treatment of carrot seeds.

Seed germination is essential to determine the connection between two successive plant generations, which is generally composed of three phases: rapid imbibition (phase I), metabolism reactivation (phase II) and radicle emergence (phase III) (Finch-Savage and Leubner-Metzger, 2006; Dekkers et al., 2013). Phase II is the critical phase of germination for extensively activated gene expression and metabolic activity, during which imbibed seeds either complete the germination process or remain dormant (Carrera et al., 2007; Han et al., 2017). Seed priming tends to advance some metabolic processes related to germination and avoid radicle extension by controlling the hydration state of seeds in phase II (Zhao et al., 2018; Srivastava et al., 2021). After desiccation, the seeds can still be stored for a certain period of time for commercial transportation and sales (Gallardo et al., 2001; Fabrissin et al., 2021). Seeds after priming usually show excellent germination performance by reducing the imbibition time (Espanany et al., 2016; Zhao et al., 2020; Chakma et al., 2021). As a non-chemical method, HYD is mainly carried out by soaking seeds with distilled water or controlling the water supply under optimal temperature conditions, which is environmentally safe and low cost, and the effect is remarkable (Yan, 2016; Nakao et al., 2020), but the seeds are easily infected by harmful microorganisms in the process of long-term priming (Singh et al., 2015). By applying EF treatment on the basis of HYD, HEHP achieves the goal of reducing the priming time, and this novel priming method has been successfully applied to onion seeds (Zhao et al., 2018).

At the stage of seed germination and seedling establishment, proteins are directly responsible for regulating biochemical reactions and metabolic processes in seeds (Li et al., 2019). The synthesis of specific proteins is necessary for the smooth progress of seed germination. For example, amanitine (an RNA polymerase II inhibitor) did not inhibit seed germination, while cycloheximide (a protein synthesis inhibitor) prevented the extension of the radicle (Rajjou et al., 2004; Sano et al., 2012). Studies on Arabidopsis thaliana have shown that more than 10,000 kinds of mRNA are stored in dry seeds (Nakabayashi et al., 2005). Within a few hours after seed imbibition, seeds can use these mRNAs and polysomal protein-synthesizing complexes appear in seeds for protein synthesis (Bewley, 1997). Meanwhile, the amino acids needed for de novo protein synthesis after germination are realized through the degradation of storage proteins. Various types of 20S proteasomes related to proteolysis increased abundance during germination (Rajjou et al., 2006; Wang et al., 2012). In addition, increased accumulation of proteins related to glycolysis, tricarboxylate cycle (TCA cycle) and pentose phosphate pathway were found in the germination process (Sano et al., 2012; Gu et al., 2016). The early stage of seed imbibition experienced a short anaerobic period. When the production of mitochondrial ATP is limited by hypoxia, the glycolysis pathway is dominant, while the pentose phosphate pathway is dominant after mitochondria become active (Nonogaki et al., 2010), and thus the accumulation of proteins involved in these pathways is required during early seed germination.

Proteomic techniques can effectively identify the characteristics of protein composition, which is an effective way to explore the molecular physiological basis of seed priming (Macovei et al., 2017; Marthandan et al., 2020). Numerous studies have used proteomic techniques to further uncover the molecular mechanisms of seed priming such as durum wheat (Fercha et al., 2013), maize (Araujo et al., 2021), rapeseed (Kubala et al., 2015) and alfalfa (Yacoubi et al., 2013), which focused on key proteins involved in reserve mobilization, protein metabolism, cell cycle and antioxidant protection through the analysis of the differentially abundant proteins (DAPs). However, as a representative of Apiaceae crops, the seeds of carrot come from cremocarp, so it is worth exploring whether the response of carrot seeds to priming is also related to these processes. Nevertheless, few studies have investigated the biological mechanism of seed priming on carrot seed germination and the proteome response of carrot seeds mediated by seed priming remains unknown.

In the present study, the tandem mass tags (TMT) isobaric labeling approach was applied to quantitatively analyze the proteome of carrot seeds, and through the analysis of DAPs, we focused our attention on the proteins involved in protein and carbohydrate metabolism. In conjunction with physiological determination, we explored the initiation effect of HEHP treatment on carrot seed germination and compared it with that of HYD treatment.



MATERIALS AND METHODS


Materials and Seed Treatment Protocols

Carrot seeds (Daucus carota L. Naaisi) were harvested in 2019 and purchased from Shanghai Wells Seeds Co., Ltd (Shanghai, China). Seeds were stored under proper conditions (5°C and 50% relative humidity).

For the HYD and HEHP treatments, the carrot seeds were first soaked in distilled water at 20°C for 6 h. Then for HEHP, the positive and negative electrodes of a BM-201 electrostatic field generator (made in Jiangsu, China) were connected to two 10 cm × 10 cm copper plates placed 1 cm apart; the seeds were placed on the lower plate (cathode) and exposed to a 2 kV/cm EF for 90 s after absorbing the surface moisture with absorbent paper. The EF parameters were widely selected by pre-experiments. Then HYD and HEHP were imbibed in a climate chamber (QHX-300BSH-III, made in Shanghai, China) set at 22°C at 98% humidity for 48 h in the dark, and desiccated at 25°C in a drum wind dryer until the initial weight was achieved. The HEHP treatment procedures are shown in Figure 1. The control (CK) was not treated in any way. Seed germination experiments and proteomic analysis were conducted on the seed samples from the three treatments (CK, HYD and HEHP).
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FIGURE 1. Processing protocols of the HEHP treatment. EF: high voltage electrostatic field treatment.




Seed Germination Conditions

Fifty carrot seeds were sown in a Petri dish covered with 3 layers of sterile filter paper and moistened with 4 ml distilled water in a climate chamber (QHX-300BSH-III, made in Shanghai, China) set at 20°C and 80% relative humidity. The photoperiod was set to 14/10 h of light/dark obtained by using TL lights (TLD 30W/865 cool daylight, PHILIPS, made in Tailand) set at 40 μmol/(m2⋅s). Distilled water (0.5 ml) was added to the Petri dish every 24 h after sowing. A seed was considered germinated when the radicle protruded through the seed coat. The number of germinated seeds and germination percentage (%) every 24 h were recorded after sowing until fifth day after sowing. Average radicle length (RL, mm) and fresh weight per 10 randomly selected seedlings (FW, g) were determined on the fifth day. The germination index (GI) and vigor index (VI) were calculated by the following formula. A total of 18 samples (3 treatments × 6 biological replications) were used for germination test.
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Dt is the number of days for counting the number of germinated seeds, and Gt is the number of germinated seeds counted corresponding to the number of days.



Total Protein Extraction

The seed samples used for proteomic analysis were dry seeds with different treatments. The samples of carrot seeds (0.5 g per sample, approximately 200 seeds) were ground into a fine powder in liquid nitrogen. Then the powder was suspended in lysis buffer (8 M urea + 1% SDS, including protease inhibitor). The mixture was allowed to settle at 4°C for 30 min, and processed by ultrasound for 2 min at 0°C. After centrifugation at 12,000g at 4°C for 30 min, protein quantification was performed using BCA protein assay kit (Pierce, Thermo, United States). A total of 9 samples (3 treatments × 3 biological replications) were used for analysis.



Protein Digestion and Tandem Mass Tags Labeling

Protein digestion was performed according to the standard procedure and the resulting peptide mixture was labeled using 10-plex TMT reagent (Thermo Fisher, Art.No.90111) according to the manufacturer’s instructions. 100 μg protein taken from each sample was mixed with 100 μL of the lysate. TCEP (10 mM) was added and then it was stored at 37°C for 60 min. Then iodoacetamide (40 mM) was added and stored in dark at room temperature for 40 min. Precooled acetone was added and precipitated at −20°C for 4 h, then centrifuged at 10,000 g for 20 min, and took the precipitate. The sample was dissolved with 50 mmol/L riethylammonium bicarbonate (TEAB), then trypsin was added according to the mass ratio of 1: 50 and enzymolysis at 37°C overnight.

Tandem Mass Tags reagent was taken out at −20°C and was restored to room temperature. Then acetonitrile was added. After vortex centrifugation, TMT reagent was added per 100 μg polypeptide and incubated at room temperature for 2 h. Hydroxylamine was added and reacted at room temperature for 15 min. The same amount of labeled product was mixed in a tube and vacuum-dried.



High Performance Liquid Chromatography Separation

The pooled samples were fractionated by ACQUITY Ultra Performance liquid chromatography (Waters, United States) with an ACQUITY UPLC BEH C18 Column (1.7 μm, 2.1 mm × 150 mm, Waters) to increase proteomic depth. Briefly, peptides were first separated with a gradient of elution (Phase B: 5 mM ammonium hydroxide solution containing 80% acetonitrile, pH 10) over 48 min at a flow rate of 200 μl/min. A total of twenty fractions were collected according to peak shape and time, combined into ten fractions, and concentrated by vacuum centrifugation.



LC-MS/MS Analysis

Labeled peptides were analyzed by online nanoflow liquid chromatography tandem mass spectrometry performed on a 9RKFSG2_NCS-3500R system (Thermo, United States) connected to a Q Exactive Plus quadrupole orbitrap mass spectrometer (Thermo, United States) through a nanoelectrospray ion source. The C18 chromatographic column (75 μm × 25 cm, Thermo, United States) as equilibrated with solvent A (A:2% formic acid with 0.1% formic acid) and solvent B (B: 80% ACN with 0.1% formic acid). The peptides were eluted using the gradient (0–4 min, 0–5% B; 4–66 min, 5–23% B; 66–80 min, 23–29% B; 80–89 min,29–38% B; 89–91 min, 38–48% B; 91–92 min, 48–100% B; 92–105 min, 100% B; 105–106 min, 100–0% B) at a flow rate of 300 nL/min. The Q Exactive Plus was operated in the data-dependent acquisition mode to automatically switch between full scan MS and MS/MS acquisition. The survey of full scan MS spectra (m/z 350–1,300) was acquired in the Orbitrap. Then the top 20 most intense precursor ions were selected for secondary fragmentation, and the dynamic exclusion time was 18 s.



Protein Identification, Quantification and Bioinformatics Analysis

The raw data files were analyzed using Proteome Discoverer against the carrot database.1 The false discovery rate (FDR) of peptide identification during library search is set to FDR ≤ 0.01. The protein contains at least one specific peptide.

The screening criteria of differentially abundant proteins (DAPs) were as follows: P value < 0.05 and fold change (FC) > 1.5 were identified as upregulated DAPs, P value < 0.05 and FC < 0.67 were identified as downregulated DAPs. Annotation of DAPs was performed using Gene Ontology (GO)2,3 and Kyoto Encyclopedia of Genes and Genomes (KEGG).4 DAPs were also used for KEGG enrichment analysis.



Determination of Key Enzyme Activities

The samples used for enzyme activity determination were conducted on the seeds (0.2 g for each sample, approximately 80 dry seeds or 50 imbibed seeds) at S0 (before sowing) and S20 (during germination, 20 h imbibed after sowing). All samples were frozen in liquid nitrogen and stored in a refrigerator at −80°C. The activity of malate synthase (MS, EC 2.3.3.9) was determined by assay kits (Michy Biomedical Technology Co., Ltd., Jiangsu, China) based on the principle that malate synthase catalyzes acetyl-CoA and glyoxylate to produce malate and CoA and transforms colorless DTNB into yellow TNB, with characteristic absorbance at 412 nm. The activity of sucrose synthase (SS, breakdown direction, EC 2.4.1.13) was determined by assay kits (Comin Biotechnology Co., Ltd., Jiangsu, China) based on the principle that sucrose synthase catalyzes the production of free fructose and UDPG from sucrose and UDP and the content of reducing sugar was determined by the 3,5-dinitrosalicylic acid method to reflect the enzyme activity. The activities of 6-phosphofructokinase (PFK, EC 2.7.1.40) and glucose-6-phosphate dehydrogenase (GPDH, EC 1.1.1.49) were determined by assay kits (Comin Biotechnology Co., Ltd., Jiangsu, China) and the enzyme activities were calculated by monitoring the rate of decrease in the absorbance value at 340 nm which is the position of the NADH absorption peak. A total of 18 samples (3 treatments × 2 sampling time points × 3 biological replications) were used for the analysis of each enzyme.



Real-Time Quantitative PCR Analysis

The samples used for real-time quantitative PCR (qRT-PCR) analysis were also conducted on the seeds (0.2 g for each sample, approximately 80 dry seeds or 50 imbibed seeds) at S0 and S20. Total RNA was extracted from the seed samples using Plant RNA Purification Reagent according to the manufacturer’s instructions (Invitrogen, Waltham, MA, United States), and genomic DNA was removed using DNase I (TaKaRa, Shiga, Japan). The primers were designed with Primer 5.0 (Supplementary Table 1). The inner reference used the carrot gene actin-7 (LOC108202619). Reverse transcription amplification was performed with a Goldenstar RT6 cDNA synthesis kit ver 2 (Tsingke Biotechnology Co., Ltd., Shanghai, China). qRT-PCR was performed with 2 × T5 Fast qRT-PCR Mix (SYBR Green I) (Tsingke Biotech, Beijing, China) on a CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, United States). The qRT-PCR amplification parameters were as follows: 95°C for 1 min; then 40 cycles of 95°C for 15 s, 60°C for 15 s, and 72°C for 30 min; followed by 1 cycle of 95°C for 5 s, 60°C for 1 min, and 50°C for 30 s. The relative quantitative results were calculated by the 2–ΔΔCt method according to the Ct values. Three biological replications were performed for each reaction.



Statistical Analysis

Statistical analysis of the germination indicators, enzyme activities and gene expression data were carried out based on the analysis of variance (ANOVA) test with IBM SPSS Statistics 19. Duncan’s multiple range test was used to compare the mean values in different treatments.




RESULTS


Effect of Priming Treatments on Carrot Seed Germination

As shown in Figure 2, carrot seed germination was greatly improved by priming treatments. HYD and HEHP resulted in a significant difference in the germination indicators. The FW, RL, GI and VI of HEHP were increased by 142, 218, 206, and 641% compared with those of CK, respectively (Figure 2A). Moreover, all the germination indicators of HEHP were significantly superior to those of HYD, indicating that HEHP was able to accelerate germination more adorably than single HYD. Germination was observed at 24 h after sowing in the HEHP and HYD treatments, while CK germinated at 72 h after sowing (Figure 2B).
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FIGURE 2. Effects of different treatments on carrot seed germination. CK, the control; HYD, hydro-priming treatment; HEHP, hydro-electro hybrid priming treatment. (A) Effects of different treatments on carrot seed germination characteristics. (B) Photograph of seed germination experiment every 24 h. Values represent the means ± SE from six biological replications. The different lowercase letters above the bars indicate significant differences in 95% probability level (p < 0.05, Duncan test was performed after ANOVA analysis).




Identification and Quality Control of Identified Proteins

A total of 29,732 peptides and 4,936 proteins were identified in carrot seeds by MS and database searches. Among the identified proteins, proteins with molecular weights of 21–41 kDa accounted for 33%, followed by proteins with molecular weights of 41–61 and 1–21 kDa (Supplementary Figure 1A). The coverage range with the most protein quantity distribution was 20∼40, 1∼5, and 10∼20, accounting for 24, 21, and 20%, respectively (Supplementary Figure 1B). The number of proteins decreased with the increase in the number of peptides covering the protein (Supplementary Figure 1C), and the length of the peptide was generally between 7 and 13 (Supplementary Figure 1D). Principal component analysis (PCA) showed that the repeatability between the samples was high and the proteome profiles of the HEHP and HYD treatments differed from those of the control seeds, but there was a similarity between the HEHP and HYD treatments (Supplementary Figure 1E).



Statistics of Abundant Proteins

As shown in Figure 3A and Supplementary Table 2, with the screening threshold of FC > 1.5 or < 0.67 and P value < 0.05, the maximum number of DAPs appeared between CK and HEHP (1514 DAPs including 597 upregulated and 917 downregulated), while the minimum number of DAPs appeared between HYD and HEHP (205 DAPs including 121 upregulated and 84 downregulated), indicating that the HEHP treatment can induce the differential expression of more proteins on the basis of the HYD treatment. Between CK and HYD, there were 787 DAPs, including 308 upregulated and 479 downregulated DAPs. The Venn diagram showed that 86 DAPs appeared simultaneously among all the groups (HEHP vs. CK, HYD vs. CK and HEHP vs. HYD), while 661, 38 and 11 DAPs specifically appeared in the HEHP vs. CK, HYD vs. CK and HEHP vs. HYD groups, respectively (Figure 3B).
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FIGURE 3. Statistics of DAPs. (A) The number of DAPs among the three groups. (B) Venn diagram showing specific and overlapping DAPs among the three groups.




Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Analysis of Abundant Proteins

Annotation of DAPs was performed using GO to clarify the functional distribution (Figure 4). GO analysis showed that among all three comparisons, the GO term with the maximum DAPs was “catalytic activity” (892 DAPs in HEHP vs. CK, 467 DAPs in HYD vs. CK, 137 DAPs in HEHP vs. CK) in the molecular function category, “cellular process” (642 DAPs in HEHP vs. CK, 343 DAPs in HYD vs. CK, 92 DAPs in HEHP vs. CK) and “metabolic process” (626 DAPs in HEHP vs. CK, 320 DAPs in HYD vs. CK, 101 DAPs in HEHP vs. CK) in the biological process category, and “cellular anatomical entity” (883 DAPs in HEHP vs. CK, 457 DAPs in HYD vs. CK, 118 DAPs in HEHP vs. CK) in the cellular component category.
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FIGURE 4. Gene ontology (GO) annotation of DAPs in HEHP vs. CK, HYD vs. CK and HEHP vs. HYD.


KEGG pathway annotation showed that among all the three comparisons, pathways with the most DAPs were carbohydrate metabolism (168 DAPs in HEHP vs. CK, 83 DAPs in HYD vs. CK, 36 DAPs in HEHP vs. CK) and energy metabolism (101 DAPs in HEHP vs. CK, 61 DAPs in HYD vs. CK, 13 DAPs in HEHP vs. CK) (Figure 5).
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FIGURE 5. Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation of DAPs in HEHP vs. CK, HYD vs. CK and HEHP vs. HYD.


To reveal the main metabolic pathways in which the DAPs participate, KEGG pathway enrichment analysis was also performed for upregulated and downregulated DAPs. The enriched KEGG pathways of each group are shown in Supplementary Table 3. For the upregulated DAPs, “ribosome” and “ribosome biogenesis in eukaryotes” were enriched in the HEHP vs. CK comparison (Supplementary Table 3A), while the “proteasome” was enriched in HYD vs. CK (Supplementary Table 3B). For the downregulated DAPs, “photosynthesis” was enriched in all three comparisons (Supplementary Tables 3D,E,F). “Photosynthesis - antenna proteins” was enriched in both the HEHP vs. CK and HEHP vs. HYD comparisons (Supplementary Tables 3D,F). In addition, “phenylpropanoid biosynthesis” was enriched in HEHP vs. CK (Supplementary Table 3D), and “carbon fixation in photosynthetic organisms” was enriched in HYD vs. CK (Supplementary Table 3E). In the HEHP vs. HYD comparisons, downregulated DAPs were also enriched in “starch and sucrose metabolism” (Supplementary Table 3F).



Differentially Abundant Proteins Involved in the Pathways Related to Protein Synthesis and Degradation

“Ribosome” was the most enriched KEGG pathway for the upregulated DAPs in the HEHP vs. CK comparison, which had 40 upregulated DAPs in total. The proteins involved in the “ribosome” between HEHP and CK are shown in Table 1. DAPs increased in abundance that were involved in “ribosome” are mainly ribosomal proteins, including nine 40S ribosomal proteins and five 60S ribosomal proteins. The DAP with the largest FC was a ribosomal protein (A0A175YFY1). Additionally, among the four identified S-adenosylmethionine synthases (SAMs), three SAMs (A0A169WU65, A0A175YR74, A0A164YWI9) were found to have increased abundance in both the HYD and HEHP treatment, and the abundance of A0A175YR74 in the HEHP treatment was higher than that in the HYD treatment (Supplementary Table 2).


TABLE 1. Upregulated DAPs involved in ribosome (pathway ID: map03010) in HEHP vs. CK.

[image: Table 1]
The most enriched KEGG pathway of the upregulated DAPs in HYD vs. CK was the “proteasome” with nine proteins in total, which indicates that HYD may promote the advancement of protein selective degradation. As shown in Table 2, more than half of the DAPs were identified as PCI domain-containing proteins, among which the DAP with the largest FC was a PCI domain-containing protein (A0A166FNJ4). Moreover, one 26S proteasome subunit protein (A0A164WP40) was identified. The ubiquitin-proteasome pathway is the main approach of intracellular protein degradation. We also found that one ubiquitin-activating enzyme (A0A166DB90), one ubiquitin ligase (A0A164Z661), and three ubiquitin hydrolases (A0A166FN67, A0A166EMX6, A0A175YJK6) were also upregulated by priming treatments (Supplementary Table 2).


TABLE 2. Upregulated DAPs involved in proteasomes (pathway ID: map03050) in HYD vs. CK.
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Differentially Abundant Proteins Involved in Photosynthesis

Differentially abundant proteins that decreased in abundance were significantly enriched in “photosynthesis” among all three comparisons (36 DAPs in HEHP vs. CK, 23 DAPs in HYD vs. CK, 7 DAPs in HEHP vs. HYD), indicating that the expression of photosynthesis-related proteins was temporarily inhibited in the priming treatment. In the HYD vs. CK comparison, the identified DAPs involved in photosynthesis mainly contained photosystem II, photosystem I, ATP synthase subunit and ferredoxin-NADP reductase proteins (Table 3), while in the HEHP vs. CK comparison, in addition to the proteins mentioned above, the identified DAPs also contained cytochrome proteins (Table 4). In the HEHP vs. HYD comparison, the identified DAPs enriched in photosynthesis contained photosystem II, ATP synthase subunit and plastocyanin reductase proteins (Table 5).


TABLE 3. Downregulated DAPs involved in photosynthesis (pathway ID: map00195) in HYD vs. CK.
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TABLE 4. Downregulated DAPs involved in photosynthesis (pathway ID: map00195) in HEHP vs. CK.
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TABLE 5. Downregulated DAPs involved in photosynthesis (pathway ID: map00195) in HEHP vs. HYD.
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Differentially Abundant Proteins Involved in Carbohydrate Metabolism

As shown in the analysis of KEGG pathway annotation, DAPs annotated as “carbohydrate metabolism” were the most among all three comparisons (Figure 5). The Venn analysis of these DAPs among the three comparisons suggests that almost all the DAPs in the HYD vs. CK and HEHP vs. HYD comparisons were included in the HEHP vs. CK comparison, except three DAPs in the HYD vs. CK comparison and two DAPs in the HYD vs. CK comparison (Supplementary Figure 2). This result indicates that the role of HEHP is realized by inducing more DAPs on the basis of HYD. From the DAPs annotated as “carbohydrate metabolism” (Supplementary Table 4), it is noteworthy that among the 14 DAPs encoding key enzymes of the glyoxylate cycle and respiratory metabolism, 12 DAPs increased in abundance in the priming treatments (Figure 6). One PFK (A0A166FRS9) was identified as upregulated DAP among all three comparisons. One isocitrate lyase (ICL: A0A165Z711) and one malic enzyme (ME: A0A166FRM4) were identified as upregulated DAPs in both the HEHP and HYD treatments compared with the control. Moreover, two succinate dehydrogenase subunits (SDH: A0A164VUP8 and A0A161XEK6), two SS (A0A175YLM7 and A0A164TL65), three fructose-bisphosphate aldolases (FPA: A0A161YFV4, A0A175YGJ3, A0A165YUW0), one GPDH (A0A164THB2), and one MS (A0A164XH24) were only significantly upregulated by HEHP treatment but were not upregulated by HYD treatment.


[image: image]

FIGURE 6. Differentially abundant proteins involved in the glyoxylate cycle and respiratory metabolism. ICL, isocitrate lyase; MS, malate synthase; SDH, succinate dehydrogenase; ME, malic enzyme; SS, sucrose synthase; PFK, 6-phosphofructokinase; FPA, fructose-bisphosphate aldolase; GPDH, glucose 6-phosphate dehydrogenase.




Activities of Key Enzymes Involved in Carbohydrate Metabolism

Based on the proteomic results, the activities of several key enzymes involved in carbohydrate metabolism were selected and further investigated, as shown in Figure 7. Except for SS, the activities of MS, GPDH and PFK were significantly increased by the HEHP and HYD treatments at S0, and for GPDH and PFK, the promoting effect of HEHP was significantly superior to HYD. In addition, the activities of all four enzymes were significantly increased by the HEHP treatment at S20, while for the activities of SS and PFK, there was no significant change between HYD and CK. The activities of all these enzymes in the HEHP treatment were also higher than those in the HYD treatment at S20.
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FIGURE 7. Effects of different treatments on key enzyme activities. MS, malate synthase; SS, sucrose synthase; GPDH, glucose-6-phosphatedehydrogenase; PFK, 6-phosphofructokinase. Values represent the means ± SE from six biological replications. The different lowercase letters above the bars indicate significant differences in 95% probability level (p < 0.05, Duncan test was performed after ANOVA analysis).




Expression Pattern of Selected Differentially Abundant Proteins at the Transcriptional Level

To further explore the expression pattern of key genes encoding DAPs, ten DAPs were selected for qRT-PCR analysis at the transcriptional level from the seed samples at S0 and S20. As shown in Figure 8A, all of the selected genes were upregulated by HEHP treatment at S0, and the expression of some DAPs (A0A175YFY1, A0A166AHI0, A0A175YLM7, A0A166FRS9, A0A166IDX8, and A0A164THB2) at the transcriptional level in the HEHP treatment was significantly higher than that in the HYD treatment. The expression of A0A164THB2 at the transcriptional level was not upregulated by HYD treatment. Moreover, it was found that the expression of five genes encoding A0A164WP40, A0A164XM95, A0A166FRM4, A0A175YLM7, and A0A166FRS9 was not upregulated by the priming treatments after imbibition at S20. From the correlation analysis between the results of the expression pattern of genes and the proteomic data, five DAPs (A0A175YFY1, A0A164WP40, A0A166AHI0, A0A175YLM7, and A0A166FRS9) showed a significant positive correlation with the gene expression data while only A0A166IDX8 showed a significant negative correlation with the gene expression data (Figure 8B).
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FIGURE 8. Real-time quantitative PCR (qRT-PCR) analysis of 10 selected DAPs at S0 and S20. (A) Expression patterns at the transcriptional level of 10 selected DAPs from qRT-PCR; (B) correlation analysis between the results of qRT-PCR and the proteome. Spearman correlation coefficient was used. *Means significant at the level of p < 0.05. **Means significant at the level of p < 0.01. The different lowercase letters above the bars indicate significant differences in 95% probability level (p < 0.05, Duncan test was per-formed after ANOVA analysis).





DISCUSSION

Germination performance is an important criterion for seed lots as it takes into consideration seed vigor through the rate, timing, and uniformity of germination (Fabrissin et al., 2021). In the present work, the germination performance of carrot seeds was greatly promoted by HEHP treatment. Numerous seed priming techniques reported recently have applied exogenous growth regulators to obtain more significant effects, such as melatonin (Yan et al., 2020), ascorbic acid (Salemi et al., 2019) and some kinds of phytohormones (Hussain et al., 2016; Huang et al., 2020; Zhao et al., 2020; Chen et al., 2021). Nevertheless, the HEHP treatment used in our study is a physical method without using any exogenous growth regulator or chemical reagent, which means that this method entirely relies on activating the vigor of the seed itself to accelerate the germination process and will not cause any chemical substance penetration or residue on the seeds, thus, it is environmentally safe. Moreover, through applying EF treatment on the basis of HYD, the effect of seed priming was more remarkable compared with using HYD alone.


Priming Treatments Altered the Pattern of Protein Composition in Carrot Seeds

To the best of our knowledge, the present study is the first report on the response of the carrot seed proteome to seed priming by applying a TMT based proteomic technique. Both HYD and HEHP induced a large number of DAPs compared to the control seeds, while the HEHP treatment induced more DAPs than HYD, and DAPs between HEHP and HYD are mainly upregulated, which suggests that the HEHP treatment can further expand the effect of priming on the internal metabolic activities of seeds on the basis of HYD. Furthermore, compared with CK, DAPs induced by HEHP and HYD were mainly downregulated, indicating that priming treatments regulate seed germination largely by reducing the abundance of specific proteins.



Priming Treatments Induced Protein Synthesis and Degradation

Ribosomes are composed of ribosomal proteins and rRNA, which bind to mRNAs to participate in protein synthesis when seed germination begins (Zhang et al., 2016; Bai et al., 2020). Previous studies have suggested that biologically defective mutations in ribosomes tend to lead to a low germination rate (Abbasi et al., 2010; Maekawa et al., 2018). In our study, the upregulated DAPs between HEHP and CK were most enriched in “ribosome,” and both ribosomal large subunit proteins and ribosomal small subunit proteins were found to significantly increase in abundance in HEHP, indicating that HEHP treatment plays a key role in improving the efficiency of protein synthesis. This result is consistent with previous research on cucumber (Zhang et al., 2017), rapeseed (Kubala et al., 2015) and H. moellendorffii (Li et al., 2019) seeds. In the present work, three SAMs were found to have increased abundance in priming treatments. Previous proteomic studies have also found that proteins related to methionine metabolism, including SAMs, increased accumulation during seed germination (Gallardo et al., 2002; Wang et al., 2012) and after priming (Fercha et al., 2013). SAMs use methionine to catalyze S-adenosylmethionine, which is involved in protein synthesis as a methyl donor (Takahashi et al., 2011). Previous study also pointed out that the recovery of seed vigor by seed priming is related to the maintenance of methionine metabolism (Yacoubi et al., 2013).

In addition to protein synthesis, selective protein degradation is also essential in the initiation process of seed germination (Muntz et al., 2001). The proteasome is a protease complex that degrades misfolded or damaged proteins, which can be ubiquitin-dependent (proteins are first labeled by ubiquitin) and directly involved in regulating the level of some key proteins (Sadanandom et al., 2012). The present results suggested that the upregulated DAPs between HYD and CK were most enriched in “proteasome,” and DAPs identified as proteasome proteins, ubiquitin-activating enzymes, ubiquitin ligases, and ubiquitin hydrolases were significantly increased in abundance in priming treatments, which implied that the ubiquitin-proteasome pathway was advanced in priming treatment. A previous study also showed that the abundance of the 26S proteasome component increased when seeds germinated under suitable conditions, and proteasome activity was high during phase I to the end of phase II of germination (Xia et al., 2018). Additionally, five PCI domain-containing proteins were identified as upregulated DAPs. The PCI domain is frequently found in the subunits of the proteasome, and is related to the regulation of protein ubiquitination and degradation (Zhu et al., 2018).



Priming Treatments Decreased the Accumulation of Photosynthesis-Related Proteins in Carrot Seeds

In previous studies on seed germination, photosynthesis has rarely received much attention, because seed germination is an autotrophic process that mobilizes seed reserves to maintain growth, and photosynthesis does not occur (Deruyffelaere et al., 2015; Bai et al., 2020). In our study, it is noteworthy that in the HYD and HEHP treatments, we found that many DAPs involved in “photosynthesis” decreased in abundance, and the expression of some photosynthetic proteins in HEHP was even lower than that in HYD, such as A0A162AF45, A0A175YCS2, A0A166A8H7, A0A165Y8N7 and A0A175YDD0. Recent research on barley showed that photosynthesis-associated genes were downregulated during early germination (Zhu et al., 2020), which is similar to the present results. One possible explanation for this phenomenon is that due to the limited storage reserves of carrot seeds, the treatments of rapid germination (HEHP and HYD) need to concentrate all the material and energy supply in the early stage of germination to meet the requirements of germination. Therefore, the expression of photosynthesis-related proteins for heterotrophic growth is temporarily inhibited.



Priming Treatments, Especially Hydro-Electro Hybrid Priming, Initiated Storage Reserves Utilization and Respiratory Metabolism

Dry seeds contain all the components required for germination and seedling establishment until the seedlings reach an autotrophic state (Bai et al., 2020). Proteins related to energy metabolism may show increased abundance by seed priming (Araujo et al., 2021). Carrot seeds have an endosperm with a high lipid content (mainly in the form of triacylglycerol), which is degraded to provide carbon skeleton and energy for seedling growth during germination (Ngo-Duy et al., 2009; Pandey et al., 2019). A previous study in Arabidopsis thaliana showed that most sucrose used for respiratory metabolism is produced by storage lipid degradation rather than other soluble sugars in seeds (Pritchard et al., 2002). The utilization of triacylglycerol (TAG) in seeds depends on the glyoxylate cycle during germination, which uses β-acetyl-CoA produced by oxidation of fatty acids is converted to gluconeogenesis and then used for energy supply during germination (Eastmond and Graham, 2001). ICL and MS are the key enzymes in the glyoxylate cycle, and both were identified as upregulated DAPs in the HEHP treatment, which suggests that HEHP has prepared key substances for the utilization of seed storage. We further determined the MS activity and found that it increased significantly by the priming treatments. Existing studies have also found the expression and activities of ICL and MS were increased during germination (Bellieny-Rabelo et al., 2016; Faraoni et al., 2019). When stored lipids are converted to sucrose after gluconeogenesis, they can be decomposed into glucose and fructose by SS and then enter glycolysis or the pentose phosphate pathway (Yu et al., 2014; Huang et al., 2021). SS is also involved in the synthesis of the cell wall, which is an essential process underlying cellular expansion during germination (Wei et al., 2015; Bellieny-Rabelo et al., 2016). Our results showed that two SSs increased in abundance by HEHP and the activity of SS was also increased by HEHP treatment during imbibition. A recent study also indicated that SS participates in the release of seed dormancy (Liu et al., 2020). Early activation of respiratory pathways was also found, which is responsible for providing energy for cell activities and the carbon skeleton of macromolecular biosynthesis during seed germination. Both PFK and FPA were identified as upregulated DAPs in the HEHP treatment, which are involved in glycolysis and PFK is one of the rate-limiting enzymes of this pathway. PFK activity was also found to be increased by HEHP treatment at both S0 and S20. It has been proposed that glycolysis-related enzymes increase in expression during early germination and the energy needs of germination seem to be met mostly by glycolysis (Yang et al., 2007; Yu et al., 2014; Xu et al., 2016). As a key enzyme of the pentose phosphate pathway, GPDH was identified as an upregulated DAP in the HEHP treatment, the activity of which was also increased by the HEHP treatment. The pentose phosphate pathway is also considered to play a key role in energy supply in the early stage of seed germination (Huang et al., 2021). Both SDH and ME participate in the TCA cycle in mitochondria, which enables the intermediate products of the TCA cycle such as malate to be completely oxidized and decomposed and can provide flexibility for the metabolism of phosphoenolpyruvate and malate (Lincoln and Eduardo, 2015). In brief, the increased abundance of these enzymes in priming treatments especially the HEHP treatment reflects that priming has induced material preparation for efficient energy supply during germination in advance. In addition, it is noteworthy that HYD did not increase the abundance of some proteins such as SDH subunits, SSs, FPAs and MA, while HEHP significantly increased the abundance of these proteins, and the results of enzyme activity determination were similar, which is another possible explanation for the more remarkable effect of HEHP than that of HYD.



The Effect of Priming Is Mainly Reflected Before Sowing

The results of the expression pattern of the genes encoding DAPs by qRT-PCR revealed that the expression level of some selected genes was not upregulated by the priming treatments after imbibition, indicating that the effect of priming is mainly reflected in regulating gene expression before sowing. When the carrot seeds are sown and begin to imbibe, the activation effect on gene expression will gradually dissipate, which means priming has completed its mission. The abundance of one DAP (A0A166IDX8) showed significant a negative correlation with gene expression data, which is also common in previous studies and is usually attributed to temporal differences in expression or posttranslational modification (Guo et al., 2012; Li et al., 2019; Yan and Mao, 2021).




CONCLUSION

The seed priming treatments used in the current study substantially shortened the germination process and improved the germination performance of carrot seeds. The application of HEHP contributed to promoting the germination of carrot seeds to a greater extent than hydropriming. Proteomic analysis revealed that the priming treatments significantly altered the protein composition of carrot seeds. The upregulated DAPs were mainly enriched in the pathways related to protein synthesis and degradation, while the downregulated DAPs were mainly enriched in photosynthesis-related pathways. Furthermore, given that the maximum DAPs were annotated in carbohydrate metabolism, we focused on the critical proteins involved in the glyoxylate cycle, sucrose metabolism and glycolysis induced by the priming treatments and found that some proteins encoding key enzymes of the above pathways showed enhanced abundance in priming treatments, especially the HEHP treatment, such as ICL, MS, PFK, FPA, SDH and ME. Meanwhile, the activities of the key enzymes were also enhanced by the priming treatments, and the HEHP treatment was able to improve enzyme activities to a greater extent. The effect of priming is mainly reflected before sowing and the activation effect on gene expression will gradually dissipate after imbibition. Overall, the optimal effect of HEHP is to regulate the synthesis and decomposition of proteins in seeds to meet the requirements of germination and initiate the utilization of seed storage reserves and respiratory metabolism (Figure 9). Future research is needed to focus on the changes in metabolites and other components of the above pathways in primed seeds during germination and to keep paying attention to the inhibitory effect of seed priming on photosynthesis-related pathways.
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FIGURE 9. A possible regulation pathway of HEHP promoting carrot seed germination.
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